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Fig. 1. Band gap anomaly in 4,BX; (A = V, Nb, Ta; B = Si, Ge, Sn; X = S, Se, Te) analogues, with anions from the top down cor-

responds to the band gap from large to small.
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Fig. 2. Crystal structures and top view of single-layer: (a), (d) NbySiTey; (b), (e) NbsSiTeg; (c), (f) NbyCaO,.

B 3 (a) NbySiTe, HIBLIE B AEH K (b) NbySiTe, VBM AL HL#7 %5 B I ; () Nb,SiTe, CBM &b [ i, 17 25 Ji (8]
Fig. 3. (a) Orbit-resolved band structures of Nb,SiTe,; (b) partial charge density at VBM of Nb,SiTe,; (c) partial charge density at

CBM of Nb,SiTe,.
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Fig. 4. Crystal orbital Hamilton populations for different interatomic in NbySiTe,: (a) Nb-Nb; (b) Nb-Si; (c) Nb-Te; (d) Si-Te;
(e) enlarged portion of the red circle in Fig. (b) (The positive (negative) of COHP represents bonding (antibonding) interaction

between ions, as colored in red (green)).
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Fig. 5. Band alignment of Nb,SiX; (X =S, Se, Te) com-

pounds.
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Fig. 6. Orbit resolved band structures calculated by HSE06: (a) NbySiSy; (b) Nb,SiSey; (¢) Nb,SiTe, (Bandwidths of the two Nb 4d

bands below the VBM are represented by blue arrows).
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%1
Table 1.

Z51 Nb,SiTe, RIS HO L

Comparisons of representative Nb,SiTe,-based compounds.

Nb—Nbé /A

Nb—Tef /A

Nb 4di 58 /A WHRE, /eV

Nb,SiTe,1 2.91 2.72 1.23 -0.01
Nb,SiTe,-2 2.91 2.76 1.14 0.21
Nb,SiTe, 2.91 2.88 0.69 0.52
Nb,SiTe,-3 2.81 2.71 1.03 0.53
Nb,SiTe,4 2.75 2.59 1.23 0.25
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(a) NbySiTey-1; (b) NbySiTes2; (¢c) NbySiTey; (d) NbySiTey-3; (e) NbySiTe -4

Fig. 7. PBE calculated orbit resolved band structures: (a) NbySiTes1; (b) NbySiTe -2; (c) NbySiTey; (d) NbySiTey-3; (€) NbySiTe 4.
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Abstract

Two-dimensional (2D) niobium silicon telluride (Nb,SiTe,) with good stability, a narrow band gap of 0.39 eV,
high carrier mobility and superior photoresponsivity, is highly desired for applications in mid-infrared (MIR)
detections, ambipolar transistors. Intensive investigations on its ferroelasticity, anisotropic carrier transport,
anisotropic thermoelectric property, etc., have been reported recently. Motivated by the above prominent
properties and promising applications, we systematically study the electronic properties of single-layer (SL)
A,BX, analogues (A = V, Nb, Ta; B = Si, Ge, Sn; X = S, Se, Te) and find a band-gap anomaly with respect to
anion change, which differs from conventional 2D metal chalcogenide. In conventional binary chalcogenide,
when cations are kept fixed, the bandgap tends to decrease as the atomic number of anions in the same group
increases. However, in SL A,BX,, as atomic number of anions increases, its bandgaps tend to increase, with
cations kept fixed. In order to find the underlying mechanism of such an abnormal bandgap, using first-
principles calculations, we thoroughly investigate the electronic structures of Nb,SiX, (X = S, Se, Te) surving
as an example. It is found that the valance band maximum (VBM) and conduction band minimum (CBM) are
mainly derived from the bonding and antibonding coupling between Nb 4d states. The bandwidth of Nb 4d
states determines the relative value of the band gap in Nb,SiX;. We demonstrate that the band gap is largely
influenced by the competition effect between Nb—Nb and Nb—X interactions in NbySiX,. As the anion atomic
number increases, the Nb—Nb bond length increases, yielding an increased bandwidth of Nb 4d state and a
smaller bandgap of NbySiX,. Meanwhile, as Nb— X bond length increases, the bandwidth of Nb 4d however
decreases, yielding a larger bandgap. The interaction between Nb and X should be dominant and responsible for

the overall bandgap increase of NbySiX, compared with the Nb—NDb interaction.

Keywords: Nb,SiTe,, band-gap anomaly, electronic structures, first-principles calculations
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