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(a) Side view of Janus MXY (b) Top view of Janus MXY (c) Brillouin zone with high symmetry k-points used in

band structure calculations of monolayer structures
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Fig.1 Schematic of Janus MXY cross section and high symmetric 4 point on Brillouin zone for band structural calculation. The
dark blue represents transition metal atoms, baby blue and green represent chalcogenide atoms
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(c) Modulus of gradient of difference of monolayer ZrSSe (d) Modulus of gradient of difference of monolayer HfSSe
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Fig.2 Band structures and Modulus of gradient of difference for monolayer ZrSSe and HfSSe

WLEEIE] 2 AT R, B2 ZrSSe M HISSe #Z [MHZ T B K . EATHI 1 e K (Valence Band Maximum,
VBM) #1574 £ /IME (Conduction Band Minimum , CBM) 43 B 5 4 B vk £ 5009 T RIM 8. (H3 FE R W
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Table 1 Calculated band gaps for monolayer IVB-VIA Janus structures and TMDs

7rSSe 7rS, Z1Se, HSSe HIfS, HfSe,

PBE+SOC 0.25 0.79 0.21 0.41 0.91 0.32
PBE-+SOC first direct gap 1.06 1.67 1.11 1.36 2.05 1.42
HSEO06 1.04 2.16 1.07 1.20 2.40 1.32

HSEO6 first direct gap 1.97 1.68 1.09 2.32 2.06 1.44

HISSe A7 B IS /N T 362 HIS, it 5 4% 3 HiSe,, #1)2 ZrSSe BH7 BREME /N T ZrS, 1M 8 13T ZrSe, , \NA R |-
YEH 5 N AT B8 S R R T 0 B e BRI AR 36 . DUFFFY J A 2938 R T 84 5 1 197 B 5 17 1k =2 1l iy
FH G D SRR B AT AH [R) 1 B 5 7 2 DA ek 1 s B A 55 B 2 7 1 H o R b . 4% 1 ZrSSe
FHEBR /N T HISSe, Zr i/ F R M AR T HI R F R 7 PE, X 5 DUFFFY J A S M45ie —3. A CHEN
2 HLAT BB 0 K A I AE LT AN (E<<1.6 e V) I WL (1.6 e VE<T3.1 eV)Ju N . % & 2 26 A K
(4N ZrSe, . ZrS, HIS, \HiSe,) 15 BRAA AT LA A S o HR DN 25 55 ' i 28 28 04 14 Rl 8 47 45 (1L 390 48 5, i G 1 Aok 45
PR ELAT 5 H SR AR R AR LAY A B A, PR I ZrSSe Al HIS Se 7 36 HL 1 25 48 45 38t EL AT 7 1) 6149 107 FH AT 5 o

AR B T 6 W IR R 1 B, X5 DA S R BRE A OC . R ROG T I Wt AR
X IO A L Sl S LT A2 B R S — Ml B B — Rl X W B R AR S BT MR OB I
Tt o G AT SRR i KA X L ) Y R R /NS — s FURE R A BRI AR W) o DRI o0 BT O T 5 AL A R
71 i R A B T IR AFZ S8 FOGE M N o e Ah bR 1 S R0 26 W] 2 B R R 5 A5 %% (Joint Density
Of States, JDOS) ) & BCRF 5 B EE K A5 4500 77 A= T8 78 R 47 AU G2 OO 1S v 66 8 %5 B i I 5 a1
X T R MR A % 2 O RE W S I A R LA A s R e ST L VR (E—E,) [<<1/(2n/a)
(2n/a 18 5 A X AL B ) L i E S B — R o A T FE A S5 AR R A A 2 A A X3, AR B 7 T
fr 235 4 JIT X6 07 1) g X AR S LR IEAT IR . B2 (o) (d) R TSR R TVB-VIA Wi 1 # 45§ 5: 717 F
Yooty 25 (B B BERS I . BRI SR IR i Bl e v o e R S Al o U EL ELFTE L RR .

ME 2Cc)  (d) AT A, BB A i3 8500 32 B % AR 78 @ X AR ksl i DAL M 22 [8] o TR0 LA 1 3 0 02
R S RN, HE B TE R R AR KB o PR, AT DAAS Y IO S 1Y 3h i AR U AR DR M 22 JR) (1 A
bR 2Z (AR, TR 5B R AR ZU A BEAE R G SR SR . T i S RO T AR O T IR
2, DRI I o B B 22 5 0 1 T i 22 80 BE 8 A1 0 ML AE S H P2 P i B H

% L& B AR A0 R R AR Y i B R O AR A, R TR AR A R BT Rk R A R A
HE— 2B 5E T RE AT 45 A8 4 IR T BILIE A T R OC R o B TE B T B2 ZrSSe Bl HISSe 1 528 % B
R % B A5 R n i 3.

MIEL 3T LA 5% F 82 ZrSSe M HISSe, i3 ¥ 42 8 1 R T #0 8 B 1 4047, 1 2y =22k Ze F0
HEJFE 7R BLIE P o AR I8 020 25 56 5 10 40 A R AE , Se A1 S BT 1Y p BERIE L Tl 1 —4~—2 eV I fiE &
X E] N R Se i p &TE L, 1T —2~0 eV BRI X [0l N E 22 S 19 p AT Al 38 i WEE T XF I 119 A 2 2%
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Fig.3 DOS and PDOS of monolayers ZrSSe and HfSSe
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(a) Imaginary part of dielectric functions of monolayer ZrSSe  (b) Imaginary part of dielectric functions of monolayer HfSSe
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(c) Real part of dielectric functions of monolayer ZrSSe (d) Real part of dielectric functions of monolayer HfSSe
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Fig.4 TImaginary and Real part of dielectric functions of monolayer ZrSSe and HfSSe

T AR T A0 45 1 S A H R BB e, L XY Fle,/ XY R, 43 5 s ASHGEFAT T XY -1
HIIE BT XY 894 F R AR B . Al 151 4 (a) (b)) AT, A R R RSCRE V80 A9 e (i 32 28t BRAE 1~2 eV 2Z 1],
W Ak 58 51 5 W SO AR L7 Bk B R KA o X B R TVB-VIA P4 1 44 5 #4048} £ 21 1 A1 AT DL 3
WEA BB RE . B, AT AT RABEIA A S 55 = AR FH RE vl b A & JRe i i e e B ) . A v R S
(ELAY 0 B R SC BRI MR I 5 1) 22 [ 19 56 R i3k 2 F1 3% 3.

Une 2 M 3, BPRHI A LR BE 5 R 45 H BRSSP W R I I (E R B RS — A S5 —
TS RAF Z B TR A G BRI BT E DM A KMy . BB, B R R
BES M Se J5LF (14 p BUIE HL T 7 5, 3 R A L pR RO IR W 0 T 22U i S R Se T 1 p HUIE HL T AR A 3
ST AR T 58S o DRI Tt S O A T v e e A A R S Tk R R R G IR A AR R T A A Y
HIgE T

it v BRSO B e AR OC R AT LA B A R A S L SR ik 2k
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T Jow—wtiy
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0816002-6



FEFE BT, 45 . ZrSSe HISSe b H: — 4 S5 5 4% 5 1 45 AF A A e R T 5
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Table 2 Peak positions, relevant transition bands, and electron transition directions of the dielectric function for ZrSSe
monolayer structures

Imaginary part Position Valence band Conduction band Direction
e,/ 1.6 eV 1,2 1,2 I—-M
e,/ 1.6 eV 1,2 1,2 K—>M
e/ 1.6eV 1,2,3,4 1,2,3 M—T
e, 1.6 eV 1,2,3,4 1,2,3 K—TI
e,/ 2.5¢eV 1,2,3,4,5 1,2,3 K—T
e,/ 2.5¢eV 1,2,3,4,5 1,2,3 M—T
e/ 2.5¢eV 1,2,3,4 1,2 K—>M
e/ 2.5¢eV 1,2,3,4 1,2 r—-M
e,/ 5.1eV 1,2,3 1,2,3 Ir—-K
e,/ 5.1eV 1,2,3 1,2,3 K—>TI
e/ 5.1eV 3,4 1 I—M
€, 5.1eV 3.4 1 M—I
€, 5.1eV 1,2,3,4 1 M—K
e,/ 5.1eV 1,2,4 1 K—>M
e/ 5.1eV 2,3 2 Ir—-M
e,/ 5.1eV 2,3 2,3 M—>I
e,/ 5.1eV 1,2,3 3 I—M
e, 4.9eV 5.6 1,2 M—K
& 4.9eV 5,6 1,2 I'-K

R3 HEHfSSeHLEHMPNBERYFEME BXKEFMBFRITAE
Table 3 peak positions, relevant transition bands, and electron transition directions of the Dielectric function for HfSSe
monolayer structures

Imaginary part Position Valence band Conduction band Direction
e, 1.8eV 1,2 1,2,3 r—-M
e,/ 1.8 eV 1,2 1,2,3 K—>M
e,/ 1.8 eV 1,2,3,4 1,2,3 M—>T
g, 1.8 eV 1,2,3.,4 1,2,3 K—>T
& 2.9eV 1,2,3,4 1,2 M—>T
&, 2.9eV 1,2,3,4 1,2 K—>I
e/ 2.9 eV 1,2,3,4 1,2 K—>M
e,/ 2.9eV 1,2,3,4 1,2 M—T
e,/ 5.5eV 5 1 M—>K
e,/ 5.5eV 5 1,2,3 I'—K
e,/ 5.5eV 5 1,2,3 K—>I
g, 5.5eV 5 2,3 r—-M
e, 5.5eV 5 2,3 M—>T
g 5.3 eV 1 1 K—TI"
g 5.3 eV 1 1 I'>K

3 eV [ BE 5 7 [ 22 m) B A e A T A 45 ) S . A HEBRBT LR R A e (w)=¢ (0) +ig (0), € (0)=
e/ (w)+ie (w) , WH AT LIAF BRI 5 5 3B 5T 5505 8, R 2R i F & AR 2 %
24 BRREFREEBRNKBIER

A8 B /K 3 57 i 45 (van der Waals Heterojunctions, vdW Hs ) i i385 9 5k 22 Fh 44 %A RE B A 5 M e 25
B R —Fp AL, AT 2 B T 4 () R 2 RO 2R MR BE L X B B S B VBRI e B TR T M 4 A B RE S —F
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(a) The local planar-averaged DOS of (b) The local planar-averaged DOS of (c) The local planar-averaged DOS of
Se-Se interface S-S interface Se-S interface

(d) Structure of Se-Se heterojunction (e) Structure of S-S heterojunction (f) Structure of Se-S heterojunction

B 5 ZrSSe/HfSSety f # F W F 4 A FHR =M 7 4 45 1
Fig.5 The local planar-averaged DOS of ZrSSe/H{SSe and the three heterojunctions structure
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Dielectric Properties and Interface Characteristics of ZrSSe,
HfSSe and Their 2D Heterojunctions

DU Gonghe', HU Xudong', YANG Qianwen', XU Yonggang', REN Zhaoyu’, ZHAO Qiyi'
(1 School of Science, Xi'an University of Posts & Telecommunications, Xi'an 710121, China)
(2 Institute of Photonics & Photon—technology, Northwest University, Xi'an 710069, China)

Abstract: Once graphene was discovered, it has attracted the attention of the scientific community because
of its excellent mechanical, electrical and optical properties, and has pushed the development of
nanotechnology to an unprecedented height. Two-dimensional (2D) Transition Metal Chalcogenides
(TMDs) , as an important part of nanomaterials, not only inherit the excellent physical properties of
Graphene, but also make up for the shortcomings of photoelectric applications caused by the zero—band gap
and semimetal properties of Graphene. It is found that transition metal chalcogenides have widespread
application value in photoelectric devices, spintronics, catalysis, biochemical detection, supercapacitors,
solar cells, lithium ion batteries and other fields. It is worth noting that two—dimensional Janus structural
materials, as a new type of two—dimensional layered nanomaterials, have more abundant photophysical
properties than traditional transition metal chalcogenides on account of the different types of atoms on both
sides of the transition metal in the Janus structure, and their various surface interface structures that provide
convenient conditions for the construction of different types of heterojunctions. Therefore, the calculation
and analysis of the photoelectric properties of two-dimensional Janus structural materials and related
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heterojunctions has been an important aspect of theoretical research on two-dimensional layered
nanomaterials in recent years. At present, there are relatively few reports about the dielectric properties of
two—dimensional Janus materials, and the analysis of the generation mechanism of dielectric properties
needs to be further strengthened.

The traditional density functional theory has become an indispensable calculation method for the
theoretical study of the physical properties of multiparticle systems. Due to the existence of van der Waals
interaction in 2D layered nanomaterials and the tremendous influence of electron orbital hybridization on
their photoelectric properties, we use density functional theory, van der Waals correction and hybrid
functional to calculate and analyze the multi—particle system to obtain a result close to the experiment.

First, the electronic properties and optical dielectric functions of Janus structural materials MXY (M=
Zr, Hf; X/Y = S, Se) and its related heterojunctions are calculated and analyzed. It can be found that the
results of the band gap values of the IVB-VIA Janus structure material are in good agreement with the
experimental values after correction by first principles with hybrid functionals HSE06. The electronic
structures indicate that the monolayer ZrSSe and HfSSe are indirect bandgap semiconductors with band
gaps of 1.196 0 eV and 1.040 2 eV, respectively. The remarkable band nesting that appears on band
structure means light—-matter interaction strongly. By comparing the state densities of the materials, it can
be found that the positions of the Conduction Band Minimum (CBM) and the Valence Band Maximum
(VBM) of the two structures are mainly related to the transition metal atoms and chalcogens atoms,
respectively. The correlation analysis of dielectric properties and band structure shows that the appearance
of the peak is mainly related to the electron transition occurring between the first, second and third valence
bands and the first, second and third conduction band after the absorption of photons. In addition, due to
the p orbital electron transition of S and Se atoms, the material exhibits excellent photon absorption
properties in the infrared and visible regions. The local planar-averaged DOS proves the existence of three
kinds of heterojunctions based on ZrSSe and HfSSe with different interface characteristics and the charge
density associated with the band edge 1s distributed over both materials. Notably, the absorption peaks of
7rSSe/HfSSe heterojunctions are in the infrared and visible range, up to 1.26X10° cm™'. At the same
time, the calculation of the energy loss spectrum also shows that ZrSSe/HfSSe heterojunctions has a high
absorptivity in the range of visible light. This work not only effectively reveals the photophysical properties
of Janus structural materials and their heterojunctions, but also promotes the potential applications of these
materials in new types of optoelectronic devices.

Key words: Janus structural materials; Heterojunctions; First principles; Hybrid functionals HSE06
OCIS Codes: 160.6990; 260.5150; 300.1030; 300.2140; 300.6470

Foundation item: Scientific Research Program Foundation of Shaanxi Provincial Education Department (No. 20JK0905) , National Natural
Science Foundation of China (No. 62004162)

0816002-14



	2.1　晶体结构与稳定性
	2.2　电子结构和带嵌套效应
	2.3　介电性能及产生机理
	2.4　异质结界面类型及光电性质

