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Abstract

The electronic structure and optical properties of Ca-doped SnS; were investigated by first prin-
ciples calculations based on density functional theory. The structural properties calculated with
the optB86b + vdWDF functional are in good agreement with experimental results. Thus, consid-
eration of the vdW interactions is important for theoretical investigation of SnS;. For Ca doped
single-layer SnS;, the occurrence of unoccupied defect states, located above the valence band
maximum, indicates p-type doping for Ca doped SnS.. The calculated optical absorption spectra
show that absorption edges of the doped systems exhibit red shift with respect to pure SnS. It in-
dicates that low valence metal Ca doping is beneficial to improve the optical absorption in the vis-
ible light range. The above results can provide reliable guidance for its experimental application
in optoelectronics.
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VLA TLRIE A FIvdW-DFZ &, RESSTE I HIHEIR R RSnS AR BRI - 58 BTSRRI,
CaBRMEFKRREZ EIINT R EEHIRRS, MERIpE A IE, SRR THHESERRA,
BREEREFURERRABRTREBRER, RUXARNESBCaBRINTE, BBHRIEFSNS,
FORHETT IOG X BIGIRACRE 77,  BA_ESE RN R SnS AR FL U A B2 F 4R 7T S A B VR 2R Al

KA
F—WEEIE, Sns,, BTFLEH, KR

Copyright © 2018 by authors and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

1. 5|8

FIF A BHYG 02 S A AR AN AT DLSE UK o R, IERE R K R B LIS 28, 2 ANZtt
SR REVR AL . MR I, GRS R R E N R, L SRS R BT B A R A
P, RRREIRICRT W, BRITATE AT WG A AT R A ) R AN AT S CdS, IngSs, ZnIngSy % —LEfiAL
VIR HE AL E e I il SE4RE [ 1] [2] [3], 4RI Cd™ BT RO A In BORRBLE PR 13X LA AL 1 B
SnS, & B A KL CdL B JZREE WAL - S kL, B8 BT DI/ T 563.6 nm 1A WOGHEUK,
KB B[4] [5] [6]. 74, EHATLE. B ERRVER KB R AL - e e S5, 1R
BTN T LA AL e 50 A EAG TR B T WA 7], R STt I i Bl e —. T
o R ) P 246 DK 43 T DL 22 A SR PO BERT G BRI RE &, B SnS, JefEALAS, BN A TAE
FE R EFNT SnS, BT MERT Y L.

Alqarni 55 N[ 7] FI A% $hi Bh [ AH [ S % T 7N 77 4 Fe 8 4% SnSy 9K &, At HoR = Bk T T
MRS, 4R ER I Fe B2 R RUPE R SnS, X 8N K BH 6 B8 &k B K. . Wahnon 55 A [8]K FH 28—
PEEFE T V BB SnS, R R P AR . THEERER, V52 SnS, AT LAF i F] A
SHb-AT WL-ZE A BRI B N R BH Y, BROK B4R IE T SnS, X K BH G 3 (ma Ny el o Xia 55 A[9]i8 i #E it
THER I, Ti 45 2% SnS, M R BAH, Bl T 45 22 W 38 0 B0 080/ s o 24 Ti A 3B ik 1551 6.25% B,
R FTRE A BRUE O IR R 1.27 eV, RIFHAETEAEH =8t RIS I F R BH 88 A i el ok ST,
Kim Z8 A [10]%] Ti 378 SnS, S 215 ) SL 3wt e A5 3] 7 A E5 R, AHX 148 SnS,, Ti #57% SnS, I
WA R AETERS , A BRI K. Btefagh 25 A [11]CAMMER F g E HIE 7420 Sn BE 1) Zn fE N
HICE, W& T Zn BA¢ SnS, W T 7AW R SGiE T AR, FTEB AR R
RG24 B /IN T R B 4% SnS, R R BR, (EBES Zn 524K E IR0, HBRAE FEAZE i/, 7E Zn
BRI 5% UEIA B e/ o Sun 25 A [1280 55 — M R BB SR B, AR T4 SnS,, Zn 57
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SnS, (IRIGL R AELH, HAKFOGMEALRE /sG55, Frel, WHFEA FRRA &8 B2 55 4% SnS, Bt 1%
JRFE T L EN . Ah, Peng SEA[13]3E845 - AR R R AB 0%, SOREERHEVE Z RIAFE R R .
PRI, AEBIETT SnS, 1A RN, N 1% 82 15 2% S B AVEXS PR 520 o 53 4k, 384 SEERE W] FJZ SnS,
A BRI A B I AL T S0 L AR 610 BT LAEASCH, JRATR A3 T3 iz ek BRI A 26—
VEREE T3, WHI T Ca B2 8= SnS, L FARUG AVERT, JNSEif b8 BA RO MTETER) SnS, #4
BHEHE T — € B KR .

2. HRAZEMRE

AT T AR AE 5L T FE 2 e BRI 35T T 1Y) VASP R 7 b AT ([ 14] [15] [16] [17]. T
HEF A AR BLAE Rl PAW 5ok ik, SRAT OB FEITAA(PBE) ik B 5 FLF- 2 [R] (158 # G B
e HHE A LB E T A B TSI N Sn:dd''58%5p%, S:3s%3p?, Ca:3s™3p°ds,. VAT U Ak KT A
#4500 eV, KH 3 x 3 x 3 [f] Monkhorst-Pack P& %5 5 —A0 BLIN X BIEA TR, BIGTHERSSIOR 2 A
107 eV-atom o A TSR SnS, R R, FATHIEE T 4 x 4 x 1 ) SnS, HJZ KB f B AL, A T ¥k SnS,
FLEZ IR A LR, FRATTTER A SnS, B2 Z AN T B 1.48 nm M E A2, 113 SnS, HLZZ A1
FUEAE XTSRRI/ T 107 eVesupercell s N T B A RIERL, 4 SnS, 2 H—4 Sn Ji
TEWN CaJi T, BIIKEN 6.25%, BRAIMEWE 1 Frm. #ATHERIFE 28T, Jonhi@E MR
RFRLL K A FBALAR AT ARAL, URSIARHE N R F-52 71/ T 0.01 eV/A. 0L, BB SR &35 M BAE
PREH,  JOAE FL R WA ELVE R W TR RS TR IR 18], Kk, FRATRA T optB86b + vdWDF
(158 ¥ T2 bR T ORI PR AH SnS, A4} Hh 31 4 B /R W AH ELAE 197

QL R ! 0O

)00 - 0.0

o v ©© O U ©°

(b)

Figure 1. The top view (a) and side view (b) of optimized Ca-doped single-layer
SnS2. Yellow, dark and red spheres represent the S, Sn and Ca atoms, respectively
B 1. A2 /ERY Ca 182 SnS2 B IHILE () FMIRE (L), HPHE. e
MABIRTHNRRZ S, Sn M Ca[RF

AR EOR S A RGBS R A e bR 2 —,  FERIER - SR R i EE ST 2 v N 8 1 . 78
B BRI TS A, AR RS ex(o) A TF RN GRS B S S E TR S 3I. R)EH
I3 Kramer-Kronig 2842201, 1524 HLEREUISZHE e(w)o BIIL, NHBREUER ex(0)XF T4 871 LT ERE
R E SR A R L.

3. ITHER SV

R T IKTHHES OG- R R, A TLRHAA R EA 7 4RH SnS, A g+, hiib)s

(1) fm ks A, Sn-S BEK AN BRIEFE E, 036 1 s INRF AT LR, BATTRAAER$ vdW-DF J5i%0HH

153 f) A% K 5 S I A S AR EF[21] [22] [23], 3+ B AL T PBE 1 PBE + U 515 31 45 5 [24]. Xt
BT T SnS, XFERZ MR EW), 51 NEE T TL R B VE F ) vdW-DF J7 755060 T 58 4 P 3R AR 2R 10 i A 4%
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MR L EE W) . T H, AT RAAFE LA RS 45 H 5 SLI0 M SR 1 s 4 a, BINJEAETO/R BT
YERZ G, THEAS B s 2 ¢ HSEin a5 IR NFT&, il TR ETIER S R X E 22 H T SnS,
BZE R o BT AT S, B DALVEAE SU/R TR BRI o BT b, SRR RAE A ZIR &
FRF B A R IE[25] [26].

Table 1. Calculated structural parameters a and c, the bond lengths ds,-s and band gaps E, for bulk SnS,, compared to the
experimental values and other calculated results

# 1. RATREGETEBEIRAME SnS, HEEEH. Sn-S BRANTREE . /EALLE, LRERMEMITEED

A5
a(A) c(A) ds.sa (A) E, (eV)
SEEE[21] [22] [23] 3.647 5.893 2.572 2.000
AR 7 1 3.682 5.882 2.592 1.379
PBE 3.703 6.509 2.599 1.520
A+ 5(PBE + U) [24] 3.524 6.352 2.468 2204

THEAS R H B 98 BEA PBE THSARAT, #S/N TS0, IR T R R L 55— PR B B oA e
FAAER)— DK@, BAR, PBE + U THEEREMSIR I 1 2508 v S50 B 90 P56 A /N (0 T, (HUB/ N R
FEAS S FEMATA T I3 A AR H 7 S5 LR AN A AN A AL O 1 ORAIE TSR — Bk, SR 52
HIARTR] 8 75 V53047 Ja S o 5

2
4 [
{1 )|
- - S ——8 3s
5 S 5 4 Total § -4 Sn 5s
) @ o Sn 5p
u=.| u:.| w Sn 4d
-8 |-
128 =
j/
-16 1 (| 1 16 1 16 "
r KM TA LH A 0 5 10 0.0 1.5
(a) (b) ()

Figure 2. The PBE and optB86b calculated band structures (a) of SnS, unit cell. The optB86b
calculated total DOS (b) and partial DOS (c) of SnS, unit cell. The energy zero represents the
fermi level

B 2. HESBIRIAE SnS2 BEETHLEM(2), AR EREINBSEEO)M T ESEE (),
BRERMAEMERAT

N T8 TR R R T 454, B2 45 T iFRAS R AR SnS, MIRERF 45 RSB IS
B, MBI LA () 2()), AR SnSy J& TR B SR RL, BRI 1379 eV, 5
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FAB TS B 45 FARRF[24] @IS AL Sn AT S (3 B AT E 0 AT, BATT AT LSS B 2R 51 2 [ 1) e
MUEE. MEIHRTLAE H, RAH SnS, M BRI IT I EAS 3 2R A T S 3p Uil M Sn Ss. Sp P TTER. H
W, TSR EERE T S 3p HUE M E K Sn 4d HUBMITTER, 1 SHRNASZEEEERE T Sn
5s HUEAT S 3p HIBERITTER. BEAh, S 3s HUEA Sn 5s LB EFEHEF-13 eV ~—11eV fl-4.5eV ~-7.0 eV
BT BOUR REZR DX 45, X TR R G 2 B2 e LU # /N s S Sp BUE F EEAM A AE-1.5 eV ~ —4.5 eV Kl
R 4 eV LS, SRS R 827], XERBATRA TR TS
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Figure 3. The calculated total DOS and partial DOS for Ca doping in SnS,.
The energy zero represents the fermi level

3. HESEIR Ca BREE SnS, HBTSERIRSEE . BKEEL
FEMERAT

BEFOk, TRATIFEASH 68 B T2 T2 2 SnS, BHRHE R HI300 . 5L/ 51 Ca $57% Sns, 12
F A R4 P AS BTG U] 3 B o S 3() R AT LU HE, Ca 13240 RO SR RESLEE NS T 407
Wk, (B4R AT p L SRR A, UL Ca JR T2 E 400, BEAh, EE LA e R A
KA, X5 RRII Ca 405 R R RTTAZQ uBHIR B i Sn. S A Ca
(A WA B RE AT DA I, SOKBE AL RS EBOR AT S 3p BUBAOTTRR, [FINH 615 T #5281 Ca 3p Bl
R Sn 5d HUBTTR: SHOIARE E T Sn 5s BUNAIS 3p HUBLLR, T Ca B4 TS5 JLT- B 7225
FEATHIRE . ;
%%Wﬁﬂ%%&%ﬁammu@ﬁzﬁzamywz{k&w+gmw—q@ﬂ/x&pmoﬁm
HHEA I Ca 4% SnS, IR M (o)l 4 BT, PRI R AN 10° om ' fENB%, £
B2 HIZ SnS, (T RECE — I th . MBI H, HFRBAMBRER, AR AL
W REATAER K 2B, I H, TR SnS, i AL Ca $57% SnS, (R R, 7ETE LT 2 T 196
I HCECAENY 2 BT I O ACE AR TR, AT DA A R R K B R R, 76 SRR 9250
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Figure 4. The optical absorption coefficients as a function of photon energy along the direc-
tions of perpendicular (a) and parallel (b) to the z axis for Ca doping in single-layer SnS,

B 4. FHEBRIRRIBAM Ca B8 SnS, WAL : BEET 2 A E@QMFITT 2
75 1=(b)

AR AT AZ R AT ReIR A R BT 2 B0 75 17 B4 SnS, PRk T IE IS HUAB A% 04 R K 73 e 258 B 7y
AGATRA, HIUE 0~2 eV YN IO, xR T80 2 n, BOKRES 2 LR LRI S 3p RER S 2
[ ATERIE . BEAh, AP 4() A B R BA TR AT LA 0 Tsl Bk, Ca SR RAGICR R LR
BRIk R E R XRVER RN &8 Ca BRI, REWS A AL SnSy MEHE W] WL X I i g
LA_EE5 RO SnS, AP RHE S FLISC AU A B B4 17— I B J i

4. &g

AR B — MR R EET 5 57%, W90 1 Ca 457% SnS, MR B Z5 RIS i - THELEs SRR,
K optB86b + vdWDF S KR IkIZ bR TH 545 2 ) i % 45 1) 5 SKIR A R AT & (ARG, BAL TR BT 4
VR B AR LR E T B vdW-DF 32 B RERS 47 (O HE 2R SnS, MRV BEVE BT . % A&,
Ca BARMEFORAER Z LOIN TR EWIRIE, MRRIDY p B SAR . JelRliohk i p it 54t SRR 9,
BRI R AR MEE R R BN T RBARAE R, RIERAURIN &R Ca BIITT %, BETS A AR SnS,
FORME AT WO X MU Re 77, BA 45 RONZIR SnS, MR ' v SRU D R2 FH B 43k P 5 (1 B8 Al
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