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Fig. 1. Crystal structure of bulk CZTS.
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Fig. 2. Band structure (a) and DOS (b) of bulk CZTS.
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Fig. 3. Cu-Zn-Sn-terminated CZTS (112) surface model
(a) and S-terminated CZTS (112) surface model (b).
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—JZ. M4 (b) F AT LLE H, layer 1 % layer 5
FHAR 2 2 18] BRAR VR 2.30, 2.25, 2.3212.31 A;

Layer H— CJ""‘C’:UC:L (:{:‘-{
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LDOS) 5 i, 9K AL L&A &
A, B, HANUR 7 B840 CZTS(112) K1
IS 2 JER. 5 layer 3MHLL, 1E layer 1 H15%
KBEZL (0 eV) BT R A T84V 2K, ££0.7 eV it
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J& R T B AL, T8 ayer 1+ 512 18] 1) B8 K
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G layer 1 A Cu—S, Zn—S F1 Sn—S K437
H: 221226, 224231, 2.582.60 A. Cu—S
A Zn—S 8K L B 2 A 43 4% 1 0.04—0.09 A
#10.04—0.11 A, Sn—SHE KK T 0.13—-0.15 A.
layer 2 2 J& K AR A K.

(c) LD(I)S f layer 3

0.62
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1
T
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1
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1
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[

A0 0GHo
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Fig. 4. CZTS (112) surface model before (a) and after (b) relaxation; LDOS of layer 3(c) and layer 1(d)

after relaxation.
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FE PR RELL 0—0.3 eV BT IR A5 %5 B m] 4, HLR I
A EEREH Cu-3d A1 S-3p s A b 51 L, fEFK
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I\

LDOS of layer 3

T
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N\
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N
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0 I I | L
-2 1
Energy/e\/

K5 CZTS(112) RIMEA RIS EE (a), B BT AR E

# 1 CZTS(112) R HIEE KA 2
Table 1. Change rate of bond length after CZTS (112)

surface relaxation.

System Adcy_s/% Adzy s/%  Adsn_s/%
Layerl —-3.13—0.78 —2.21—0.17 —-1.10—-0.65
layer 1-layer 2 3.38, 3.47 4.68 2.77
Layer 2 —-0.48—0.35 —-0.98—0.43 —0.53—0.37
Layer 2-layer 3  0.61, 0.78 1.66 1.18
Layer 3 0—0.43 —0.09—0.43 0—0.16
Layer 3-layer 4  0.21, 0.26 0.68 0.65
2
ClAN =
1 Cuw1-PDOS
. j_ , 4
0 Vv
a A\ Cu-2-PDOS
Ni N
L ! Zn-PDOS
0 4‘ .
1L ! Sn-PDOS
) N
S-4-PDOS — s
'r —p
0 f 1 . { \ ]
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0 I L . I
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1+ :
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Fig. 5. LDOS of CZTS (112) surface (a), PDOS of atoms in layer 1(b).
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f-Cu2, £-Zn, £-Sn. TATUHE T &AL RE,
SE SR 1618l

- NEatom]/Na
(1)

E = [Eatom/czrsi2) — Eczrsi2)

166401-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 16 (2018) 166401

HA Eotom/czrsiz) M Eczrsi2) 73 #3 CZTS
(112) W b R G A1 4livE CZTS (112) K IH 1) L REE.
Eatom 13K B WEMAL B BRI R T IR B REE, N2
W IR T IR, T Fagom I, H ] L5207
HoT, TR~ 13 Ax13 Ax13 A
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{10 5 VR B o7 st G R A, R B e 1K A 67
DL B ok 7 PR W B e T 2 2 BT 4. 36 2 v = b B
JE AR A S LT #A E WR B 7E top2 Az, R A HIJE
TR B LE £-Zn A2 B, Ak J5 #% 3l % top2 A 1E T U7
1SR 75 h-Cul i Sl AL E. WK 27T LLE

Front view (&)

COCOCOCOCC O '

08888 c888¢
(b) (c) F

th, H, CLMF J5 1 AR e —3.188, —2.279,
—3.395 eV, H/NH JFT7E £-Zn W b 8 5 HAh A7
BAHLL B R AR R, =M R IR B R R e R 25 4,
RIMABA BRI FEC. 5 BRI e E A%
FEA IS J5 T, ARS8 T B 35 28 0.5 ML
I (B2 T % 0 g A [ R IR B R ) = b R A
CZTS(112) 1 H W B T W B B 1 1 3 2 )
FA7E 5 2 0.25 ML B £ 2 W% B BRI K JL A7 B gk
TG, FLAH G WP B LRG]S 1R I Bt e 471
T3,

o =
f-Cu2 f-Sn
h-Zn ‘ h-Cu2 ® h-Zn
(») &) [»)
f-Cul @ f-Zn o f-Cul
h-Sn h-Cul
()

| i
¢ € ¢ ¢ ©

Bl6 CZTS(112) KU HIALE: top(a), bridge(b), fcc # hep(c)

Fig. 6. Four adsorption sites on the CZTS (112) surface: top (a), bridge (b), and fcc and hep (c) sites.

#2 RPN 0.25 ML ST KU I e
Table 2. Atom adsorption energy at 0.25 ML coverage.

H-adsorption site E/eV Cl-adsorption site E/eV F-adsorption site E/eV
2 —3.188 h-Zn —2.279 g —3.395

f-Cul —3.185 2 —2.278 2 —3.395

f —3.183 f-Sn —2.278 h-Zn —3.394

h-Zn —3.182 g —2.277 f —-3.393

f-Zn —2.702 f-Cul —2.277 f-Sn —3.393

M7 5 N 0.5 MLEF, fifb 5 HAICLE 7
(H AT CLUR FARAGRT AL B 4 & 5 5N £Cul, £
Zm; 2, £-Sn) 5 B B 7E top2 Al top3 A7 55 (K 7 (a)
FTE 7 (b)) b B A S5 AR R W B Be, I B A 43l
N —2.867 F1—2.020 eV(% 3). fEF R FHALEH
A, h-Zn, £Sn W EEE R (—3.132 V), £
b5 B £-Sn A7 5 F J5 7 5 top2 R 7 IS R F A

(S-2), h-Zn AL F R 75 HIEF 5 —Z1 Zn 5
THA, I H Zn JEFRAME . XATRE R T F 5
TR SR, AT RIS, A 5% — =
SIELE . XA R T AR 45 5 R AR R ARk,
AR T RIE AR B,

2% 18 3 78 565 1% N 0.25 ML, J& 7 & e Wt
fE top2 fr, H.7E &% % 0.5 ML HACLJR 7
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TE M AE top2 Fltop3 £z, FAITZ2 3 7E top2 A1 top3
AL E B ARINE R 5. AR S & B0 R 47 78 T fr
(BI17(d)), 7 H I B 68N —3.141 eV, &7 55 A
0.5 ML F J5 747 B 4 Ao s K (32 3).
PR ATIA A top2 Al top3 £7 55 (1) 2 & 72 dx e o 1
W B &5 L. X T AN R T 2 0 R E W B &5 4, HL R
TAE S 4 b CZTS(112) 2 1 1 W B B A —2.867
eV, /T CLE FHEAL IR BE (—2.020 V), F IR

I RE (—3.141 eV) JAK. VA F R4tk 5
Mk &R fehe e, HIE P8k E i R/ CLUR 75
FasE. w7 Front view (a), B 7 (b) AE 7 (d) B
N, =P B JER R TR BRLE top2 A top3 A, W B
JRF5RMS EF456 et HIE M TR
S ETMIEES A N1.319 AF1.363 A, dy s
K A1.376 A. CUR-FAHXT TR S R F 1= 5
BN 2.067 A, doy s BEEK R 2.079 A, FEFANT

®3 HEREN0.5 ML EF R 6
Table 3. Adsorption energy at 0.5 ML coverage.
H-adsorption sites E/eV Cl-adsorption sites E/evV F-adsorption sites E/eV
2, f-cul —2.714 h-Zn, 2 —1.741 e, 2 ~3.056
2, h —2.614 h-Zn, £-Sn —1.488 g, h-Zn —2.951
2, h-Zn —2.761 h-Zn, g 0.380 g f —2.807
2, £-7n —92.867 2, £-Sn ~2.020 2, h-Zn _2.867
£-Cul, f ~2.625 2, ¢ —1.874 2, f —2.860
£-Cul, h-Zn —2.608 F-Sn, g —1.873 h-Zn, f —2.968
f-Cul, {-Zn —2.867 h-Zn, f-Cul —1.483 g, f-Sn —3.132
f, h-Zn —2.269 2, £-Cul —1.874 £Zn, 2 —3.112
f, £-Zn —2.864 £-Sn, £Cul —1.624 £-Sn, h-Zn —3.132
h-Zn, f-Zn —2.503 g, f-Cul —0.254 f-Sn4, f —3.130
2,3 ~3.141
Qe @@y @ @
. ©® -0 5 @ @ | 0 Q9 I 0 0*-
. @ @ !
hyZa ‘ h-Cu2 C | h-Zn ' h-Cu2 . : | ‘ h-Cu2 ‘ h-Zn hiZn ‘ h-Cu2 !
S-1 o s2 ’ S-1 O S ! ‘ S-1 O S-2 : ‘ S-1 o S2 !
© © "o o e o
‘_h_—Sn______h;Cul_Jl ' hSn ____hCul | c--bSn____hCul @) l_ _hSn ____ heCul-!
E S-4
s (2) (b) © (d)
Top view

Front view

(SR

K7

@

(c)

©r

F % 0.5 ML B, H(RLEH AN £-Cul, £-Zn)(a) CUBLELH G N top2, £-Sn)(b) F(hi HHAEH h-Zn, £-Sn)(c) M F

TEWATRAL (B2 B4 A8 top2 Fl top3) (d) "Bt CZTS(112) RN i 5 12514
Fig. 7. At 0.5 ML coverage, H (f-Cul, {-Zn) (a), Cl (top2, {-Sn) (b), F (h-Zn, f-Sn) (c) and F (top2, top3)

(d) adsorption on CZTS (112) surface structure after relaxation.
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R SIETHIEE S N1.67T1 AFI1.637 A, dp g
K N1.660 A 51.668 A, 1 R T W 3R AE
W B S T 0 BT, B R FfR  S-2 Al S-
3N BHAHLT, a0l 7 Top view (a), B 7 (b) M
K7 (d) i (S-1, S-2, S-3, S-4 A P4 S J&
T, HALF WAL topl, top2, top3 Al top4 X B
(I IE 7).

FFE 7 (a), B7 (b)) FE T (d) B =F
FasE M B, BATAE 2K R B (0 A8 25 8 5 Al v
RMEPMEAEHEWER BT EELAHEZER
7 THI 2 FE B O B2 M0 7 AR BB RE ), TR IR A SO T
=B R 1 JR A By ) LR B LR T
BALRCR, AT E R E 8 . MBEKEE
O R0 A5 o VA PRI 5 7 B 5 (3G I H =
JE A ROR ER AR B &, 7E HA CLEE AL /5 layer 1
PR RE AL 25 5 FE VAR LT Bk 0, A1 B 56 N
Btk Z AT 190.319 eV 73 7 3 K %2 0.525 eV F10.423
eV, F Bk J5 45 5 B WA 43 i B AR B R R (1 £ 1/3,
TN 0.348 eV. layer 2 Flllayer 3 5% FE IE(EH AR
N, B INEEAR R F R R AR R RE R kb, BT
FM A R R TH 5 ST B T A&, B DA stz
i TH AS YRR 55, 3 A PH R Ha vt 2 T AR T AR
.

N T BB R R AR, AT
PR B R TR R TR T A E, E4r
o 255 PR AR A e A (40 = e o I B R SR T
layer 1 N J5 B 70 A% R, Wi 9 frs. H AT
Bt i S5 atig R A E, Cu-3d JR 11 S-3p &1
TE PR Be AR A LT 58 4K 2k, F #ifb R m b
Cu-3d J5 -1 F1 S-3p Jii 75 9% K BE Ak 1y W4 W 2
FEAK, (H2 T s T HA CLUE -, RN =F 5578
PORRER I BA Sl R HT IR, FiL)5 Zn R
TR Sn JZ FAEFRKBEF M RTSETF. AT o
AT A 3% T A5 19 DR IR, %o L 2% 4 F g 2 R AT o
#r, HAF:

Ap = pczrs-z — PozTS — P (2)

HA pozrs. « AEENBHAR R BT B, pozrs
Al NAE A — 4 & AR Bk i) CZTS(112) 32 [ AL
B S 1 R g 2 . G P 10 B (TP 3 R [X 34
RIEHE, BWERIH T O X IBARAE, Bk
FHREWRT), G610 7 7 5 FE A FF 8 i
ST LRI 22 5. a0k 4 B g, Bk S S-2 A
S-3 JF - A4 H far A LBl b 2 AT A 2R 25 HL T,

i Cu-1 1 Cu-2 J&i-F (h-Cul Al h-Cu2 1E T ) #i43
F/b BT (£90.09 e), BIIET AR K FE A H fir,
W B JER AT AR B . BT DABRATTHE WS VR 5
FJa, W R S 132+, B 70 &
FEBE (256 3R S B 1 1 70 A 5 T B v 2 oK g S
B LT LT SE A 2R, FRATTHEIIR B J5E 5 1T g AN
R S-2 M S-3 T332 15l EREASKHET),
T LA EOET 40, 515 A8 Cu-1 1 Cu-2 JE 1 L
THIEREMFE, FOKAE R I A% B PR, 4
M =P B PR A A T DU IR, A RO B
U B H A CLJE ¥, 7E S-3 J& 1 TR IR BT I, 45 30 i1
BT 4338 0.01 e 10.20 e, 1 F JR-F153] 7 0.97 e.
MR B S-3 T (1) 43 A 2 FE B ml SR T A
FHEE S-2 JFEF (A ARIR 2. AT DAFRATTHEN F )5+
MS-3JEF132] T Z T, X TRESMEIL
SEAFT).

10

(a) LDOS of layer 1
| !

y

— H-passivation
—— Cl-passivation
—— F-passivation
Clean CZTS (112)

DOS
@

(b) LDOS of layer 2
L | L

(c) LDOS of layer 3

I
-2 —1 0 1 2
Energy/eV

B8 CZTS(112) RIMHALAT 5 =2 HRIsA %
Fig. 8. LDOS of upper three layers before and after
CZTS(112) surface passivation.

M EIRGER FATKILS-2, S-3, Cu-1 F1 Cu-
2RSHRMAN FEE T @it H, Cl FF Wt
K 1H Be = IR, R I B AE S-2 F1 S-3 JiR - TR
i da e, BAL ORI, IR S-2 1 S-3 JR ek
B I E ZX %, H R T84 25O R w4+ O
T, CLUR T F4F. AR5 S-3 J5 T FoKRE g Ab 1) 4
fEAHLE S-2 JE 75510 22, FRATHEN F J5 7 i 47 P 5
2NS-3HEIE Z T, FEH T EH AL G H
BEAL R LE H AN CLR 7 ISR R 2.
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F4 M A CZTS(112) KiHA H, Cl, F 43 5w W b2 1517 1) FE 4 i fig
Table 4. Bader atomic charges of atoms in bulk, clean CZTS(112) surface and CZTS(112) surface with H,
Cl or F stable adsorption.

System Cu-1 Cu-2 S-2 S-3 H-2 H-3 Cl-2 Cl-3 F-2 F-3

Bulk CZTS 0.46 0.46 —-0.82 —0.82

CZTS(112) 0.61 062 —0.70 —0.72

H(f-Cul, £-Zn) 0.52 049 074 —0.39 —-1.20 —0.01
Cl(top2, f-Sn) 0.52 0.52 —0.32 —0.28 —0.20 -0.21
F(top2, £-Sn) 053  0.54 043 048 —0.96 —0.97
2 . 2 ~ . —s
1 ! (a) \ Cu-1-PDOS 1F () ©  Cu-1-PDOS —p
0 L | N L 0 L | I \ " J—f—ccd
] i —3 -V © Cu-2-PDOS
1 7} \L Cu-2-PDOS — 1k :
0 | N | —d 0 L —_ N [
1F ! Zn-PDOS 1L . Zn-PDOS
0 L I i . 1 ok I — | L 1
1E Sn-PDOS 1f . Sn-PDOS
0 r G 1 X 0 L ! | N
b . $-4-PDOS 1k . S4-PDOS
8 0 b P e Y 8 0 4 BN
a r Y AL ©  $-3-PDOS
1k . $-3-PDOS 1 :
ok L ) I P S ) _/\
1F : S-1-PDOS 1F °  S-1-PDOS
0 'J-/\—/—T"\.’\L L~ 0 e~ . R
s © $-2-PDOS 1 . $2-PDOS A
0 L "—.’\F . 1 0 L 4 /\./\L . L
0.25 L : H-3-PDOS 1F :  Cl-3-PDOS
0.00 L | | N | N 0 L | " ‘.t/\
0.25 L H-2-PDOS 1L Cl-2-PDOS A
0.00 L - 1 . L . ) = S| . .
—2 -1 0 1 2 -2 -1 0 1
Energy/eV Energy/eV

r V4 X
L (<) \/—\/\ m-mooM
L v\f\/\ Cu-2-PDOS /\

: —S
- + Zn-PDOS —0p

L - N 1 —d

- Sn—PDOS/\&
K N | s 2
N . S-4-PDOS

L : S-3—PDOSJ\/I/&
L~~~ N 1 h

L ' S-1-PDOS

\/\—/\l’\’.\/* . AR,

L ' $-2-PDOS

L : F-3-PDOS ’ \

—
L . F-2-PDOS L
E L — . BT
0

1 2

DOS
OH O HOHOHOHOHOROROHMRORLWN

Energy/eV

9 H (a), Cl (b) MIF (c) T HawWM7E CZTS(112) LIifi & — 25 T A/ E A%
Fig. 9. PDOS of atoms in CZTS (112) layerl with H (a), Cl (b) and F (c) stable adsorption.
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ST e
8884
888°

Front view

Lateral view

10 H (a), Cl (b) MF (c) FFEWt CZTS (112) R 5 175 HifiF
Fig. 10. The charge density difference of CZTS (112) surface with H (a), Cl (b) and F

(c) stable adsorption.

4 % W

IS EERATR I 48 IR T Cu-Zn-Sn & 1111
CuoZnSnS, (112) 2 [ 23 & £ H A H ik, *t
T H, CLFF J& 7 W S £ 1E ) CuaZnSnS, (112)
R, WHERILE # 0.5 ML I JE 1 R W
ERMAWH RPN SR TIN5
0.5 ML H, CLF1F W fff e f2 e 2546, = Fh i B I
TS WA 1S IR IR 7, R T
R, RIASE BB, B HA BT RER
WFHER. PIAS S T CZTS(112) RS
M oCEE. MRS, ARy H > Cl > F, HA
ClLE FHIAL BRI L F R 747 RS R A7 1)
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Abstract

The first-principles calculation method is used to systematically investigate the lattice structure, energy band,
density of states of the bulk CuzZnSnS4, surface reconstruction, and mechanism of adsorption and passivation of F, Cl
and H atoms on Cu2ZnSnSy (112) surface. We find that the surface reconstruction occurs on the Cu-Zn-Sn-terminated
Cu2ZnSnS, (112) surface and this reconstruction introduces surface self-passivation. By analyzing the partial density
of states of the atoms on the S-terminated Cu2ZnSnSs (112) surface, it can be seen that surface states near the Fermi
level are mainly contributed by 3d orbitals of Cu atoms and 3p orbits of S atoms at the top of the valence band. When
a single F, Cl or H atom is adsorbed on the S-terminated Cu2ZnSnSs (112) surface, all three kinds of atoms exhibit
an optimal stability at a specific top adsorption site in comparison with at the bridge, hcp and fcc sites. And this top
position is also the position of the S atom that has the greatest influence on the surface states. When two atoms of
the same kind are adsorbed on the surface, H, Cl or F atoms occupy the top sites of two S atoms that cause surface
states on the CuzZnSnS4 (112) surface, which have the lowest adsorption energy. And the surface states near the Fermi
level are partially reduced. Therefore, two S atoms that cause the surface states are the main targets of S-terminated
Cu2ZnSnSy (112) surface passivation. It has also been found that the passivation effect of H atom for surface states is
the most significant and the effect of Cl atom is better than that of F atom. Comparing the partial density of states,
the Bader charge and the differential charge of the atoms before and after adsorption, we find that the main reason for
the decrease of the surface states is that the adsorption atoms obtain electrons from the S atoms, and the state density
peaks of the Cu and S atoms at the Fermi level almost disappear completely. In the surface model, the F atom obtains
the same number of electrons from the two S atoms, while the two S atoms have different effects on the surface states.
And the H and Cl atoms obtain fewer electrons from the S atoms, that have less influence on the surface states. It may

be the reason why the passivation effect of F atom is slightly less than that of H and Cl atoms.

Keywords: first-principles calculation, CusZnSnS4(112) surface states, adsorption, passivation
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