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Fig. 1. (color online) The density of states (DOS) in the crystals of ZnO, CdS, CZTS, CZTiS, CZZrS,
CZHfS and CIGS with (a)—(e) PBE and (f)—(j) HSE06. The DOS of CZTS(CIGS), CdS and ZnO are filled
with gray color, which are the compounds in ZnO/CdS/CZTS(CIGS) heterogeneous junction. The vertical

dash-line is the position of Fermi energy and also the reference line for the comparison of the valence-band

tops of different materials.

F1 AFENUTTHEAY - SEGRIEL L G EA R (CdS)
AE ARE (ZnO) BN T ST RANAT R (AL eV)
Table 1. The valence-band tops, the conducting-band
bottoms and the band gaps (with unit eV) of the dif-
ferent photovoltaics materials of quaternary sulphides
and the buffer and window materials CdS and ZnO.

PBE HSE06
E, E. Eg E. E. B

CIGS 275 3.33 0.57 203 294 091
CZTSe 3.05 3.26 0.21 239 312 0.73
CZTiS 3.14 3.86 0.72 239 426 1.87
CZ7ZrS 3.00 4.07 1.08 216 4.50 2.34
CZHfS 3.08 4.40 1.32 229 4.73 2.44
CZTS 3.74 4.12 0.38 3.03 453 150
CMgTS 4.16 5.00 0.84 342 492 150
CZGeS 3.73 424 0.51 2.93  4.61 1.68
CdS  1.27 297 1.70 0.29 288 259

ZnO 1.20 2.00 0.80 —0.07 245 2.52

WIHEZIR (K1 (b), () £, H Se RS Jatialy
TR 98N I CIGS FIA 1 T, X R Se X
SHF TR IR, Hoh—Trmi T CZTSe

B LL CZTS /), Se 54 & A S MR HE = A
AR, DR, FRATT T DUE S o B BB A 55 05
Ut CZTS BRAARA R, — J7 TH A% H iy B oK/ & i
[ s JEC A 7 T PR AIG 4823 TGS A5 T, PR k75 2
(R8T FRLAA R 203G T e IA B L AT CIGS 1

KA PBE ™ U FEI AT, CZTS T4t
() 32 B4 s R AEN A TR 29 0.6—1.5 eV b5 — A
AL B Sn(p)-S(s) A AT Bl 1) 8L T A T8 77 14 fig
g, X 5 H G I R ROk g — g BT
KA A RTHE, XA R e ) ), E
B FE M RS CZTS e ke s B — 2, A
S280 £ 0.6—1.5 eV P el H BE MR N SRR I
LR R TR AT 56 128029 R i SR Be R W, ) S 6
I BUAR CulnSy I In, BR T E1.2—1.6 eV [ £ %
PG LAN, TE0.7—0.9 eV AL KB T B bk
B, BAHE SR FHRRTFESSEFRETFE
Ztb 2 B B CZTS £ 0.6—1.5 eV By 5t
5 Cu(InSn)Sy 7E 0.7—0.9 eV &b 75 e W ELJ5AH [7] 1)
i, W PBE ¥z & L BOER M T CZTS K1
A, TR TH 6= R T 7, AR AT T
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e s D) I bt N <

MR Bader 20 #7 BU) & R AT CZTS 1 E 1 1)
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R, Cu, Zn P47 i 80 B & A 224, TS 7 i
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3d, 4d F15d H T2 2 A A TR 1 TS
Feie KRBTk, 15 S B p FF I A4fb 2 S 508
LG TR B IR K. 53 4k CZGeS KI5 T
B 2 AR, J3AR4EIE CZTS s TR, i FH —
Mg B Zn, CupMgSnS,(CMgTS), i T A [
KJmitheE. MEE 1A%, PBE MA1LiZ B HSE06
o5 tH A A TR AR AL A AR B, 53 40 BT AT T A2 21
JREE, HSEO6 45 | ELBCR AT R, fea 454 55
F W CZTiS, CZZrS 1 CZHIS A& ]9 [ 2 S 4k
(K1 2), T CMgTS Fll CZGeS #2& B #7244

B 1 AN 1 B S B AN TR % A2 43 ) B o
H Zn0, CdS F1 AN [F B GW oL ) - 45 74 T

6

Energy/eV

CuzZnTiS,

K2 (MTEE) CZTiS WRew 4  (a) PBE; (b) HSE06
Fig. 2. (color online) The structure of energy band of CZTiS
with (a) PBE and (b) HSE06.
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Fig. 3. (color online) (a) The decomposed DOS (PBE) of
multi-layers CdS/PVM with PVM (CIGS, CZTSe, CZTS,
CZTiS, CZZrS and CZHIS), the up-part is for PVM and
the low-part is for CdS in different CdS/PVM multi-layers,
the vertical line is the reference line; (b) the corresponding
results of the HSE06 functional.
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Fig. 4. (color online) (a), (b) The absorption and (c), (d) the reflectance (with vacuum) of different photo-
voltaics materials. The (a), (c) is the results of PBE functional and (b), (d) the results of HSE06 functional.

The yellow region is the wave-length range of visible light.
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Fig. 5. (color online) The reflectance from the different photovoltaics materials of quaternary sulphides when
light incident to these photovoltaics materials in different buffers layers: CdS (a), (b), ZnS (c), (d), In2S3
(e), (f) and ZnSe (g), (h) respectively. Especially (a), (c), (e), (g) are the results of PBE and (b), (d), (f),
(h) the results of HSE06. The yellow regions are the wave-length range of visible light.
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Fig. 6. (color online) The reflectance of different buffer layers (CdS, ZnS, In2S3 ZnSe) when light incident
to these buffers layer in window layers ZnO (a), (c) and TiO2 (b), (d) respectively. Especially (a), (b) are

the results of PBE functional and (c), (d) HSE06 functional. The yellow regions are the wave-length range

of visible light.
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the curve filled with gray color.
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K2 —ESERAPEHR R RN B 2 R T EE (PBE) A SEIRE, BALE GPa, VAR LR

Table 2. The elastic constants (GPa) and the Poisson-ratio of the photovoltaics materials studied in this

work and some of conventional photovoltaics materials based on the DFT calculations with PBE functional.

Some of experimental values are presented as comparisons.

C11 Cs3 Ci2 Cis Cyq Cee B E1 Es3 V12 V31
105.2 106.0 58.4 59.1 47.2 46.4 0.357
CZTS 74.2 63.2 63.9 0.361
109.7(a)  112.5(a)  71.3(a)  69.2(a) 45.9(a)  42.6(a) 0.394(b)
CIGS 82.0 84.3 45.4 46.6 36.5 36.8 58.4 49.3 50.2 0.348 0.359
. 40. 25.2 .
CdTe 700 0:5 5 50.3 40.2 0-367
61.5(c) 43.0(c) 19.6(c) 0.413(c)
CZTiS 113.4 114.7 71.1 72.0 34.0 35.4 85.9 58.7 58.2 0.372 0.389
CZZrS 107.1 112.2 69.7 71.4 28.2 29.5 83.5 51.1 54.5 0.392 0.404
CZHfS 110.3 115.0 68.5 71.6 31.6 32.4 84.0 56.7 58.1 0.374 0.401
CZGeS 120.3 120.8 65.0 65.9 53.4 53.9 83.9 74.4 73.9 0.343 0.355
CMgTS 147.0 109.1 90.9 91.6 38.9 37.8 97.4 55.6 46.9 0.491 0.431
101. 44.4 1.1 .
GaAs 019 b 63.6 75.0 0-303
119.0(d) 54.0(d) 59.6(d) 0.312(d)
. 154.4 56.8 75.3 0.269
Si 89.3 123.8
165.7(c) 63.9(e) 79.6(e) 0.279(e)

(a) Ref. [38], (b) Ref. [39], (c) Ref.[40] (at —196 °C), (d) Ref. [41], (e) Ref. [42]

L CzZTS 243 F1 ZnS 1) 45 £ 4 ) N 1263 KA1
16002190 K, H #ZnSTE % & T &L ar, T
1458 K I Fh 4 14451 ] s 3417 43 51 32847 T 100,
800 11200 K )% He N A PRI & (00 55 — 1tk B 22 53
FEN IR, B8 45 H T CZTS A CZHIS £ 100,
800 F1 1200 K A 45 Ky 4L 10 ps i MIBERT 254, it
SRR, 7610 ps I [AIJEAL L FE Hh, CZTiS,
CZZxS 1 CZHIS I 45 #4) 75 I FE Tt 1 31 800 K i) —
B RE, EAE R RN B R E S CZTS
k. B o T ARG 100, 800 Fl7&; i 1200
K B 19 % 43 A1 o8 3 (B 9 (a)—(e)) A1 A 43 A bR 4L
(B9 (f)—(j)). 7E800 K i ik ¥ 5 Xt 4 A bR
HOFN A7 3 A R B0 R AAE Vg 55 B 386 0, % B 1 TiS 4,
ZrS,, HES, ) 1Y [ 44 Al CZTS 1 () SnS, VY i 14 1y
RAETGA, B2 R IARRR R E (B8). X
AR SR — I R R T SRR SR T
B (B9 (k)), CZTiS BS54 B AL ZnS #2300 F
TR N CZTIS K& B s TR 3d TR EE,
HAIER R T2, CZTS, CZZrS, CZHIS X} 7y
A BRI B — e 3 BY RN S, 32 EE R A 2 S,
Zr, HE {5 7245 tb Cu fl Zn K, i 15 5 B B2 K
K. BEA A AR B KPS 60° BRI ) A2 F1 A3 I
(B9 (1)), B 5 38 I A 06 e 5 o HL S AR il &

N AN A2 RN N S-M-S AT M-S-M £ /) 73 A7
R, MZ%J8 (Cu, Zn, Sn, Ti, Zr, Hf). S-M-S
A M-S-M i 73 A e A2 Br b o o N g, Hop—
AN A20§51°, T 53— AME 58° 5 S-S-S Al M-M-M
X B HIAE 60° FIUEZH R T XS RRI) A3 . i i
BB o A T SRR B, CZTiS, CZZxS Al
CZHfS fEARIE Al BE A2 7EAH 2038 10 (H==iE T 2
TAFAER Y BIEA ARG 2. BT 25 AR B0 B2 1)
i PR G5 R B P BB, 7 il T i R R P 45 4 B
AR, w AT LA SR A, R I s
FHHEATIR K, 75 & S AT LAAT H 1R 35 AR AT (6 75
TR E AHTE =R T AR e . (3 M IEE A ]
BE PR R R0, BAT AT LR A (T, Zr, HY)
H 7y BUAR S (77 R AR 2 45, SEBs | CZTS(Se)
il & K Se #B4r BUAR S T 45 2 (). Ti, Zr, Hf 5
A D T A 0 L 1 LA o R R 1 A
CuTisSy, CuZrySy Al CuHfySy A2 2R fi A1 45 4 i 3F
fh4e )@ V7], CuyTiSy(142m) A 45H) 5 CZTS(14) #
LA 2 G4 48] Horb Cu, S T 5 8 Kesterite 45
GATRE = WTM SO S A AN %N (1] 78 VA= 3 X (R
PBE iz B i1 5t Cuy TiS, M5 BN 1.47 eV, 33—
IR P R g ORGP R R — R B A T
B 15T HARFR B Cuy TiS, M5 2R 2 1.
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8 (MFIRM) CZTS (a), (b), (c) Al CZHES (d), (e), (f) 43 HI7E 100, 800 1 1200 K itk 10 ps 5 HIBER 45 14
Fig. 8. (color online) The instantaneous structures of CZTS (a), (b), (c) and CZHfS (d), (e), (f) at 100, 800 and
1200 K after 10 ps MD-evolution respectively.
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Fig. 9. (color online) The pair-distribution functions (a)—(e) and the angle distribution functions (f)—(j) of CZTiS,
CZZrS, CZHfS, CZTS, ZnS at 100, 800 and 1200 K, especially the gray filled curves are results at 100 K. The (k)
is the enlarged figure of the first peak of pair-distribution function of the different photovoltaics materials at 100 K.

The (1) is the enlarged figure of the angle-distribution function within region 45°~70°. In the (k) and (1), the gray
filled curves are the results of ZnS and the hatch filled curves are the results of CZTS.
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Abstract

Based on the first-principles electronic-structure method, we study the electronic structures, optical properties, and
the structural stabilities of the quaternary sulphides Cu2Zn(Ti, Zr, Hf) S4, which are obtained via substituting Ti, Zr,
and Hf elements for Sn elements in CuZnSnSy (CTZS). It is well known that the photovoltaic efficiency of CZTS(Se) will
be improved if the Se atoms partially substitute S atoms in CZTS. Our results show that the valence-band top of CZTSe
shifts to lower energy and accesses to the valence-band top of Cu(InGa) Sez (CIGS). Similar to CZTSe, the valence-
band tops of CuzZn(Ti, Zr, Hf)S4 also shift to lower energies and access to the top of valence-band of CIGS. The high
photovoltaic efficiency requires the smooth changes of the valence-band top and energy gap from the window material
and the buffer layer to the light-absorption layer. Thus we predict that the photovoltaic efficiency will be improved if Sn
atoms are substituted, even partially, by Ti, Zr, Hf atoms in CZTS, just like Se atoms substituting S atoms in CZTS.
To obtain some reliable results, we perform the calculations both of PBE functional and HSE06 functional. The changes
of valence-band tops from window materials to the light-absorbed materials are similar for PBE functional and HSE06
functional. The absolute values of the valence-band tops with HSE06 are lower in energies compared with PBE functional
and the gaps obtained from HSEQ6 are larger than the gaps from PBE. We also calculate the optical properties of different
light-absorbed materials including CZTiS, CZZrS, CZH{S, CZTS and CIGS, in which we mainly focus on the reflectance
of different layers from the vacuum to the light-absorbed materials, from the window layers to the buffer layers and from
the buffer layers to the light-absorbed layers. For the window layers we consider the ZnO and TiO32, and for the buffer
layer we consider the CdS, In2S3, ZnSe and ZnS, etc. respectively. The high-performance solar cell requires low reflectance
between the window layer and the buffer layer, the buffer layer and the light-absorbed layer so as to ensure more light
transmit to the light-absorbed layer. Our results of reflectance show that ZnO(TiO2)/In2S3(ZnSe)/PVM are possible
multilayer structures, with PVM (photovoltaic materials) =CZTS, CIGS, CZTiS, CZZrS, CZHfS. If we replace CdS
buffer layer with other n-type semiconductors, the material of the window layer must be replaced accordingly with new
materials to reach the lower reflectance. The structural stability of photovoltaics is an important topic in the application
of photovoltaics. Our results show that CZTiS, CZZrS and CZHI{S are structure-stable at zero temperature in terms
of the calculated elastic properties and phonon vibration spectrum. Based on the elastic constants and Poisson-ratio,
similar to CdTe, CIGS and CZTS, the CZTiS, CZZrS and CZHIS are ductile materials suitable to be used as the flexible
solar cell. Additionally, we have performed the molecular-dynamics simulations at some finite temperatures (100, 800
and 1200 K respectively), calculated the pair-distribution functions and angle-distribution functions. As comparison, we

also perform the corresponding molecular dynamics simulations of CZTS and ZnS. Our results show that the structural
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stabilities of CZTiS, CZZrS, and CZHIfS are close to those of CZTS and ZnS. This means that once CZTiS, CZZrS and
CZHIfS are obtained experimentally, they will be stable. In summary, the novel photovoltaic materials CZTiS, CZZrS
and CZHfS studied in detail in this work are potentially the high-performance photovoltaic materials for the solar cell

application in the near future.

Keywords: quaternary sulphide CuyZn(Ti, Zr, Hf)S4, element substitution effects, solar cell, ab-inito

molecular dynamics
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