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BRpa A CZTS e CIGS K BHAE vt F ¥ i o &
MRS A, S34b, 78 CZTS W) 3 FhBHE F I
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B AR M, 2 R EOR M ACR A T RE.
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K FAAE R AF] 1519 Hi A Ag 844/ CZTS
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A A/ KA ZnS (T8 AR 2021, 5 HLAT DL
T B ERAS BY [A) 22, WFSE I kB, Ca2 4B 4R L
I Cuy, M Zng, WAL G BFE, $2 5 8t +
WEE, DT S LA, (BREE Cd & 3 K,
ML BE B 0 AR 5% A8 R BT (stannite) £H 29,
HAETLIBA Cd B CZTS i £ i1 ot ' B % e sk
FIRENT 12.6%24. 1A, AWFFE A G A RN I
A R, RIAMM S TR BT R, Wit TH
RIPUTCHR R G AR, JFiE— 2P0 T ko2
R LA S P25 P R 5. B0, Wang 45 129 5
IR R, SR TR AR U TR R AL
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Se, Te) B 2FREE k. BTSRRI 11 Zn,
Cd, Hg; VI A S, Se, Te MEFEHT LAY EFa
SERY. Y4 11 5 Mg, Ca, Sr, Ba; IV & Ti, Zr, Hf
P VIZH O MBS ML G Y —RATREN, %
2 3 ff I J0 8 = JGHY KA (secondary phase).
{HORAE S 22 TAE 62 B 5 N & 1 T
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Cuy, Fl Gzy,+Gag, SIE-BZHIRIE, 7T DLk
KRB, Kuo Fl Tsega B4 ¥ In348 A CZTSe, Hl4%
T p AWPEl Cuy 75Zn(Sny JIn,)Se, (0 < 2 < 0.6), 5K
S RWAREE In BRI, MBI 1k B Seh
KIGW/N, 7 z = 0.4 BEREIRK, J 8.0 cm?/(V-s),
FH In B20] LItk3s CZTSe HLEIERE. R
A, 84 JE TR I B, S
Bk F 25 2L RE, DR JE 45 2 X CZTS M i iy
S 205 R T W58 N 5L B GV, 40 Sun 4§ B9
K Lit (£ 0.59 A) F1 Nat (£ 0.99 A) (5745
W& PRl CZTS. 9 KIMTEBA LiJa, A FHW
RAEH Cug, RATERBE M EAL T 8.13%, 1fi Na
BAUE, BPER Nag, RAGBUEHER KT 36.91%.
PRI, Li F Na BB A48 23 W35 5 S 4 7k
It H A S E R B RRAR T — MR . Maeda 55 B0
3 0 B 43 R AR U A CZTS YT
ML FE, UESE T 084 8 oo R R T v] LLRM M B
X CutPhgh, i n] LIS B Zn2t. pFoEid 3R 1
FAERE/NY Lit, Nat B FREdE A AS, i K+
FHTHEFERKR (L 1.37 A), MELIER Cut
o Zn?*, 1B KEF K S7EM L) K-Se 0k &9
PIEAAT .
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Fig. 1. Five prototypes of A,MyM'Q),.

B B A A A, AR 4 8 T Z X CZTS H
() Zn SEAT SRR, NI BETH T B GAR B RE, 1%
VTSR (4 T 45 5 R R B4 g B o 34 (A —
AT, bR b, BRTSER e A RS AR
Rb,CuySnS,, Rb,Cu,TiS, Al K,Ag,SnSe, %5 I G
TG A ol S A B 38401, L iR 2B Ry n e 1
7. L RbyCuySnS, R, X Fhi AT EE CZTS
H—A> Zn2 B TP Rbv a4 & BH s 72 Fr
T HAL A Y. XFE A PRI 2R E5H, H
H— 20 [CuS,) PUIfAS [SnS,] PO i AL 53 iy
PR [CuySnS 2 H L2, BR—FPaf Bk 1 5
AL AR BS540 101 55— 2 )2 Rb* 66 4 s BH &
T2 LA HAT N 2.04 eV, AT HEE Tt
R B G HL AL 22 A i K R 290, W] LA ik
A Ay MyM'Q, (A = Na, K, Rb, Cs, In, T1; M =
Cu, Ag, Au; M' = Ti, Zr, Hf, Ge, Sn; @ = S, Se,
Te) 5 CBTS 25, KR F A8 4 I8 PHES T2 i
i CZTS Fhs 7= R SR I AR | R I3 2861
LT R EE AR, R IZpRAAR B A DU T
IREE T, LT BE A 5 CZTS KU+
SEFFD G B, 340, B T A
B4 I, X bR AT RE S B L CZTS W i 1Y
BRI, A B UICRE LAY
(LT 250 | 2 Rt EA T VR A RIS
TEA T AR, X HAiE 1) Ay My,M'Q, PUJT
WAL B ZE A AT 43T, At T R B e, T
T AN 1350 B A My M'Q, (AR 2. 3F:

XEBTAE BRI T T — MR i T, L
SRR R B BE HL M SUE AR T TR R
IR 2ERE T B DG PRI R (spectr-
oscopic limited maximum efficiency, SLME),
FHUF ISRV, ik th 10 AR iy L BRIR 6
IR 30% 1) A, MM Qu kAW, A T AR
BT FELE R AR Ay My M Qy AL G WIHEC IR UK
YR R T B B

2 WHEF®
2.1 IEERRE

ATAE, GEREHOCRA R Sl R TAE
AR 2 Urs. xR 3 AN, N
it #E (pre-screen), 1% i e £ 2L H & 1
JTLR UK, WHEEA SIS MRS A,MM'Q,
MR ZE. N Material Project it 2 147 ik iR
PUILHR GG Ay Mo M'Q, IR UG 258, F1-Uifi ik
A RS R RiALE R . Material Project
B PE RIS BN Ay My M'Qy MARLEA 9 bz [1]
BE, BN 5bE: RbyCuySnS, BH(ZSHEE: Iham, #72),
KyAu,SnS BoI(ZS A P1, #2), CsyAuySnS,P(%s
[E)fE: Fddd, #70), KoAg,SnTe, " (55 [0RE: 142m
#121), KoAg,SnSe, ! (ZS[RIFE P2/ c, #13), RbyAg,
GeS 2 (A C2/ ¢, #15), CsyAgyZrTe Y (Z5[H]
e 0222, #21), Nay,CuZrS (%5 [ #: C2/m,
#12), KyCuyTiS,®) (25 [EHE: Pdy/mem, #132).
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Fig. 2. Schematic workflow of novel materials’ discovery with high-throughput first principle calculations.

wmE 1 R, P2/ cKyAgySnSey, Ibam-RbyCuy
SnSy, 0222-CsyAgyZrTey, Phy/mem-KoCuyTiS, Hl
2/ m-NayCu,ZrS, iX 5 Ff HA A6 25 [ 1L &
Yy, FETE [MQ,) 5K [M'Q,) MU IRZE R BT, 4R
Je, BABEARIX 5 A E G AR R T R ST
R BUBT R MU TCAL & A 7 TG T
% (Na, K, Rb, Cs) A %It (In, T1) ST
M A IB JGITE (Cu, Ag, Au) #7845 MY
SHIVB T (Ti, Zr, HE) FIIVA %t (Ge, Sn)
AT QR HIVIAJEITE (S, Se, Te) #i4T
B, il AR A TAE BT 1350 4 Ay MoM'Q),
PUTCHRGAL G, 12 T AR A e S YA 75
— PRI AR, e A BB OR BT Fi S B AL

S — PR T A MM Q, BRI A
Y™ L b BEE (energy above convex hull,
Byu) PV (P58 1 EISE ). SRl 26
7E (Byn = 0) FIEEERE (0 < By < 0.05 eV /atom)
Hfk Gy, LI PBE R EPPE JRITE 0.4—1.2 eV,
HHAT B S AT B 22 AE, < 0.25 eV, 24k
Z R IATB BISE S 1.0—1.8 eV.

RJE, BT E i R E Y, T
FARHY SLME 1 7~ (0 B e 20 ik ) 10 4>

SLME > 30% H.zhJi=tasE (7 FIRaiE X 0
W) LA

2.2 HEBH

58— R EI TR VASP (Vienna abinitio
simulation package) K F4L 1S AT, SR U
JET M (generalized gradient approximation, GGA)
) PBE(Perdew-Burke-Ernzerhof )[*! 37 pR ki1
TSRO RE. W - T AH AR F e R se 2
T (projected augmented wave, PAW)PO i
PAATHGR. A LA W T 5 JEAH 1) RE A B
W RER 450 eV. K 5 £ 4 Icenter Y 6x6x6
1 K Pk, FEJL bt B, s soo S N
TR TR T A g, BN R T AR T
F0.01 eV/A. BERESHRIERN 107 eV. S T 3RAHE
W BE 254, KA T A8 25% Y Hartree-Fock
M KL BLREN) HSE (Heyd-Scuseria-Ernzerhof) !
Zefbiz eh. S e B THEAd H PBE 32 oA, IR
FHBY TIE PR BRIV 4 2 HSE K. By FITE
i Pymatgen f Phase Diagram #& 6253 JfAR
P Material Project 25 Hi 95 %5 SCilik [54] #1718
1E. A FiE AT TAE i Phonopy BF4 5296 % B
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VASP #:17, FATERIEY R 2 2x2x2 fy# & i,
I A BRI B F i ARSI
AT VaspkitP? S TR

3 #ER53b
MR S

Se Xt X e A ) Ay My M Q, AL B I BE B
HEATTHER, IRAR R T AT A2 A R AR R 122
Materials Project fifi & 0] B A9 73 r= 4, (I H:
BRI By By 38 7 HA A E A B
(1) YA Z [R5 4 O FR 0899 il & — P AR
P22 B T o3 — A e B A RE S 21
RER. B0, XFFIoCib a9 A, MyM'Qy, BN By
WIRTLAZIRH: B = E(A2MoM'Qy) — Eygrar (com-
peting phases), H:H E(A,MyM'Q,) A VUICiL &)

3.1

Ay Mo, M'Qy IBE TR, Fi (competing phases) H-5
Ay Moy M'Qu A AW HAT FH R B4k 2 18 53 19 — IR AH
LM AR BRACRERE. WHEIEN T, By > 019
WAEYA Sl R E AL G YIS, T By >
0.05 eV /atom HILAPITESLSS FFELL G R 600,
Bk, AT FZ IEEA R 1#50E (B = 0) A
FaxE (0 < Eyn < 0.05 eV/atom) R AL

TE 9 PGB L S, 8 bR E Y4
Fa 5 5280 — 3, a0k 1 FR, UhBIAR TAER B i
PSR A TR, X T NayCunZrS,, FA 155
M FE AR Tbam, HAERALT LA C2/m 45
), X PRSI By 221EA 0.06 eV /atom.

ok, XARH T BRI TR AE Sl
THE P AL TR AT B T R H
b AP 2 CE . I, wHEdTH GGA-PBE
PRTT IR R AL S WA B (EEBE ), Wi 3(a)

# 1 VUITERIERIEEY A MM Qy S AR TE BT B ANZSH -5 A AR RS L
Table 1. Reported structures and bandgap for A,M,M'Q, systems.
Stable phase E,/eV
Compounds Ey/(eV-atom ™)
Experiment This work Experiment HSE06
NayCu,ZrS, 43 0.129 2/m Tbam — 0.07
CsyAgyZrTe, 0 222 222 — 2.08
RbyCu,ySnS, 0.012 Ibam Ibam 2.08 2.02
KyAgoSnSe, [t 0 P2/c P2/c 1.8 1.69
CsyAg,TiS, 4 0.001 Pdy/mem Pdy/mem 2.44 2.44
CsyCuyTiS, 47 0 Pdy/mem Pdy/mem — 2.56
K,CuyTiS, 49 0.002 Pdy/mem Pdy/mem 2.04 2.62
RbyAg,TiS, ") 0.002 P4y/mem Pdy/mem 2.33 2.45
Rb,Cu,TiS, ) 0.001 P4y/mem P4,/mem 2.19 2.63
b
®) 500 B9 ) 50
g .
SN ) o
i 60
50
3 40
= 3
o> it ol EEEEEEEE PR 30
ECD
= 20
---------------- 10
=3 _ 0
0 0.1 0.2 0.3 0.4 0 500 0.1 0.2 0.3 0.4 0.5 0.6
Enu/(eV-atom—1) Count AEg/eV

pounds.

&l 3

(a) 1350 i A, Moy M'Qq AL I HY By F1 EECE BT BRI B (b) 202 R L& 9 AE, H 5 Bl
Fig. 3. (a) The scatter plot and histograms of FE,; and EgBE for 1350 AyM,M'Q, compounds; (b) histogram of AE, for 202 com-
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JER, THRES R R X A G WA BRYE EI7E 0—
2.4 eV Z[i]. 1T PBE {Z b5 %47 B i {5 Ay (62631,
PRI LM A K — 28 (14 7 2 4% EPE AE 0.4—1.2 eV
WEINEY, IITiEH T 202 Fiib 54

/N HLHAT B Edree AT B E, 2Z 1) 19 22 5+ {8
AE, 72— M AR S S A BRI EER bR T
HEAFBRAEEE (AE, = 0), EIATBRE ST
RO A Z V. SR1T, —Le [ Bkl (AE, >
0) AT U F5 i BARARE, filhn Si il MAPDIL,,
JAE TGRSR B0 I A BOR AN T e
BB Rk, (EL 22 M T DA ek 8 IR A R ok
RAN 64, XK WT AE, < 0.25 eV MR AT LUE R
A9 A BH AE FL I W ISOZ 169, FRATTM PBE HHA 453
(1 REHF 454G T AR BT T 202 FiL B I AE,. T
Kl 3(b) TR, AE, < 0.25 eV IIFL& YN 148 Fi.
IRIG, R HIZ4 101z B HSEO6 X% 148 Flit L H
FEEMHEAT TR, A5 20T IAERR B B, M
fiiie it 72 MEABIEIAEE (1.0 eV < EISE <
1.8 eV) Bt A Y. % 1 o HSE06 T A5 2 A B
{65 S0 AT & AR 4, JEB T HSEO06 1155/ ]
SEHE.

® Ply/mem
e C222

10

0.8 1.0 1.2 14 16 1.8 20
EJSE/eV

26 / —— Ibam-RbyAgoGeTey
/I ——Ibam-RbaAgaSnTey
ol — P2/c-RbyCusGeTey
! — P2/c-RbyCusSnTey
1
I
i

SLME/%

---CZTS
---CZTSe

20

0 0.5 1.0 1.5 2.0 2.5 3.0

Thickness/pm

3.2 FEFEIHERKN SLME

P2k, 2T Shockley-Queisser Hig 061 155
X 72 MMEEYIE AM1.5 G RS T i SLMELT,
WAl 4(a) Bizs, 1% 72 ML &Y SLME 45 EJSE
Z IR SE R KM, Tham F P2/ c 25 A BERAL A4 E
$%i Shockley-Queisser % B, X J& K & Tbam i
P2/ c Z B RLEA GG IR (1.0—1.6 eV),
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Fig. 4. (a) SLME at 2 pm vs. the HSE bandgap EgSE for the 72 compounds, the blue curve represents the Shockley-Queisser limit;
(b) phonon dispersion of Ibam-RbyAgySnTey; (c¢) thickness dependent SLME values and (d) optical absorption spectra of the top

4 compounds (SLME > 31%), CZTS and CZTSe.
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Fig. 5. Band structure, partial density of states (PDOS), structure and effective mass of (a) Ibam-RbyAg,GeTey; (b) P2/c-

RbyCuyGeTey.
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Abstract

In recent decades, the demand for clean energy has promoted extensive research on solar cells as a key
renewable energy source. Among the various emerging absorber layer materials, Kesterite-type semiconductors
have aroused significant interest. Especially, Kesterite Cuy,ZnSnS, (CZTS) stands out as a promising candidate
for low-cost thin-film solar cells due to its direct bandgap, high optical absorption coefficient, suitable bandgap
(1.39-1.52 eV), and abundance of constituent elements. However, the power conversion efficiency (PCE) of
CZTS-based solar cells currently lags behind that of Cu(In,Ga)Se, (CIGS) cells, mainly due to insufficient open-
circuit voltage caused by a large number of disordered cations and defect clusters, resulting in non-radiative
recombination and band-tail states.

To address these challenges, partial or complete cation substitution has become a viable strategy for
altering the harmful defects in CZTS. This study proposes a heterovalent substitution of Zn in CZTS and
explores the potential of novel quaternary chalcogenide compound A,MyM'Q, (A = Na, K, Rb, Cs, In, Tl; M =
Cu, Ag, Au; M' = Ti, Zr, Hf, Ge, Sn; = S, Se, Te) as absorbers for solar cells. By substituting elements in
five prototype structures, a comprehensive material database comprising 1350 A,M,M'Q), compounds is
established.

High-throughput screening and first-principles calculations are used to evaluate the thermodynamic
stabilities, band gaps, spectroscopic limited maximum efficiencies (SLMEs), and phonon dispersions of these
compounds. Our research results indicate that 543 compounds exhibit thermodynamic stability (B, <
0.01 eV/atom), 202 compounds possess suitable band gaps (1.0-1.5 eV), and 10 compounds meet all the criteria
for thermodynamic and dynamic stability, suitable band gaps, and high optical absorption performance (10%*-
105 cm™), with theoretical SLME values exceeding 30%.

Notably, Ibam-Rb,Ag,GeTe, exhibits the highest SLME (31.8%) in these candidates, featuring a band gap
of 1.27 eV and a small carrier effective mass (< mg). The electronic structures and optical properties of these
compounds are comparable to those of CZTS, which makes them suitable for highly efficient single-junction
thin-film solar cells.

All the data presented in this work can be found at https://www.doi.org/10.57760/sciencedb.j00213.00006.

Keywords: first-principles calculations, high-throughput screening, chalcogenides, photovoltic performance
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