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B 1 BRSO MORR T SRR, (a) CZTS; (b) CZTSe; (c)
CZTSSe

Figure 1 Schematic diagram of the atomic structure of kesterite
materials. (a) CZTS; (b) CZTSe; (c) CZTSSe
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Filht IR DL SRR A A A X R A AR A
R, SR T L2 12 1 1 A R sy REFE R ) 1 RIS
TolbfeAzr=. MEZ T, RSB REAERT R IR &
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ISR 5 T s DR 23 T R S ) ot B 1
JIES A B FL b ) B o 2 KALEE . PR P8 2% Rl
R SRR AT, X I I R
I B AR IR AL T 2 AR, E12(a) 8
TR 12% 0 AR RBCRIERE. B2 s
P& AR B AT EPRE APLER A FABM). JingH
KR AE(UCLA) i K2A(HENU). RHIK
2A(SZU) B AEHREE K2A(NTUPT). AR E R B BT
FEPT(I0P, CAS). T EFRb B F N H 20 5% B
(CIAC, CAS). b K2(HBU). i H Tl &8 e
i T S ) e Yt T S22 R A R AR 2R AR,
TR WA R S5 ANEAEREREE, PRS2 45 i R
U, AR B R 12.6% 1 B — 3 i i R4
FRRKIEE. 25, BEE HALEHIR R TT &
Bk, CZTSSerfCRBAH &, WA H TRIEE

H A BERN R EgRETR. Bl s S CZTSSers i #
BRI RS 2 — B EEQ-Me)fh 2", — it
FA(DMSO) A ZR ! N, N-— H1 3 HI it e (DMF) ¢
2P 2, “ W (EDA)+1,2- 2, “BE(EDT)IR R %
JEZFR(TGAYA R P4, JLT 0 se s A 2 10 T 24
AL T R T 1 2% B0 40 B8 AT e R K S P b
OFNANF AR R B T 12%R0R: Sk 2 RIB TR
$£(13.50%, IOP, CAS)™\. Z — Wi+ BBy
(12.35%, HENU)™. Z Z B AR HE(14.10%, 1OP,
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202345 1, HERREEBE Y BRI I i DI A BAER
15 T 14.9% M HRCE, J2& HATCZTSSe T 1) & = 41
R (https://www.nrel.gov/pv/interactive-cell-efficiency.
html), SR TSRS FCIGS. By, FRH S i
K HE P RE Y T2 B AR AR B T B FLUR (Vo 0)-S-Q
TH(S-QM H rE - MR, 1 SO -2
PRI Vo EZE), T4 CZTSSe~344 mV, T4
CIGS~104 mV'". SR, S8 m A B i it A 78
N U S-QW BRA B R 251, K AYTF 5 S AR () 31
o FF8CZTSSe H HI i S RCFAT N S-QAf BR 1%
50%. 338 F I P A R ARG S LR R TR RE R ik
W, S IRESREAT AN DU RN S A A0 Ak R 2 SR A
SHEHERFEAMEZA, WRZN KRG E R
i GO T 2 R ER VAT 2] N S SN (R &= i
T A A B M B AR A R I AT T
ZEWHX — S, AFE NS T ORNESS S, SRS
AR R A KALEE . PR P8 2%. miJa Fhm sl i 45
AT TIRAMGY.
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W FH I CAS/CZTSSe St i 4 45/ 4k 7 H CIGS A FH
HY, fEid 25 104E Al KRB UE T CZTSSe K FHE b Ay
Moyt & RO ORI, PSRRI T B FAEHR I,
CASZz th /2 AN HH T =7l B CZ TS Se A FH Ha v,
R 5 TG A Ak B R AR I B (conduction  band
offest, CBO)ZS NI A& 4. ILAh, CASZEmh)ZaF AT
T AR R L R R T 8T A S R ORI
I, TR Voe, FERLEX T A LICZTS K
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Figure 2 Evolution of efficiency of high efficiency CZTSSe devices and corresponding relationship with S-Q limit. (a) Efficiency evolution of high-
efficiency CZTSSe devices prepared by the solution process; (b) the percentage of Jgc (short-circuit current density), VocxFF (fill factor) and
corresponding S-Q limit achieved by the battery device is partially recorded”); (c), (d) the correspondence between the Vi and FF of the world record

battery and its S-Q limit™
PHHL L, A DZEEEA A8 T Z B R 2.
i, R TAAL TS i, XuZe AP T —Fh
HIZndB A\ TR W& R UTRA E 2H i ) — 70 Zn,Cd,_ SZ& 12
(K3(a)). BBEICR AWM Zn, Cd,_ ST )21 W HITE
CZTSSe/Zz 2 A 1w LA T 40 B A sEF A 2, B K
s /> T REE AL P RS RE R A A BT
FEE RS EPERE, TR 43 Zn,Cd,_ ST P2
fICZTSSe K BHHL MR M 12.35%.  [FIE, XK a5
SRR A ST R TECAZ MR, 75T, &4
T IR E DR (atomic layer deposition, ALD)ZME
f(Zn,Sn)O(ZTO)Z 1), &4 A1k, iR m Tk
1%,

bR T X2 TE 2 4, JR#ECdS/CZTSSe 5+
[ B SRR TR RE R T AT R 2 —. Wang%§
PR T —Fh i R VU LSS (ALD-ALO,) Fl
(NH,),SAbBRZE A A A AT RIS S5 485 Bt i ) B ) £ A SR s
(F13(b)). ZRMEAFIRBEL B Cuy, BRFEFE AL A EER B V ey
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BRA, P T A, TR L R BRZn N SnAl e 2% T T
5IAS, Pefb THZ T, NI R AL T A A
SERAE S AL BB, TER T/ DBERR T A, T
FER XS BE, fEuE T 3R IR, 1D T Rk, Ve
THH10.607 VIEAKF10.547 V, F-IIFFH 64.2%4% 5 3
69.7%, HIHl& TRCRE IR 13.0% M CZTSSe K FH
CERIN

BT X HT A AT 2 A, TR ek A T A £ Ak
248 R CZ TS Se I A BH H M RE 10 G B, R 11
CZTSSe/MoTs ST i v, T R AHFNZS T,
P AL RS2 S S A B R B, RS EOE
BRTEAM S —FERE. ISP AR
CuSCNJZE AMo/CZTS i )25 A, LI E T
Ffb 2 (FE13(c)), il Afi AL i rf Mo ISe Z [H] AN R
FE, I8/ T Mo(S,Se), IR, THBR T iR 2245
i CZTSSeMSZ I T2 Ak, T2 1,
TIERBUE N, TR A F11.1%.  Zhao APl
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Figure 3 Schematic of the efficient interface engineering. (a) Diagram of the band structure of the Zn,Cd,_.S buffer layer composed of gradientsm];
(b) schematic diagram of the atomic layer deposition of alumina and (NH,),S treatment experiments[34J; (c) schematic structure of spin-coated CuSCN
on Mo glass[35]; (d) structure of CZTSSe devices with WO; intermediate layer[zl; (e) schematic diagrams of the energy band alignment at
CZTSSe/Mo(S,Se),/Mo back contact””; (f) schematic structure of the CZTSSe device with GeO, layer derived from spin-coating GeO, precursor

36

solutions™”; (g) schematic structure of CZTSSe device with MoOj interface layer and FTO transparent electrode

HET R AWO;HHZ, GRS T HmiL
i TR )Z S T R 2 (] A AS B AT SR, AT ER
BT RBER SRR, S TGN %
ARz J5 B RIMo(S,Se) i JEEF [, K ARd T
WAHA P AL RS 5 (F3(d)). T8 T8+
PR, BEIRT o Sz s fe B, 08D T ERAEL
SARERSG, T RGEHIEE R T Vo FIFE, #80F 0GR
BSCRIAF) T 12.66%. FuZs NP H i %Moy Hi i J5 o
BZRVBIEICZE(TM = V, Nb, Ta)Mo(S,Se),Ht v T —4>
HL PRI R, RIVA A Ves NbyoBX Tay, %57
T LB Mo(S,Se), (1) 55 8 B S R AL Ay p R e 55K |
FEH i H ) pR BN 23 7R E (113 (). p AU IS ik,
TE R AL R f, 5 A T 72 0, A 2s /<
MR, WINPT A, B RCR B R 3112.72%. Wang 5
AP Mo b BT AEIIGeO, )2, MIE % 5
AR B K 13.14% (K13 (). X A5 ] AR i
CZTSSeW )25 S - Pl AR B G, 4 7Em bt /2
] B ] CZ T S Sel Ui J2 AT F 1 U MoSe, /2 X H] 3
B #BGeTt R M GeO, 3 HIBICZTSSe W Z, TE i Ge
BARMSZ, 33X 0T LA 35 PRI B 2 B Ay g, -
T AR A 25 R BE A E R BB 0 2, IEAh,
L EGeTLERS S T R MoSe, IE L, M MiHE5E T

[37]

MoSe, D)%k, AR TR T. Zhouds
DB SFFTO(B 24 91 Sn0,3% HH S i 5 38, SnO,:F)ket
JEEHEA T I AR OIS, SERZE SRR, 5] AMoO A
1 JZ2 AR AS K2 IR AT IS A SR 0 M 7.02% 42 155 £119.56%
(FE13(g)). BFFTHEH, 3l oo 38 5 3 A T 1o 7 rp
MoOs[i]MoSe, 155725, JEAEMIBZ TS 5| & T 456, [H)
AF 7 1k T R A2 T ) R . R R RS B
e L RR T B BB K PH LS, R R A ) A
BH e G % TR RE T 3B

R T Uk CZTSSe/CAS T HDEAE 200 2 &
FE, Lou NSRRI IE, ECASZE M2 THHRS|
A—JZHPCBM([6,6]-#%£-Co1- T R H fig) ) Z1E A
FHEUZ, MBH R EtERE. PCBM)Z AT LIS/NCAS K
FAPRELRE B, (T LT ISP, DA R T8 0 P-4
M 2. 1eAh, mTRIZ2ReE M T, a5mlg
T ARGE, X FICZTSSe/CdS/PCBMEZEHAA 1] LUk 2%
TR B ANAEEL, JFREPY AT S s, 38T
12.87%I1) 4 TH FRUR.
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o BB B T2 3R A5 0 s s 5 BB R T 1
82539753 A QB AR E TS TA B0 8 5 A4 A A
BH H 3 P Cu/Zn M B IG . B D s AN & oL A
O EER M ABLECZTSSe B At B A g2 L
R TSR, Sk 2z, Cui®e N IHI I AgFJE 4k
HLKE Bk B AgB A2 R0, A RIS T R Y
AL, BN TRRXTERE, WK T p-nZsHHT YRR
W, Ik, AgF-PDT#MARZIAE] T FRIRUR
(12.34%). Enkhbat® A\ T i AgT | A i 15 0
U, HE ARG 5 S AR U i A
AgJryil &R CZTSSeH i Jr ik, mir A sl fb A R
AT Cu/Zo M B, HE—mi T R AR E A
M e P Al Ak 3 1 5 S A Aok A K, SR T AR
TRz, R ARk 7k, AgBURaR
(T AR IR B T 12.43%. GongZ NPT — 1
LA (DMSO)R A R Agis AR Z , AL
PEUE B REARAR SR, RIS AR RS 5] HLBLA
BULHCZTSSeM I 2. Ag FICu 7TEDMSOME I i
Pk AR, FEACZTSSe 5 CZTSSel 2 I f{ %
FHIAL, - DATTXT Cuy, Bl S R 2 (2 Cuy,+Sny, ) FITRTE

F1 ETHETBEBHCZTISSeXH BB RHER
Table 1 The summary of CZTSSe solar cells based on cation doping

PHFE Cug, A B . S 8RR R 13.5%,
IRE T N0 S BT M 7 451(64.2%). A #RAY /2,
SunZE A\ IR T — il i 8 Hn % Ag,ZnSnS, L H
T PECZTSSeM 2 B SR M. Ag e i 2 It T A AR 12
HRGE RN T S RNV BE A AR, AU
W2 EA RAFRE0R FRs sk, K TR s e
AR, T ELE IR X T R AR R R T4
B, MR KIS T Vocflse. HEZ4ECZTSSe A FH i ith
IR EK12.55%.  YinZs "B A g LRt 51 A
La", 3l i B RELL I Lac, M Lag, G, CASZE MRS
CZTSSeM )2 H it B A1ZS O B IR g 1 5, A Ak
T SRS A RE N L T e RS, AR T
13.9% 11 /a7 FEL 35 %

BT Agz b, GelU U IE M IR BED Sn,, [ A ikt
Wil B2 8. DengZ AYNEW T Ge L5 19
CZTSSeM UZ Sn,, BB A BE S A 5 B S R#AIK, I HL
B AGREIE T CZTSSe i iR fbi A= K, BT &
FEIRIZ, RIS RCRIE T 211.48%. BRILZ b,
ZhangZE NSRRI, GeSe, JTBG Kb FERE IS AL IR E
RGN SRS R, Ge e T B R 2T

Sk TR WS [H s+ (RS Bk Jse (mA/em’) Voo (mV) FF (%) PCE” (%)
[39] R LT TR Ag AgNO, TR IR 36.20 0.464  66.50 11.20
[40] VST EETK Ag' AgNO; TR IR 29.41 0472 60.00 8.28
[41] i) Ag’ AgNO; GIE/SENER7 28.10 0.619  64.50 11.20
[42] JB7R7S Z FEH ik Ag AgF IR b 36.64 0.496  67.89 12.34
[43]  fe2Fmissik FETFK Ag' AgNO; [IEILENER 37.93 0.502 6531 12.43
[25] bR TR Ag’ AgNO, GIEILENZS 34.60 0.540  72.30 13.50
[44] VST T HIETN Ag AgNO; HIIR AR 35.00 0.526  68.20 12.55
[45] TEMRTE B Ag'+La’ AgCl ﬁﬁ%ﬁﬁ: gg&iﬁig 35.80 0.550  71.00 13.90
[46] WS T R Ge" Ge IR 34.77 0.491  67.23 11.48
[47] B LM TR GV GeSe, UG A 37.17 0470  69.95 12.22
[24] B, RN Ge" Ge+GeSe, JLwfL, 32.30 0.527  72.70 12.30
[48] Tt Ge"+Cd” Get+CdSO, M+ 2= K IR TR 36.80 0479  66.10 11.60
[49] i) Li" LiCl IR 34.00 0.484  64.20 10.70
[50] J7R7S B 327 Li" LiTFSI TRV IR 40.10 0477  69.00 13.20
[51] R LM iR Ga™" Ga GIE/SENER7 34.78 0515  68.55 12.30
[52] J7R7S Z R Ti** TiCl, TRV IR 39.43 0.505  61.45 12.07
[53] J2VS7S Z —FEH ik Ag+TiY AgCIHTICI, TRV IR 37.49 0.530  64.04 12.73

a) PCE: Photoelectric conversion efficiency, JtHLFEHALR
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T, R H Cug, TEBEE FI(2Cuy,+Sny, ) BB A #E A 3 AR
W AVERD, MR KPR T CZTSSe AR A i = o A
AR R T E S, TR, CZTSSek
FHEL AR A 12.22%, FEEAS2E T Vo MFFAYIE N,
KimZ% AP 18 R 1 7 I AGeTt R, R FER
fEEH N A GeSe,+ SnSe, fISe & Hilfifi fb R s, g T
12.3%B e 30%. @it 6 Ge/(Sn+Se) L, W 147
B, I T Vo B, He A\ @i /i Ge il
CAAIFRICZTSSeM AR Th R4S T 11.6% MR, b
K, GelB AR A IR Fp AL, MINE LG5
HETORARH 2, WA= T CZTSSeffAH iy e 5
WD T E A, WCARB AN K K8 /D T 45 X FHIT )
HpE, RS X YT TR, B IERCR T .

CIGSI & 50 F B 4 JE X RCR TR B X
EEMM, I RS E R EED, HRETA
BUR BB AT 043 JB X CZTSSelf 1k R 45 T 51 A U R
PR B B LIPS HP A NaZE T AL 2 R = W2 P
sk AR, Lifs ACZTSSer -t gl 52 5E B v] LA
A RO R EDCH AR 2 REDS . Hei AR,
1T Li-PDTRENS (#4359 5) b 25 5 2 SoRL 38, ANTE
AR AT, NI & I CZTSSeW 2 Hh LA i fie
HIZnf;, 7=k B R L, S, HAZIARRES H N 7E i
PEBLBE(Cuy IO, G5HRM, 15 T p BB 1)
CZTSSeM AR, M+ &4, JF i e e %
HAL I 2 38 A A R, ROCR 9.3 %t 3 v A
10.7%. Zhou5 NPt XL e B T Eh i i IR A
DL B RS ARTIRR AR A ) 8, 35 YO A WL SR LI TF -
STOBL( = 380 HH e fif ) Ui ) 5 | A B CZTSSe K FH H it
il . AERfbat R, LiTFSIAERHH 40 W LIF, Jf:
55 SeE AT Li-Selli A5 Bk 5 vl 4, 2 1 AH A8 Ay
TRAK, TR R 25 B /D B B0 CZ TS Se i i,
AT i A2 LA O 2 T S5 RN L 2 PR, R
EEHORIRH 13.2%.

Du%s NP F Gatt 24k i peSn A FI2Cuy, +
S, i B A FEAT A6 2 BUR ITF 6 L R = 300 K S RCR AR Y
. BEHE R, Ga' G dEZafiSnfy, Wi
BPOKARELL, XTI Sy, IREEGALARER A I R EA R
WEAL. 164N, GalBZeifn] IE R IGB L%,
Gay,+Cuy, MGay,+Gag,, XX HIHIH S WA UL AE
H, (HERARCREE T 2£12.3%. Farooq%}\[sz]ﬁ'ifjrﬁ,, TE
CZTSSe 5 I ATIn] LB el I A, B ik R
b, A Cug, BB, KRR M9.48% i #112.07%.

[l F,  Chen A48 8 1 A @ T 00 IH B 7 HUAR
CZTSSe, 433 SR FCufISn s 7. AghysI AT L
PERCZTSSe i iy 2 BE AL, S BE,  [RIHFAAR Cuy, 52 1A
BRBE R B, TilU AT LA S5 i bR A /N o, A
Cug, F1(2Cuz,+Sn, VB LU R A% O JZ BUE B8 BE . XL
FHEFHRURHIZME T, HECZTSSedn 432 T12.73%
FIRCR. X SERHE TR A4 SR o it — R CZ TS Se
TR BH b RCR AR T 11 JE
Cu,ZnSnS,(CZTS) s H b ELA = FF R A A5, B
ECRARE 1%, B, Fan A B CZTS KA
HL b R A RS IR, RGUAFSE T CABU R Zn Xt 4%
PR, A TR DAL BIRRAL T2 A A A L 1)
(Cu/Cd+Sn) K il B Y JERN_F, FRAS T 45 fh i A B4 L
PAAHZH A Cu,CdSnS,(CCTS) M. BliirFriCd
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Figure 4 Annealing process diagram. (a) Schematic of synergistic optimization with redox reaction and pre-annealing temperature[“]; (b) the

schematic temperature profile of three different selenization processes[(’ﬂ;

(c) the temperature profile of the cooling process of the selenization'®”; (d) the

energy band diagrams of CdS/CZTSSe, and the schematic of the diffusion of Cu’ and Cd™" ions during heterojunction annealing[%]; (e) diagram of
applying positive pressure at the annealing stage of the annealing processm]
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Figure 5 Flexible CZTSSe device structure and annealing process diagram. (a) Main structure diagram of the flexible CZTSSe solar cell™; (b)
schematic diagram of the pre-evaporation selenization method”"’; (c) structures of the precursor with NaF layer[m; (d) device structure diagram of

bifacial flexible CZTSSe solar cells”!
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Research progress of kesterite solar cells
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Photovoltaic technology offers a sustainable solution to the challenge of increasing energy demand. Nowadays, various
high-performance solar cells are emerging. Thin-film solar cells made from inorganic materials have become one of the
major categories of solar cells, showing potential in the fast-growing photovoltaic (PV) market. The production technology
of Cu(In,Ga)Se, (CIGS) solar cells and CdTe solar cells has reached a mature level. The earth-abundant and
environmentally friendly kerterite Cu,ZnSn(S,Se), (CZTSSe) is a promising alternative to chalcopyrite CIGS and CdTe for
PV applications and is considered to be a cost-effective next-generation solar cell material. The crystal structure of the
CZTSSe absorber material is derived from CIGS, in which In and Ga are replaced by one group II (Zn) cation and one
group IV (Sn) cation, and has a similar lattice and energy band structure with CIGS. Therefore, CZTSSe inherits the
advantages of high absorption coefficient, adjustable band gap, and inherent P-type conductivity, and has the new
advantages of non-toxicity and abundant element reserves. It is a new generation of thin film photovoltaic technology with
high efficiency, stability, safety, environmental protection, and low price. CZTSSe PV technology has made significant
progress in the past few years, reaching a maximum efficiency of 14.9%, but still far below CIGS (23.6%) and CdTe
(22.1%). The undesirable back/front interface is one of the main reasons for the difficulty in improving the fill factor. The
detrimental interface reaction results in a large number of secondary phases, voids and defects in absorbers, which can form
abundant recombination centers and limit the minority carrier diffusion length. The thicker Mo(S,Se), layer at the back
interface leads to carrier transport barriers and has a negative impact on the crystalline quality of the absorber; high density
of interface defects, unfavorable band alignment, and structural inhomogeneity across the front interface are the main
factors leading to heterojunction recombination. Meanwhile, kesterite, as one of the most complex compound
semiconductors, has a more complex defect chemistry than CIGS and CdTe, making the control of intrinsic defects a major
challenge. Deep limit defects, such as deep defect Sny, and associated [Cuy,tSny,] clusters, act as deep recombination
centers, leading to short carrier lifetimes. In addition, a large number of defect clusters like [2Cuy,+Sn,,] introduce
considerable potential (i.e., band or electrostatic) fluctuations. As a result, the performance of kerterite-based solar cells is
currently stagnant due to low fill factor and large open-circuit voltage (Vo) deficits. In this review, the state-of-the-art
strategies to improve the device performance are provided, with a particular focus on back and front-interface engineering,
cation substitution, and selenization annealing, post-annealing processes and so on. These strategies have led to step-wise
improvements in the power conversion efficiency (PCE) of the corresponding kesterite solar cells and are the most
promising approaches to achieve further efficiency breakthroughs in kesterite solar cells. This paper reviews the recent
research progress around these pathways in kesterite solar cells and, more importantly, provides a comprehensive
understanding of the mechanisms at play and an outlook on the future development of kesterite solar cells.

thin film solar cells, CZTSSe, efficiency improvement mechanism, interface engineering, defect passivation
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