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Abstract

Cu2ZnSnS4-based photovoltaic materials have a wide range of application prospects in solar cells
due to its excellent properties. However, the close size of the cations in the CZTS system and the
small chemical mismatch between Cu* and Zn?* result in a large number of point defects and defect
clusters, leading to a large open-circuit voltage(V,.) deficit in the CZTS that limits its efficiency. The
substitution of transition metals Cd, Fe, Mn, Co, Ni and other elements is of great significance for the
improvement of the photoelectric properties of Cu;ZnSnSs-based thin film. Proper cation substitu-
tion can overcome the large open-circuit voltage (V) deficit in CZTS materials, while changing the
cation substitution concentration can adjust the bandgap structure. Through the substitution of dif-
ferent elements, better photoelectric properties can be achieved. By analyzing the influence of dif-
ferent substitution elements and substitution concentration on the photoelectric properties of
CZTS-based thin film, the recent research progresses on transition metals (Cd, Fe, Mn, Co, Ni) substi-
tution in Cu2ZnSnS4-based thin film solar cells are reviewed. Furthermore we put forward the ap-
plication prospect, existing problems and development direction of CZTS-based thin film battery.
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HE

H BB (CuzZnSnS,-based) YR AR R FAL R It REAE R FHRE et H A T Z ML A AT R . AR
TCZTSHRFHBETR/MEE, CurMZnz b2 RIEED, SBORE K RGN HIFE, BECZTS
H RIFFEE B A R 7 AR . THESLRCd. Fe. Mn. Co. NifFTRIBRN THES
HiZE (Cu2ZnSnSy-based) B M RENHNE R FEER L, ELHE TIARRBERCZTSHEH X
HITFBE R Vo T, RN AR P B TEARIR T LA T IR G M . ERAFTTRINB A, ATSEB M
REEMEIT R ASCHE AT AR BRITTR KB RIRBEEN CZTSE MO A ERE IR, S8R T IESERA
Fiid 48 (Cd, Fe, Mn, Co, Ni) B F#B 2B Cu,ZnSnS, WK FH VB I BF S REf8 , JHRH T CZTSE:
SRR KN A AR BN R RTT .

E3: 4]
TELERE, B3, CuZnSnS;-Based, JLHLIERE
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1. 5|8

BB B 35 (CuaZnSnS,-based)p B4 S KL o1 T H A 5 Cu(In,Ga)Se, IR L A 451 H B A — K71
RSEMTERE (B . o CFRE BAE g T, WHTE 1.4~1.5 eV JERE M, FIOKBH g it s i Ptz
I, WU R BT 10*~10° em ™), JEAR T Cu(In, Ga)Se, F1 CdTe KA R Fr 51 HIBRHI[ 1] [2] [3] [4],
FHEE TAE G BGRB8 3 B R AR i) % K B R it IR S0 B 9 )
A KL 24 Shockley-Queisser (S-Q)ZHE-F AT A R B, CZTS-based 78 i A BH B8 Haith (1) B8 i = i
WRETTIE 32.2% [5], {HHHT CZTS-based 5 Fth i 3% 4 55 e A BRI B 2 (R A7 AEBOK 22 00 O IR T
CIGS 1) 23 2% R% . BRIk, AR BAR S i 38R (R R SUZ M R i 46 R RS . 2 H RTRHIEA
B BRI T 5 1A

¥ CZTS-based ML HHZ FlUCRALRL, B A H B o B I 51 vE s s 4%, TG A=A A
B BRI A AR A 6], AT DA TG R L b R LR R, AR By () — SR SRS (R X AR S 3k A
ZnS FIAEAE[T], Cu® Rl Zno® 1 S o5 LB 6 38R T 75 ) [S1IIAFIESUE CZTS A AT K I FF 6 i R
B 7 CZTS-based i JE HLI R AR TF o NG S i, B 7N GURINZ FhF B CZTS 56 i v i
BEATEOME, U SR B T 4B AR [0 RE S IR N R AR ARG TE B i B o5 AL SRR = AR PR IR T
SR BNz BA D AR AR T . HAT, BN AME 2 AN SRR T T R BE T I SR
TLERBREA L, @ AR IR MB 43 2] F G Cuy(Zn, X)SnSy(X = Cd, Fe, Mn, Co, Ni) [10] [11] [12]
A REEE S A P RE, FT Cux(Zn, X)SnS, B TNATH%E, Bk E I SR At HlaZ 8N
I BR[13]. F7C Cuy(Zn, X)SnSy BILAL T IR B, (A BT KR SCERE Y] | Cuy(Zn, X)SnS, 7E7H# I
X B fig B P VB AE I R R L . AN SCERIR T I A KA H i % 42 )8 (Cd, Fe, Mn, Co, Ni)& 75tk
Cu,ZnSnS, F FHEFE K BH st OB FU R, R T CZTS L5 eyt i B A 5. 7775 1) U & J 7 1) o
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2. CZTS miE4%#

WFFEAEL CZTS-based MEHE H RS A ZMAHES (LI 1), BREADUTT & R B i 454
VU & 2R R B B i R A R RN N5 i 2R BT A B S5 A0 [ 14] - BRI TURWIAE CZTS fin A b iR E AR R B 5
B R, (HIELRB AR AR 1.3 meV/ERT[15], RERHE T AiARE, SECE AR,
RIMAE CZTS AT RE I, S8 CZTS MFEKRH AE b i R R AR e T T8 L 45 M 7E f i
R RAR IR AP AE, FLPHE T RENL A S it 1 SEOE R I AT S W iR b, L FORRE mT L
FESE SR, AN G i PR AR R4 B2 0L T SR B B2 . il se RB AW LG CZTS-based FEHIIARFEAL,
ML & L TT R B 2 LB CZTS HIAHIE R A A, X3 CZTS-based 18 15 it (1 20 A7 LR o

3. TEEBITERK CZTS B9 Zn {iL

T RZENAEY:- SIS, 85 0 LS 702 1 B A LU 9 R s L A 450 . shia A
HPERE. 75 CZTS fh &R, FIHBIES 7. PHE FEE P RT3 B 0450, DA IEA T UG s
MELEEAEERE. HAT, X CZTS B A4St I Fiik 2 MR AE Zn UK. RiEH Cd. Fe. Mn. Co.
Ni %50 E T EMME T EAEE Zn KBTI, NEIR 59250 B3R T BT822 N CZTS
ff) Zn fir. JEEFEK, £ CZTS F1H Cd. Fe. Mn. Co. Ni 254 )@ s B Zn, ML M EHE
SAUFI T I 4R B T RIS A2 MU CZTS KIS M AN B F 03% CZTS KIJEHERE. 25T Cd fl Fe Bt
Zn FIRF 7L DA IR Z S T R HIHEE, M9 Mn. Ni 1 Co B4 Zn HIWF R EAS RN D . R
HRT Cd B4 CZTS B4 7k KiEkE, Bl T Ccd o RA MRS T HMA, FILsF A G
R AR T R#E BAE S iR E R W E# T S BT HK Feu Mn. Co. Ni B8t CZTS.

3.1. Cd BYX CZTS Hh Zn {if

N TR CZTS H IR A AR S i (1 i) DA — 3P 3 m b A A%, Yan 2516 NBIE#E CZTS
fr52% Cd JER L T - 1% SRR Cd $B7% CZTS KFHAEHME. Cd A &b n] KR CZTS Wik
ERPRHOO S5 R, 8% 77 dr AT EfE . 2013 4, Xiao ZF[17]381d sol-gel fI4 T 84 T ANA Cd &
AN HUR kesterite 544 1) Cu,Cd,Zn,,SnS, (CCZTS, x =0 — 1), SZI T CCZTS A& MHIIEE Cd B E
A3 INTE 1.55~1.09 eV HIVEE PESEnT ALK 2), A CZTS MRS LA SEG Rk 7 0 B ES. ER
RS SR, CCZTS WA 2 /R RIS Cd & S 3G AR 18]. 28—V JF LT B S Hs 7 5L 2
S, WEREE R K, CCZTS it B A AR BRI JE I i 20 % 45 B )22 DK P R H il R8s 72 S G AR

© Cu
© Zn
© s5n
© S

Figure 1. CZTS (pure sulfide) crystal structures of (a) kesterite (space group
14) (b) stannite (space group I42m), and (c) wurtzite (space group Pc)
phases [14]

B 1. SN AEY CZTS MRS () HFEGTHEEH4), bF
U RCEEER 142 m), (o) L8N (A8 Po) [14]
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FAURT, Su ST 2015 FHIH sol-gel 771k, BT —RIIEAFE Cd/Zn 41531 CCZTS #iE, il H T
M ACRIL T 9.24% (WL 3)HIEARBSAE[19]. CCZTS TR A5 BRI f AR 45 #4952 Cd/Zn ELBIAR LS, B8
¥ Cd/Zn A K124k, CCZTS FE R T WEEE S RIS BN A4S . @i /E CCZTS HkirF Cd #5%
R Zn, FTLAIE/D ZnS VRAEM I HLAT DAYE— @ RE R kst dhbR ) X2 BT Cd JR TR L Cu Ji 12
K, FrUAE—EFRE 4] Cu Al Zn JEF BRI ERFE IR, AT SRR ) 1 5 =

2016 4F, Meng %57 F S AIURG 42 I S BOARALE 4145 3 B9 (SLG) 4 IS _EUTAR CuyZn, Cd, ., SnSy(CZCTS) i

[20], WFFE T IRESThEXF Cd/Zn A IR, KIL Cd/Zn W5 EFEIR S Dh R T =g mig K,  [F
B BRI Cd & TR . X BERATH (XRD)E L, i 1) CCZTS #2594
W AR, IF HS%E MR 4k . Douri Z5[21]F 2015 FEBIdVAER - BERIEHI % CunZn, . CdSnS,

1.6
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Figure 2. (a) Room-temperature optical absorption spectra of Cu,Cd,Zn,;SnS,
alloy thin films. (b) Dependence of the optical bandgap of Cu,Cd,Zn;,SnS, alloy
films on the Cd content. The solid line is the linear fitting to the data [17]
[ 2. (a) Cu,Cd,Zn,,SnS, B & HREMAERAXMULL. (b) CuyCd,Zn,,SnS,
AEENAFHERY Cd S 2K . SEREURMNZEMERIE[17]
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Figure 3. J-V characteristics of Cu,Zn;_,Cd,SnS, thin film solar

cells (x =0 — 1.0) [19]

& 3. Cu,Zn,_Cd,SnS, EFE K HEE

x=0—1.0)8 J-V 45 19]
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9L T A Cd BURERT CuyCdiZn, SnS, HE 1 45 df PR AL RLRSH IO 2 . X 9R s M S5 . TES
FeEE RS TOHAT T IR, DA 7 AR b SRR R I B Cd IR . 5K S22 ]38 I e ik mi s R 5
BT JEALALEE, & BA AR E PB4 B CuyCdZn, SnS,(CCZTS)H M. 454 X S LR AT S Fii
FIETEI TSR, IESE T R Cd SR, Zn 5 Cd BB S 80T MBS E 2380 A2 . Kumar
SF[23 ]300 5 — PR JFEE U AR R Cd IR 0.0 4N E] 1.0 B, CCZTS (s B n] BATE 1.56~1.39 eV JulH
AR, o

XL SR Cd B4 ORI i m CZTS HGZEMERE R4S i bERE, AT CZTS MRET 4Tt
CZTS MK FHBE B R . Cd & 2445 AT LUK Bt 2 BRI PR T J e Dok /) S Y6 Ve R s B 4B 2 [
MIREEEZE, MRV T 24T % U B4 2 [24]

3.2. Fe B4X CZTS & Zn {iL

CZTS MIFaE MR BB AH, 1M CuoFeSnS, W — M LATEZH FH4GE . Fe 40 HUAR CZTS HEERE
B 201 Cuy(Fe,Zn,.)SnS, AR MITEEE A AR SR B0 AH 2 181484k, @D BF 74/ LU 9] 5 AH 544
(RIS, B A% S — ol A 65 ) PR Bk P, DT 159 380 B 400 04 (1 B B0 0 0 A LA v K B B r b R 2858

Shadrokh ZEF|FHVARIHWERI4 T CunZnFeSnSy(CZFTS)F A &4 3RIEY KK 7, XRD. Raman
A1 EDS ¥l 82 @i ¥ Fe & 8812 Fe/(Fe + Zn) = 0.61 LI R A T WNEEE A BB 0 A AR[25].
Ak, Fe &GO < x < )3 CZFTS HIAFBREE = A ZL FRFEEH M 1.515 B4 E 1.206 eV
Shibuya ZF[91# 7t | Fe 8 A\ CZTS HIEHL Cuy(Zn, Fe)SnS, A A, AL 1 Shg (W EEAIAT R . 55—V 3
THAAESEBEAE Fe & R AIIG NI AAE Fe/Zn = 0.4 B R4 T WNEEEE G (& 50 B8 (& ¥%) 1AH2E . Huang
ST VETRE S T CusFeZn, SnS, (x = Fe/(Zn + Fe), x = 0 - DAK fh[26]. 8T o028 x WIME, 29K 5k
B RE R Al AR B LM 1.25 eV %3] 1.52 eV, XRD M1 &, Cuy(FeZn,,)SnS, 7 x = 0.4 (JLIX] 4)
IR RE R A TR B SR G0 I S5 M 6%

HARTE Cuy(Fe,Zn . )SnS, IR Z U 78 H #MEZ 2 T Cuy(FeZny)SnS, I 45 FIBE Fe & & T+ =i i
BB A SN AN AR L5, (B IR A — Le i 7 48 X A AR B AR AR AE T 15 L #RAEAE
Wang %527 5% R B 7L G R T Cuy(FeZn,)SnS, 402K . XRD. Raman. TEM Z5ff 7045 %
B, & B Cuy(FeyZn,,)SnSs 9K it B A PR 45 ¥ . Brien 2528157 F XRD K5 1& A1 HRTEM i F #473-fift
A L) Cug(FexZn, ) SnSy GK ff di AR S5 M AT 3 M1, A IIX B K G I Al AR 5 40 I A B Fe & &1
AN NEE SR AR AR N B SR, X e I S T N TS A BT A T

a b
(112) Cu,Fesns, (112) ¢y Fesns,
N, x=1

\200)  (20%)(5) x=1| x|

MctssPaen x=0,8 el §
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Intenstiy
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Figure 4. PXRD of Cu,(Fe,Zn;_,)SnS, with x =0, 0.2, 0.38, 0.6, 0.8 and 1 [26]
E4.x=0, 0.2, 0.38, 0.6, 0.8 F0 1 B} Cuy(Fe,Zn,,)SnS,BJ PXRD [26]
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3.3.Mn. Co. NiZHIEMX CZTS & Zn fiL

Mn BURREMRIRAEATE B, FERTY CZTS Me2r kR, 42 CZTS Kt HiMkERE. Chen [23]5F 18 1d %
2 - BB % 1 BA AT BT B CupyZng  Mn,SnS,(CMZTS)fiE, XRD M ST 7HH7R 1
£ CupZnSnS, (CZTS) #EMFEE Mn & EMIGINALE T INEEE G BEGN ML, CMZTS #
JE)FTBR AT LAE 1.23 eV 1 1.51 eV Z [ P& A% . S F G2, 2016 4 Orletskii 5¢[29 ]38 i i
Tk T e B BB E Mn RIS R CMZTS #EE . I RhA  r#aAnT
RE AT FH T A 7] Y88 B ) 8% 4 A 5 i JFE o A 5 g B 2 i

Huang Z5[30]E A — 8L &M T CupZn;CoSnSy 4Kk, CuyZnCo,SnSy 9K i 1) EL 17 it vl
£ 1.21~1.49 eV JE I AT HBE Co WEEMIEIN LT 2P T %, Cuy(ZnCoy)SnSy PIK b IEH & A H
VER AR A I SUZ M KL

Shajan %53 112K H i 2 IR BCAS (7K 02 D il 4% T Cun(ZnyNi;,)SnS, (CZNTS)ZKHKL T, XRD Hihi
S IEHE AT R B FEER (X)) 0.25~1 JEEN, CZNTS KR4 T MU T B 80 B840 A M, b
F Ni CRBIRERIEM, CZNTS MEHFTBRSH — ML T TR A, WM 1.63 eV (x= DFFK
£ 1.36eV (x=0) (LI 5). XFF CZNTS, MrirTi(VBM)FEZEH Cu3d S 3p HUE 244k B BEAS LA, 1M
Sn 5s F1 S 3p HLIE F LI S BEAS A K F A5 (CBM), A Sn X3 BRI 3 T Zno 46, SHF5245 70
SMEFEHUE3) CZNTS, L BB H > th T Ni 3d F1'S 3p BUIERIZ4AL[30] [31] [32] [33]. X T
Cuy(Zn,X)SnSy(X = Cd, Fe, Mn, Co, Ni), EA M HAPIER X L EAIHAHIE(A10)1 Zn B2 3G 52
MEE L. Rk, X 3d $UERTLME Sn 5 S ZIEIM sp R A/ME, MIMBEE CBM, SRS
Cux(Zn,X)SnS, PRI B A 42 1tk e/ iR 54347 [35]

4. BRI CZTS EHIRAFARERE th 4 RAE R

SCIGRIE TR RS R 7R | CZTS-based BRI Voo AR IR 1 CZTS MBS &, i K
Voo AR F W R F 22 LUR =ANJ7 1

W, JAHFINEARARA 5 BRANE . CZTS JeP- MBI T sm A = 2%, HAH XA, IRAAH
BHER, ST WAAEFN CZTS 347, H &4 CZTS Wil REHy >k T A FIRZm[36] [37].

B RS EREE PR R AR 2 . CZTS WAL dt kg SRIGIE R T 2%, SEMRE L b THREWT TR,
AMUEARAE p BLH) Cugy M Ve, 2 EGRFE, EAFEVRRED P T HREA[38] [39] [40] [41] [42]; & Fhkfa

1.70

x=0 ——Cu,Zn Ni__SnS,(x=1) - (1.63 eV) o el Sinb < Band Gap Evolution
(a) X=0.25 _x=0.75- (1.56 eV) 1es] Ret63ev)
x=0.50 —x=0.50 - (1.50 eV) ’ (c)
= x=0.75 ——x=0.25 - (1.42 eV) 1.60
= Cu_Zn Ni,_SnS,(x=1 & |—x=0- :
g ,Zn Ni__SnS (x=1) E x=0 - (1.36 eV) % x=0.75 (1.56 eV)
=] Nu
5 3| o A58 \
@ T 3 x=0.50 (1.50 eV)
E _E & 1.50 ¥
2 = 2
2 & 1.45
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Figure 5. (a) The UV-vis absorbance spectra of Cu,Zn,Ni;_SnSy(x = 1, 0.75, 0.50, 0.25, 0) nanoparticles and (b) Tauc’s plot
determination of optical band gap and (c) band gap evolution of Cu,Zn,Ni; SnS, nanoparticles [31]

& 5. (a) CupZnNij,SnS, (x = 1, 0.75, 0.50, 0.25, O)ZIKERIAT UV-vis IRBAIEFN(b)FF TR Tauc =F(c)
Cu,Zn,Ni_ SnS, FHK Bk HI 7 BREEE[31]
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WERK, N T AR E TS EE, AN E AR e B S s S EH S A R REE i,
T RGP P I R IR, X LR BRI T80 CZTS Hrils BAS TE fE 8 (202 CIGS HIWif), 433 CZTS
FL Tt B PR T B PP S5 35 R B, R PRA[43]

B, RASGRHAEETE. EREOEZEPOHBR FELATEZSGMARIOLT, BHESE
£E 2% FH[44] [45],

EAT, 6 LA = A il AR A 4 R AP IR R T 0, A ARSI g 0 S5 o 425 S T ek 360 5 A B e vy
AR RE A REM LA S ARSI EE L A TE 2 . IXUER R HT I 2955 CZTS & st i R itk — b4 oo
5. &%

IEVE SR BB AR AEAR UL CZTS St B LA AT . AR o O sk F i 22 55 il R 20 CZTS
PERE AT RN AT, B S B 528 CZTS nf AR B I IR R . RE AR, 32
) 3 0 T R R B g R RO PR A A8, AT AR K oK 7 AR K BH g it 7 ThI A S RS el H AT
F T Cd F Fe B2 A HLEIR N, T Mn. Co M1 Ni 135 20T 588 M/ . KBS BFFTIEN] T 46 CZTS
ke EMUNEETT, 1 CXTS (X = Cd, Fe, Mn, Co, Ni)ll— % LLSE B0 45 5, K045 42 2 i 2> B
BRI B R B AR R R R . B I E SR R B E N, CZTS-based MM BRI5HEE
WEER BH e B B R T B & — ME M FRRERBS . EAARER, MELESES TEHR
CZTS 1] Zn SrRFFTEAWIIRN, CZTS-based JGRFEHK] Voo H422 SRAFAR K B0 H: fe 284 O ML 4 3
HIRIFE .

E&WE

E K H AR # 2 4 (No. 61764010). [EH K HARE 4 (No. 11564002).
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