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Abstract Cu(In,Ga)Se, (CIGS) is a widely investigated material for thin film solar cells in the last decade. However, it has
the concern of short availability of constituent elements (e.g. In, Ga) which limits its development. Research focused on new
substitute of light absorber is eagerly needed. As an earth-abundant semiconductor, CZTS (Cu,ZnSnS,) has attracted consid-
erable interest recently. CZTS has lots of similarities to CIGS, and is considered to be a promising material in the field of thin
film solar cells owning to its fascinating optoelectronic properties, low-cost fabrication, and non-toxic nature. In this article,
after introducing the features of CZTS material and the basic structure of CZTS thin film solar cells, different methods for the
fabrication of CZTS thin films, as well as the corresponding device performance are discussed. CZTS thin film fabrication
methods include vacuum based approaches and non-vacuum based approaches, with the former usually has the advantage of
easy control of the chemical composition as well as good reproducibility; and the latter often has merits of low-cost,
less-energy consumable, and suitable for large area deposition. Firstly, vacuum based approaches, including sputtering,
evaporation and pulsed laser deposition, are discussed. Secondly, according to the different condition of the precursors, three
subtypes of non-vacuum based approaches are presented (nanoparticle ink precursors, solution precursors, mixture precursors
of solution and nanoparticle ink). Meanwhile, corresponding device efficiencies are summarized. Up to date, the power con-
version efficiencies of 12.6% for CZTS based solar cells have been achieved, which is enormously encouraging. The new
champion device was fabricated using a recently described hydrazine pure-solution approach, which significantly improves
the coating uniformity and film structure. What’s more, various film treatment strategies to optimize the CZTS thin film, such
as selenization/sulfurization and elemental composition tuning (e.g. S/Se, Zn/Cu), are outlined here; the focus of future re-
search and development are proposed.

Keywords CZTS; thin film fabrication; solar cells; efficiencies; optimization
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A, FE T SRIRPRE IR BH g HL AR 4R ) e, R A
FERPHAE b (o fl il 22 AR, JESLRETERR). 1k
& Y K B RE H H(CdTe, GaAs, CIGS 25). LA
RErL . JURHETE ACBH B L Hth 2007,

VLIRS BH R it ()3 M2 S — /T 5 pm,
G RHR A, BT CL S TR AR, SEB AR A 7.
FLAT SR 25460 1R CIGS FIFK BH HL it d im0 B8 IA
F 20.4%®, LI 6. {5 In, Ga, Se JLHRAE SRR
[ 2 5 ) {2 T R R, RS OB A A ok
ARF CIGS J Ay L 4F SR A% ATk 1 g 7L
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H AR I 1) W s ok HL SO R BRI, B A7 A B AR
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FioR, LR, CZTS 1Rl & S HL K BH fE H it (1) 4R
i, RO R 2010 4 Mitzi 251G IF
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Figure 1 Number of publications per year for CZTS in recent years
(from 2000 to 2013, Source: Web of Science database)

T CZTS M EMA ZZ 1T RIm I “Bra” KB
Re HLIB TG 4l 5y, LREEhl s 7k 2 0. eSS, H
S s, HAMREL. AT CZTS MEMAR,
BT R 4 7 v B A SR P AT SR gk, fEAR
e (DR R AR E AR, e A
ZAEE AL IAT TAEIA2E, 3 gieRoRi 7«
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Figure 3 The structure of CZTS solar cells
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FHMAEEIR Z BB, R T S v s, DAt
FEW 2 T B8 I — 2R FE CdS FERAE Ry b )12, K
HB A% D 854 CZTS/CAS/A-ZnO. H1 T4 % 5 it 45 (1)
X R ARG B HOR R, NI AN A
SRR IR AE S, PRI S FIAN A 5 S i A
WRTESE(E 4)1 22 H g (0 J55 0 T L W 1) (5
PR, AT LRI 4B S TR EY). R
MR BEARAUF 5 3 A 1R U (B ), EHRE
AR I TR R A 2 fie, 30 5 B Ry ) LA 26, AT LG o R R
0.5~1.0 um [¥) Mo. )22 MGt &), iCds, h
n BEGAR. % L2 1-ZnO Y AMESEAL BRI R B 241
afi ZnO MoRl), Himid e, (R rkgzE. T
i-ZnO h§§ n BUPESAK, ARt e, KR
BAE i-Zn0O EYIR )2 n BAE WS A A (a0
ZnO:Al). ZnO:Al MARFHAAEE, LERAE R WOGIE N
T R AR F 85%, ML /NF 3X107° Qeem. THIHL—
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Figure 4 Band structure after formation of heterojunction
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FETRT A T, BRI A MK O
A, XETE A IR TR A LI R, T
HEG VL, PrCVH SRS m PR K. & 1 51
YT R A 10 CZTS SRS RE L it 1R R4 B
WK,

31 BEE

TS o A s I 0 5 s A, R A
FEIF R RE A BN RS, AR T AR TR H
DU |

Ito Fll Nakazawal £ 1988 4 [T Jf k5%, 3575
TAFBN 1.45 eV [ CZTS #ifi. 2003 4E, Seol 25411
Cu,S, ZnS Fl SnS, Ayl FJR, 5 %L ™ F S A4 itk
SHEEBIEILR LT — 2 CZTS AR, 2 S
TEE S RAL. BIHAE Ar Fl Sy(g)[FREE T 250 CIBK,
L IR AT

Tanaka 25595 U TR A IR 28 A7 S8 B
T Cu, Zn, Sn, Hrp Sn 1 Zn 4@ J2 30 1 H Ik S5
B, 1 Cu 4@ 21 Sk Sk se . 2 GRS
R IR JCHIS CZTS L. 2007 48, Jimbo 251291, ZnS,
SnS, Cu AWSFEYE, FH— AN e S AR 1 Ak 2 25
GBS, s TAFEED 5.7% (V=662 mV,
Je=15.7 mA/cm?, FE=0.55)[¥] CZTS i d i geff, H
AR A AV/ZnO:A1/CAS/CZTS/Mo/SLG (soda lime
glass). L1, CZTS WUZAE HoS Al N, M5 R IR K iifb
AT 3 h S AE K EER CZTS HMR R4 )8
i, W DA R R 6.77% (Vo =610
mV, J.=17.9 mA/ecm®, FF=0.62)"*"". 2010 4F, Liu 25"
il 7T HAT R R BT 100 em Y CZTS i,
R T I R NS A . AT T —A
W AR Ch < ) &4, Hh n(Cu) @ n(Zn) @ n(Sn)=
20100, AUSRAREEE — Dt RIS, Mk S
A/ 3] CZTS k.

2012 4F, Chawla F! Clemens* FH Lk 51 1) 4545 )
T Cu,ZnSn(S,Se); (CZTSSe) i ik A FH fig Hijth, WeRIAF
T 9.3%. AATERIL, HeFT CunS AH T 2B 14
TE, R AR R BT A, LABT CupS 174 T
Se/S I ELAFI T 285 im -k BEA IR R 2.

Ericson 250 Cu/Sn (65 : 35)&4r Zn MUk
JE, 76 HoS A0 N RIS LI A3 3 T CZTS I
EPUR R R, JERIR BEORFFAE 180 C/AAr. 2013 4F,
FATTPIAE 24 FR AR N TN B2, A0 T S Ji 711
PG Bl CZTS 5 Mo & 2B O N M T 5% i g R P fie.
{HZ, TiN BHESJZ RN, S8 NS AE0 R b, &
AT 2% B A B R R 7.9%. BT DAk B —AMR &

1 ST HAVERRAFE] CZTS JSHHN FH B Hith i e i R
Table 1 Best efficiency for CZTS-based thin film solar cells made by various vacuum based approaches
Method Material Eff/% FF Voo V Jo/(mAscm ?) Ref.
c ) Cu,ZnSnS, 7.9 0.60 0.667 19.6 [31]
-sputt
o-sputieting Cu,ZnSn(S,Se)s 9.3 — — — [29]
c . Cu,ZnSnS, 8.4 0.658 0.661 19.5 [36]
o-evaporation Cu,ZnSnSe, 9.15 0.649 0377 37.4 [37]
PLD Cu,ZnSnS, 4.13 0.59 0.7 10.1 [42]
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M, e PRz Rk LR PR A RIE IR K
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Katagiri W17 1996 451 Yk IRIE T Fa 13l
ZERIEA K Cu/Sn/Zn 43 JEATIRAER, 4R fF7E Ny A1 H,S 3R
BErp (500 C)MITF RN 45/ CZTS .
1997 4EABATHIAS T 45894 SLG/Mo/CZTS/CdS/Zn0:Al
L g1, HE N 0.66% (Vee=400 mV, J,.=6.0
mA/cm?, FF=0277). Wang B4 L HI& T
CZTS ORI, 7EMMEE FIRK 5 min (540 C)f33|
CZTS Wi, {EUtIEfl Ll 7 w2815, 5004
SLG/Mo/CZTS/CdS/i-ZnO/Al:ZnO/MgF,, % F ik 3| T
6.8% (Voo =587 mV, J.=17.8 mA/em’, FF = 65%).
Schubert 253 BR ] P S 7% & 5o ZnS, Sn, Cu, S FiIK
RIELZE % 16 min Ji7, YURTEDE Mo ¥ SLG |, AT
AT CZTS Wi, MRS A A Cuy-yS, EHH
AR A7 1, B LA B F I AR RO
4.1%.

2011 4, Shin BV K VL AEHE Mo 1) SLG L4l
% T#) 600 nm JE1) CZTS ik, BlijE7E 570 C FHEAT
BT PAEFR(Z) 5 min), BRI T RN 8.4%/HL
s, —4E )5, Repins &P R EHR ST
Cu,ZnSnSe,; (CZTSe)Wi K BHREHLARAT, RFIAER] T
9.15%, H.#4E45Hy2h SLG/Mo/NaF/CZTSe/CdS/i-ZnO/
n-ZnO/Ni-Al/MgF,. HH )z CZTSe ¥ SEM Kl & 5
Fran) AT H AR AR O R ), IR
U, WA, ERA RN, R T R B A

2~ e T
N N

Bl5 CZTSe i) SEM #kifi [€l(a) S 3 1fi €] (b))
Figure 5 SEM (a) cross-section and (b) plan view of co-evaporated
CZTSe film®”

3.3 Bt

Jik #EOEDIARVE (PLD) & — Rl B P BT T2,
FER T TN Ak O SR AR TR R, AL A il
BRI A i A B AR, AR AOE ) R R A
IFAEAT IR _E ORI L.
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Sekiguchi Z5P*158 — ks 712 H PLD VEAMEA K
H CZTS {#Hifi5. Moriya 25 H PLD yEUURL T “ 2040 &
B 1 CZTS W=, ABRZIN 1.5 eV. ZJatil# T 45
¥4 SLG/Mo/CZTS/CAS/AL:ZnO H#efE:, %N 1.74%
(Voe=546 mV, J,,=6.78 mA/cm’, FF=0.48).

Moholkar 25157 T ] PLD 4|4 CZTS I,
DURIS TR RIE O R S5 R TESR S ARl H R 1)
S, R TR 3.14% 1 ta i 2. 2012 4F,
AT B — S WF 5T T AN ) G 2 LEX B PR R 1 5
Wi, PREF Zn/Sn LLEIAAE, AWk Cu/(Zn+Sn)jLL
B, & Cu/(Zn+Sn)=1.1 I, 20K s, &3] T
4.13%.

4 FEEZTEHI& CZTS EiR

AR, AFEAVEHI% CZTS A K
FAS . ARBEFRE, 10 ELIE 1 K T RURA 22 M A S (R TR
T FL AR 025 i) £ 72 n] K B s R 56 R in 1 4%
P s s Aok, R Rl A BT PR AT 5T B A

XFT CZTS W)z AR FL A3 25 T ik, A SCHR i
LN R NI o S I N s Y L /YA i ST
URPRYE . IR FIR A BT R AR . BRI AT
HHATERA. 3R 2 HIH THEE VLN 1 CZTS KRR
BH R FELth PRI 80 FoB i oK.

4.1 YRRF “IhET BIIRAKE
411 ATFHEAME “h 27

Guo Z5I7E 2009 (1) (SEELELE) JACS)F i)
T HGENVEA B CZTS 4Kk 717k, Tz
%1 CZTS YKL T FIRAZR AT /N T 20 nm, A5 BRLE 1.5
eV /ifi. Guo BEALK L EENEIH, LN BRI £
T AT — SR AR b 4 S TG 2R, e AT IR R i i
HRG JEINIAE] 225 °C, SRJGENT S L. i e
O X S EDX) IR AT A5, 1% 0775 %
M) CZTS AKRLF I ITCE A Cuyi2ZngesSn, o684, Hi
TCER T AN . TEM 29 AT 27 A BRI 9 KR 7
RS, Rifeh 15~25 nm(& 6). MATH# 4Kk T
R “ahAR” HAME AR B, kSR CZTSSe
W T RIS RN 0.74% 1 L 28 4E(V,. =188 mV,
Je=10.5 mA/cm?, FF=37.2%)"). —4£J5, Guo &7
SRR AL b T CZTS AKki 4. FEc R
TR R TR VL, &SR CZTS 4Kk +i1)
fﬁ%‘%ﬁ‘lﬁ‘j‘] Cu1,31zno_91sno‘95S4, ﬁ@{kﬁ%ﬂ%?@é”%%f*
RS E] 7.2%.

2013 4, Manthiram 25 ] 55 —FhHaE N ik &k
T CZTSSe . SHTHPTIA Guo 77 VEANH I A:
(DR BTk As, shab Sy ZBEAEE . BERREE. Sk
By MBI SE #4538 CZTSe(fAE CZTS)4 Kk 1,
BT LAHGE NI E NS Se(MAES S)HIM AL (3)h 58
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Table 2 Best efficiency for CZTS-based thin film solar cells made by various non-vacuum based approaches

Method Material Effl% FF Vo/V  Jo/(mAscm %)  Ref.
Hot injection based nanoparticle ink Cu,ZnSn(S,Se)4 72 0527 042 30.4 [44]
Binary or ternary particles based method Cu,ZnSn(S,Se)4 8.5 0.649 0451 29.0 [47]
Methods based on mixed precursors of solution and nanoparticles Cu,ZnSn(S,Se), 12.0 0.694 0.498 34.8 [51]
Spin-coating of precursor solution Cu,ZnSn(S,Se)4 12.6  0.698 0.513 352 [59]
Eletrodeposition Cu,ZnSnS, 7.3 0.581 0.567 22 [62]

l ® v a
@ S

. e

€ 2 .

.‘ . 100 nm

B 6 CZTS #1KkiF ¥ TEM E*
Figure 6 TEM image of CZTS nanoparticles

BRI G, HEd s CZTSSe M. &%, il
i1 26 T B B 452815, 4580 glass/ITO/TiO,/
CdS/CZTSSe/Au, RFXFT 1.11%.
412 ATFEfl#EemR “hE”

Cao 5OVl VAL Ar B T Ak 1, T il
ST T 7 6 S AT A & R E D, N
) CuCly, Zn(CH;COO),, SnCl, 1S, 7F 180 C FHI &
FEEH RV 15 h, il A3 CZTS 9Kk ¥, it TEM
FEAE B T HEN 43 3 () CZTS Kif2 2k 5~10 nm, ¥4t
FRREF- s s B VR B P B, AT A el
AR
413 AT AR EN)ARETHHK b2

R AR R R EEEA L CZTS 9KR 1Rk
159, 2012 4F: Cao FI Guo 5745 o T 38 0 LK, Al ]
TG T uE S Tn BRI AR T CuS, CusSy,
CTS, SnS, ZnS, JiliX e o uk — Jo i A 4 Kokl
TIRATCHRATIKAR “yhas” . N A AR TIE] T
7t Bq. 1 /1, CTS, ZnS /bR SnS Kk FIRA Wb
FHRHIVERT IR AR 88, 72 Eq. 20, {1/ T 3 Bl —Jcghik
Rif. Boloe “uhas” JEil il e R, JETEMEREE T
PR PR S 15 B ML CZTS HF (RN CZTSSe i), HAH
I B L B RCR O 8.5% (Voe=451 mV, Jo=—29.0

[43]
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mA/cm’, FF=64.9%).
ASe

CTS+ZnS+SnS—————CZTSSe (1)
ASe
Cu,S,+ZnS+SnS——— CZTSSe 2)

2013 4E, Chesman ZESVBETTF T Pk A FIGR AL (2
o) R, R ZJomifb A — ok IR G i ad —
BLEBEE T CZTS 9Kkiv-. AT RATR, BLiziZil
S QINEID S VAR S (B U e 111 b e i AT ) A = <R v 4111}
T8 AH PR L, AEDZ A0 23 RIS 37 1o AR iR
4.2 BE-MAKRFIREEIIREE

2010 4, Todorov ZEILAREA#77I, il T ¥R
KRR G T BIFI, ZETF R &4 Cu, Zn, Sn, S
VUFPICER, 1E 540 C ksl U R AL BERER B, 2
Je A A F, 454478 glass substrate/Mo(800 nm)/
Cu,ZnSn(S,Se),/CdS(60 nm)/ZnO(80 nm)/ITO(130 nm),
WMARIEENT 9.66%. %IEPTAFHNE H K SR RL(1~2.5 pum)
MR, o T ECA I 45 S LA A 3 B 5 (BT ), K
ATp AT Y R S R V& A L R E PSP AN TR A 15
AR e A E S NI, (X 3Tk 8
5, USRI A B, AT A A AR AN T — 4 T2
ST CUS I J7 ).

Bl 7 CZTSSe APFHfEHbIY SEM # &+
Figure 7 Cross-section SEM image of CZTSSe solar cells™*”!

P BoFHGE, IBM (50N R -4l ok
REF VR A TR AR 1K) D7 v #4931 CZTS, AL 5 15 31
CZTSSe . il % T 4it A glass/Mo/CZTSSe/CdS
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/ZnO/ITO/ Ni-Al FIEAF, FHNIRI R AF 8505 2 2 I dz e 1
11.1%. R 73— D Hnas 4 it s i i v, fhfi1aeie 7
BAELER, IINT MgF, %2, JH/h T CdS RiiEW]
FHANDZ(ZnO T ITO)N RIS, f2&, Mk e
BT 10%2E A, FERCRIEE T 12%01,

4.3 AREIIRAE

4.3.1 AR BIRATIEAR K

BEVR BT IR AARTE — T 2 3 AN DI, ()& i
AUOKEIR () AT IR R e iR B3R K FIE R 2 (3)
FETE BB AT BAh A 1312 5 A Kl CZ TS 5
Z.

Tanaka %54 Cu(ac),, Zn(ac), Al SnCl, I fiRAE 2-
HEAIE CREF, RN SBEREAE R 43 0T, e i Jf:
76500 CIY HaS A R AR, A RIREN 1.01%
28, 25, A TEE— 2D A B R A 9 1 TG ZR L L,
B 3 2.03%0%. 2010 4F, Fischereder 2554 1% 5
AR BRIR B RSBl T CZTS JRIHI4%. A AT 4 2 o
BrEh . B ERAERAR SRR v NI TR T BRI IR, AR
J 0 R T B, SEEG R ILAE 105 °C i % i T
GRAEK R CZTS J2, J HIE Rk seAs hn it i vy LAk Ay
CZTS 7B, HAFBRAE 1.41~1.81 eV Z[AAAL, iXn]
e AL RO R B AR IS AR BRI A T 245

2012 4%, Yang Z5F FJCKIHE A, A —2
o) S NCKEEERY B R R, SRR T ik
(R SR AT K T 3 (1 T SR ARV Y% B o1 46 H
45Kl glass/Mo/CZTSSe/CdS/i-ZnO/NTO R #sfE, ¥
120 nm 1) MgF, % 25, #fF M mA&ReRis T
8.08%. Yang “5ifill 4% th Ry IE L ARAR AT, (ELH 2% ok Fi o
AT R A # I EKE. 2013 4F, Cho 2PN E R
(17 0T Ry 5 35 (T DA — 7 St 10 5 S i R 2 5 41 4 39,
DLHAEL . BEER. Bah N Ukl N THTIRE W, J5
FEA . EA SRR 1 h (350 C), HE7E HaS, N,
B TIRK 0.5 (550 )13 21 Fr s i, 528k
%589k Mo/CZTS/CdS/i-ZnO/n-ZnO/Ni/Al FIgeft, 2%
% 3.02% (Voe=556 mV, Jo=13.5 mA/cm’, FF=40.3%).
[4E, Wang 2557 DUJE R 48 35, BL Cu,0, ZnO,
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Figure 8 SEM images of the surface (a) and cross section (b) of a
CZTSSe film on Mo-coated glass'®”
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Figure 9 J-V characteristics for the 12.6% champion cell®™”
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Figure 10 Best efficiency of CZTS based devices fabricated with dif-
ferent band gap materials from IBM lab®"!
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CZTSSe cells)
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