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NREL, BRFEZ=SHEITZS, 15.9% AEUUEN =D H R EZFITIS, ME19.9%
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Applied Physics Letters 1994, 65(2):198-200. Progress in Photovoltaics: Research and Applications, 2008, 16(3): 23523-9.
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New applications

« Adoptable to roll-to-roll processing
« High materials utilization rate

* High throughput

* Property chemical control
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Solution Processed CIS/CIGS

Hydrazine

Hillhouse, et al. Adv. Energy Mater. 2018, 8, 1801254
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Three Examples of Solution Processed CIGS Solar Cells
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AP=0MPa

AP=0.06MPa

AP=0 MPa: loose grains, CdS into the film, Cu-rich near surface
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AP=0.06 MPa: dense top grains, CdS only on surface, uniform composition

» Dissolve all precursors at
room temperature.

* Long-time stability

« PCE=10.3%

Solar RRL, 2018,1800044.
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2.2 DMFi&i%&: Cu-rich IRINE
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= State-of-the-art composition K . P °
= Avoid Cu,_Se impurity i, il
(KCN etching is still needed) <Jd

= Order-defect-compound (ODC) layer 08 1 12 14
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High performance not achieved yet

FIG. 1. Splitting of the quasi-Fermi levels as a function of the composition
for the epitaxial (a) and the polycrystalline (b) sample series; the lines are a
guide to the eye.

S. Siebentritt. et al, Sol. Energy Mater. Sol. Cells, 2013.
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AP=0 MPa

AP=0.06 MPa

Intensity (a.u.)

With (NH,),S etching, Cu,_Se on surface can be removed
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Cu-rich CIS: Optoelectronic Properties
GDEOS
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Cu-rich Absorber:Band Tailing
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Unpublished data.



Champion Cu-rich CIS/CIGS Device from DMF Solution
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« Challenges: Hydrolysis, Impurities originating
from starting materials, Oxidation
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Chemistry in Agqueous Solution
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Nano Energy, 2019, 818.
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Vacuum Based CIGS: Grain Growth Mechanism

Three-step evaporation: liquid Cu,_S assisted grain growth
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Grain Growth of Solution Processed CIS absorber
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Grain Growth of Solution Processed CIS absorber
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Grain Growth of Solution Processed CIS absorber

Direct phase transformation grain growth: CulnS,+Se — Culn(S,Se),

@ AmorphousCIS [l Se B Cu, Se @ Amorphous CISSe

I CISSe grain

7 Adv. Energy Mater., 2022, 12, 2103644,



PCE (%)

Current density (MA/cm?) &

Device Performance: the Effect of Cu/ln Ratios

Cu-poor (P)

Stoichiometric (S) +

Cu-rich (R) ¢

0.6

b C
40+ R 40 - B 01— S
P6 S6 R6
| — —P7 i —_ ] —_
30 ——P10 30 —:IO 30 \ —ﬁzo
—P15 —S15 —RI15
o 20 204 |
10+ \ 101 101
0 N 0 A
10 . . 10+ . \\ R ks \
0.2 0.0 0.2 0.4 0.6 -0 : 0.
Voltage (V) Voltage V) Voltage vV )
e . T0 min
[ :
34 : B 6 min
% 1 - é J \/\
5 min
4- | T * T - + 1 % S
= F %0
0 T T T T T T T T T T T T
P4 P5 P6 P7 P10 P15 S4 S5 S6 S7 S10 S15 R4 R5 R6 R7 R10 RI15
31

Adv. Energy Mater., 2022, 12, 2103644.



High Tolerance to Comgosition Near Stoichiometrx
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CIS Solar Cell via Doctor-bladin

100 ~
& Photo Integrate Jg-= 39.10 mA.cm 40
& £ 40 Dark 80 F4U,
- 1 - -
DMF 520 V.= 488 mV < 60- 30
e - o Jgo = 39.80 mA-cm? il
= % FF =64.55 % 8 404 20
Mo #a o PCE =12.54 % = :
e s £ 0 g,
g 201 5 10.
(j(‘ll+Iu:0'9/1'3/1'7 mol/L (3 06 08 10 12 14
| -20 . : . ————r -0
-200 0 200 400 600 400 600 800 1000 1200 1400
\Aavialanath (inm)
— 100 Jintegrate Jg.= 31.67 mA.cm™ 35
e 307 (30 —~
g 2 IE
: <E( 25 G
- <
2201 vy =481 mv 20 £
& Jsc = 32.58 mA-cm™ 15 _9
s FF = 53.74 % P
5101 pPceE=843% 10 B
= Active area= 1.0 cm? L5 g
O =
0 : . . ; - : r : X0
0 100 200 300 400 500 400 600 800 1000 1200 1400

Voltage (mV)

AR 12.54% (0.1 cm?), 8.43% (1 cm?)

Wavelength (nm)



4. BESRE

RIS A R SR, BB A KL
LI ERE FCIGS M E  (15. 5%)

Al AL 25 A DAL R 1R TR PRI C TGS Rt 3 R S ot
HRBAHMRRESER (n=1.44, J;=5.61x108mA em2, E;<<14meV, E,~E,)
WBIER R R R : BRME, AothENEERS

W LRERERE T B8R/ abHE

24 =
1 Solar Frontier: 23.35
i
Gaf 5| A [ Solar Front 2{.9 /\ :
o N\ 23 ; \
st |—>| ginmnit |||~ e, erbder s i
N Gs+ n;a' aes+4 ) ook ;\“-. \ . i
5 _Guingalsia R ESelAg i ) Ehatd ;\? 2l Solar Frontier: 20.9 : / 7sw:226 N
onductionband imj]upgg}% I&J_._ A Eﬁ%ﬁﬁ A g NREL: 20.7 I /\ ZSW-: 21.7 I
Ahsorbil; Ga nch CIGSe with K .8 21 I I
surface . ]E,; Ey T [ o:‘ = r = &E ZSW- 201 [ o N Solibro: 21.0 :
Valenceband e | o 20 R M IIA; 204 = 20. :
[96a oV, @K {oirectionof Gadiffusion ¥ Obstructed Ga diffusion| } NREL: 20.0 $20.3 | :
|
'Fﬁ’lg‘%']:?j A 2HGal & A 19 , , , A T SRS S |

2006 2008 2010 2012 2014 2016 2018 2020
Year



e
L. 44T A B P

1. CIGSTEREAPHRE FEHh i
2. HEZECIGSTHEEARH L Bt
3. BVRIECIGSTHEEARH R Fath
4. ReE5RHE

TT. e hm I K FH R FRLi

1. CZTSTEREKPHEE MBI KPR
2. WU EEfaERE
3. FRHEGAmEEERE
4. ReE5RE

I11. 3

35
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Mitzi, et al. Adv. Energy Mater. 2013. Nakamura, et al. IEEE J. Photovoltaics, 2019.



Possible Reasons for Large V,. .

Absorber Fabrication

Secondary phases precursor film— absorber film Deep defects
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Chen, et al, Adv. Mater. 2013, 25, 1522, Chem. Mater., 2013, 25, 3162. 37
Sol. Mater. Sol. Cell 2015, 132, 363. J. Mater. Chem. A, 2018, 6, 189.



Recombination Locations: Absorber and Interface

. T 4---5&1
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Precursors: Metal (Cu/Zn/Sn), sulfide/selenide (SnS, ZnS)
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> The 12.62% record efficiency by vacuum process.[]
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»  The 11.0% record efficiency of pure-sulfide Cu,ZnSnS, cells.[!
» By employing post-heat treatment for the heterojunction.

[1] Son D H, Kim S H, Kim S Y, et al. Journal of Materials Chemistry A, 2019, 7, 25279.

[2] Li J, Huang Y, Huang J, et al. Advanced Materials, 2020, 32, 2005268.
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>  The 12.5% record efficiency of pure-selenide Cu,ZnSnSe, cells.[2

»  The soft-selenization process employed to prepare a local chemical environment
for the formation of CZTSe.
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> Introduce Ge layer to avoid Sn loss.[“]
» Ge change the evolution of phases during selenization.

[3]Yan C, Huang J, Sun K, et al. Nature Energy, 2018, 3, 764.
[4]Giraldo S, Saucedo E, Neuschitzer M, et al. Energy & Environmental Science, 2018, 11, 582.
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Precursors: metal, metal oxides, metal salts + S source (thiourea)
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: > '1’2'54Ve'ff'uenc TSSe solar cells by local Cu component engineering.[4
» The device efficiency has a high tolerance to composition due a conductive carbon framework. =~ S======== -Y y P g g.

[1] Su Z, Liang G, Fan P, et al. Advanced Materials, 2020, 32(32): 2000121. [3] Xu X, Guo L, Zhou J, et al. Agivanced Energy Materials, 2021, 11(40): 2102298.
[2] Sun 'Y, Qiu P, Yu W, et al. Advanced Materials, 2021: 2104330. [4] Zhao Y, Zhao X, Kou D, et al. ACS Applied Materials & Interfaces, 2021, 13(1): 795-805.
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2. 1 ﬁkl‘ﬁ%ﬁquﬁt’f‘t‘&%%MﬁTIQ\ (Sn2+ VS Sn4+)

DMSO Molecular Precursor Solution Approach
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+11 1V Ki and HiIIhouseEAdv. Energy Mater. 2011, 732. oray
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2Cu*+Sn?* = 2Cu*+Sn** Control the redox reaction
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dv. Energy Mater. 2014, 1301823



Sn4* vs Sn** Precursor

+ +IV

Cu ,ZNSNS,

Cu* + Sn?* Cu* + Sn**

CuCl, ZnCl,, SnCl,-2H,0, Tu CuCl, Zn(OAc),, SnCl,, Tu

IEEE 7 WCPEC, 2018 e -
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Sn#* vs Sn**: Effect on V
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Sn2* vs Sn**: Response to Junction Heat Treatment (JHT)
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Champion CZTSSe Device from Sn** DMSO Solution
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Sn* precursor enables 12.4% efficient kesterite solar

cell from DMSO solution with open circuit voltage

deficit below 0.30 V
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CZTSSe Cell
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) Check for updates Identifying the origin of the V. deficit of kesterite

R solar cells from the two grain growth mechanisms

s 1 zsee. " induced by Sn®* and Sn** precursors in DMSO
solution¥

Reaction of each precursor in the DMSO solution with Tu Reaction from solution to solid film

CuCl+3Tu = Cu(Tu),ClI (1) Cu,_S
ZnCl,+2Tu = Zn(Tu),Cl, (2) A ZnS
ZNn(OAC),+2Tu = Zn(Tu),(OAc), (3) ==—p ZnS
SnCl,+2Tu = Sn(Tu),Cl, (4)
SnCl,+2DMSO = Sn(DMSO),CI, (5)

a7



Reaction Path from Solution to Precursor film
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Grain Growth from Precursor Film to Absorber

Selenization profile
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Grain Growth from Precursor Film to Absorber
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Grain Growth from Precursor Film to Absorber

a) ! czTs 4CZzTSSe S c) . CZTS 4CZTSSe 4-SnSe,
. + snSe, © Mose, = — . ®CuSe Ccrse Vsns
+ VsnS  Mmo I S ]
(3]
—_ @®cCuse ~ ____/\J\
5 S /AN
3 %)
Sl o0 oo ; - A YN
> SN s020 9
= '+
'5 Sn? 540-15 E _—_—_/_/\_—_\
qC) N+ Sl'l2*540_10 ——’/\‘ 8 + C < e
E J\_ + Sn 5405 __/\_ N C
- L + SN d __A < C < o
2+
+. * Sn2 - g ___—__/t‘-‘_—/\__/\_/\
' '!‘. 'j Sn 350-5 g
Ll I 1 L Ll v L] v M L] v T v T v T v 1 M
10 20 30 40 50 60 70 27.0 27.5 28.0 100 150 200 250 300 350 400
2 Theta (°) Raman shift (cm™)
czTs 4CzTSSe = ) . CZTS 4pCZTSSe
¢ +S”392 © MoSe, = S * J\ .
*
oy >
:: * ¢ i ® 0 Sn4*540—25 . E ____/—\/\
-c._U/ —~— y — Sn“s-m—zc ’jL § _’___/\L
é\ . N Sn4+m15 c __—_/\/\
0 JI_L Sn4+54[)-10 'O —_—
& S A A
[} - ~ 540-5 N
= 1 Sn* s __K_ é
= — —— Se/ZnSe
+ + Sn4 540-0 E
—— Sn¢+350-5 o
— Sn‘HRT Z j_,—”'/\
T T T T T T T T v T T T - T - T v
10 20 30 40 50 60 70 27.0 27.5 28.0 100 150 200 250 300 350 400

2 Theta (°) Raman shift (cm™')



Reaction Path to Absorber

Sn4*: multi-phase fusion Sn#*: direct phase transformation
Cu,S+Se—Cu,Se (7)

b { SnotSe -Snsn, & Part | ZnS+Se—7nSe 9)
ZnS+Se—ZnSe (9) Part I1 Cu,ZnSnS +Se—Cu,ZnSn(S,Se),  (12)
SnS+Se—SnSe, (10) Part IIT: Mo+Se—MoSe, (15)

Part 11 ~|:... Cu,Se+SnSe,—Cu,SnSe, (11)

Cu,ZnSnS,+Se—Cu,ZnSn(S,Se), (12)

Part TIT: — Cu,SnSe;+ZnSe—Cu,ZnSnSe, (13)

' Cu,Se+SnSe,+ZnSe—Cu,ZnSnSe, (14)
Mo+Se—MoSe, (15)

CuS SnS ZnS Defects: V__Kkiller

CZTSSe
o CZTSSe
a-CZTSSe CZTSSe

Energy Environ. Sci. 2021, 14, 2369. 52

Sn4+



JHT on the Electronic Property of the Absorbers
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» Band gap (order level) similarly improved upon JHT
» Band tailing (E ) does not show correlation to V.
» Charge carrier concentration (especially surface defects) significantly reduced



Same Reaction Path from DMF Solution

SnCl,+2DMF = Sn(DMF),Cl,
Cu(Tu),Cl+Zn(Tu),(OAc),+Sn(DMF),Cl,—Cu,ZnSnS,
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Highlighting a study on a solution processed kesterite solar
cell by Prof. Hao Xin’s group from Nanjing University of
Posts and Telecommunications.

11.5% efficient Cu,ZnSn(S,Se), solar cell fabricated from DMF

As featured in:

Direct phase transformation grain growth is a universal strategy for achieving high quality kesterite absorber.



2.3 Cu-ZnkEFEHWESKIRE
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Ag Alloying via Direct Phase Transformation Grain Growth
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Ag Incorporation Through DMSO Solution
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(Ag,,Cu,,),ZnSnS, (X=0-1) successfully fabricated.



JHT (200°C/20 h, vaccum)
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Ag (5%0) Alloying on Defect Property
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TOt;f‘I area: 12.5% V, V>R =64.2% = E, decreased 2.1 meV, V, increased 23 mV
Active area: 13.5%
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Optimization of JHT Temperature

Mo [
=] o
| |

Current density (mA cm?)
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JHT (12h, in N, filled glovebox) ACZTSSe-10
b 100 C 1o -
=

250 °C

110€

204 02

A

00 01 02 03 04 05 06 400 600 800 1000 1200
Voltage (V) Wavelength (nm)

= V¢ increase observed at temperature as low as 80<€with 110€/150<€ the best
= No band gap increase at the optimized temperature

= No obvious improvement on Cu-Zn order level Nature Energy, 2022
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Low-Temp Junction Heat Treatment (LT-JHT)
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= No change on band gap, same E,
= No obvious improvement on absorber bulk
= Improvement comes from heterojunction




JHT of CZTS/CdS and CZTSe/CdS
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Yan C et al. Nat. Energy, 2018, 3(9): 764-772. Su Z et al, Adv. Mater. 2020, 32, 2000121 Wang S et al. ACS AMI 2021, 15, 12211



Interface Recombination Dznamics and Defect Property

M-TPV/M-TPC CV/DLCP
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recombination within the absorber ~recombination at the heterojunction

= LT-JHT significantly reduces interface recombination
= LT-JHT greatly reduces interface charge density
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Interface Recombination: CZTSSe vs CISSe
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Intensity (a.u.)

LT-JHT Induces Interface Elemental Di-Mixing

a
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» Cdin CZTSSe and Zn in CdS are observed in Ref sample
> Interface narrows and sharps upon low-temperature JHT
» Elemental di-mixing: Cd and Zn back to original position
> Interface moves toward CdS layer
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Elemental Di-mixing Enables Epitaxial Interface

ACZTSSe

» Low crystallinity of CZTSSe and CdS » Improved crystallinity for CZTSSe and CdS
» Defective and non-coherent interface » Coherent interface: CZTSSe(112)ICdS(111)

Nature Energy, 2022.
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Heterojunction Interface: CZTSSe vs CISSe
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> less interface recombination
> epitaxial heterointerface

» Cu-poor surface

» Cd?* occupies V¢,

» buried pn junction

O/

» serious interface recombination
» Defective heterointerface

» Cu-poor surface ??

» Cd?* occupies V,?7?

» buried pn junction??



Construction of CZTSSe/CdS Interface

NH,OH etching

Zn, e W/O €tChing
with etching
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» Zn dissolves with etching (during CBD)

» Cu poor/Zn-rich surface

» CdS constructed on Zn-poor surface (not Cu-poor as in CIGS)
» Zn re-deposition into CdS

» JHT recovers interface: Zn moves towards surface
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Lattice Constrain and Band Alignment
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CZTSSe/CdS Interface: Defective to Epitaxial

defective interface coherent interface

/
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In CBD solution After CdS deposition JHT After JHT

» Cdin CZTSSe and Zn in CdS are observed in Ref sample
» Interface narrows and sharps upon low-temperature JHT
» Elemental di-mixing: Cd and Zn back to original position

» Interface moves toward CdS layer
Nature Energy, 2022.
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Current (mA)

Record Efficiencz Device via Low-Temp JHT
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Best Research-Cell Efficiencies
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Certification of 11.7% 1-cm? Size Device
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Recombination-free Heterojunction Interface

epitaxial interface reasonable CBO uniform surface

(matched lattice constants) (small spike) (less defective)
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-- N —
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Wang, et al. J. Alloy. Compd. 509, 9959-9963 (2011).

Knight, et al. Mater. Res. Bull. 27, 161-167 (1992). .

e 0008) » CdS is a good buffer layer for CZTSe but not for CZTS

Shi, et al. J. Alloy. Compd. 683, 46-50 (2016). . . . - -

Chett, etal. ntermetalics 72, 17-24 (2016). » Uniform surface (grain growth) is crucial for kesterite

Nagaoka, et al. J. Cryst. Growth 555, 125967 (2021).

Gurieva, et al. Phys. Status Solidi (C) 12, 588-591 (2015).




4. l%\g:lél:'—l —ité

Controlled solution chemistry enables fabrication of CZTSSe through direct phase transformation
grain growth, which sufficiently suppresses defects and band tailing.

For the first time unveils that the kesterite/CdS heterojunction is constructed on a Zn-poor surface
(not Cu-poor surface as CIGS), accounting for the defective heterojunction interface.

Low temperature JHT induces elemental di-mixing, which reconstructs epitaxial interface.

We have achieved 13% new record efficiency and 11.7% certified efficiency on 1 cm? size.

The findings are expected to advance the development of kesterite solar cells.

The strategies developed here can be applied to other solution based multi-element semiconductors.
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