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CIGS/CZTS Thin Film Solar Cells: Motivations

ÅHigh stability and non-toxic

ÅTunable band gap: 0.90-2.5 eV

     (Top and bottom cell for tandem) 

ÅOn transparent substate

ÅOn flexible substrate

3M. A. Omid, Ö. N. Cora, Turk J Electrom Energy, 2020, 5, 74-82. Schorr. S. Sol. Energy Mater. Sol. Cells. 2023, 249, 112044.
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Fabrication of Kesterite: Vacuum vs Solution

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

Li J, Huang Y, Huang J, et al. Advanced Materials, 2020, 32, 2005268.

Kim, S, et al. EES, 2024, 17, 8609-8620. (DGIST)
Yan C, Huang J, Sun K, et al. Nature Energy, 2018, 3, 764.

Giraldo S, Saucedo E, Neuschitzer M, et al. Energy & Environmental Science, 2018, 11, 582.

Precursors: Metal (Cu/Zn/Sn), sulfide/selenide (SnS, ZnS) 
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NREL, UNSW, IREC, DGIST, JAIST, CNU, UPC, etc. 



2-methoxyethanol (MOE)
DMSO

TGA-ammonia amineīthiol

[1] Su Z, Liang G, Fan P, et al. Advanced Materials, 2020, 32(32): 2000121.

[2] Sun Y, Qiu P, Yu W, et al. Advanced Materials, 2021: 2104330.
[3] Xu X, Guo L, Zhou J, et al. Advanced Energy Materials, 2021, 11(40): 2102298.

[4] Zhao Y, Zhao X, Kou D, et al. ACS Applied Materials & Interfaces, 2021, 13(1): 795-805.

Precursors: metal oxides, metal salts + S source
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Fabrication of Kesterite: Solution



Large Voc deficit Voc,def= Voc
SQïVoc      Voc/Voc

SQ

Mitzi, et al. Adv. Energy Mater. 2013.

Voc/Voc
SQ : 0.57
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Kesterite Thin Film Solar Cells: Challenges

Giraldo, et al. Adv. Mater. 2019.

Interactive Best Research-Cell Efficiency Chart | Photovoltaic Research | NLR

CZTSSe

CIGSe

https://www.nlr.gov/pv/interactive-cell-efficiency
https://www.nlr.gov/pv/interactive-cell-efficiency
https://www.nlr.gov/pv/interactive-cell-efficiency


Possible Reasons for Large Voc-def

Chen, et al, Adv. Mater. 2013, 25, 1522, Chem. Mater., 2013, 25, 3162.

Sol. Mater. Sol. Cell 2015, 132, 363.  J. Mater. Chem. A, 2018, 6, 189.

Secondary phases 

Cu-Zn disorder

Deep defects 

Band tailing

Cu\Sn: two oxidation states

Absorber Fabrication

precursor filmŸ absorber film
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DMSO Molecular Precursor Solution Approach

Cu(OAc)2·H 2O

ZnCl 2

SnCl2·2H 2O

SC(NH2)2 (Tu)

4.1%
DMSO

Ki and Hillhouse, Adv. Energy Mater. 2011, 732.

C
u

(O
A

c
) 2

·H
2
O

SnCl2·2H 2O ZnCl 2· SC(NH2)2

2Cu2++Sn2+ 2Cu++Sn4+
Controlling redox reaction

8.3%

Xin. H. et al. Adv. Energy Mater. 2014, 1301823 

Voc,def : 0.424 V

Voc/Voc
SQ : 0.51

Cu2ZnSnS4

+I    +II     +IV
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Absorber Engineering (DMSO Solution)



Cu+ + Sn2+

Controlling Tin Oxidation State: Sn2+ vs Sn4+

Cu+ + Sn4+

CuCl, ZnCl2, SnCl2Ā2H2O, Tu CuCl, Zn(OAc)2, SnCl4, Tu  

Cu2ZnSnS4

+I    +II     +IV

IEEE 7th WCPEC, 2018
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Sn2+ vs Sn4+

SnS
ZnSe

SCI. CHINA Mater., 2021 1 52. 

æVoc=54 mVSn2+ Sn4+

XRD Raman PL

ü Dramatic difference in composition and 

morphology of the precursor films 

ü Sn4+ shows high uniformity

ü Sn4+ device has much high Voc 
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Junction Heat Treatment (JHT)

JHT (200oC/20 h, vaccum)

Sn2+

Eg: increase 24 meV

Jsc: decrease

Voc: equal to Eg increase

FF: no obvious change

Sn4+

Eg: increase 20 meV

Jsc: decrease

Voc: enhance 50 mV

FF: increase

Voc directly related to the oxidation 

state of the Sn precursor

SCI. CHINA Mater., 2021, 1, 52. 

Top Sn4+ Top Sn2+

Raman GDOES

ü Order level similarly  improved upon JHT

ü Large Cd and S diffuse into film  

ü Surface property  is more important
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Total area: 12.4%

Active area: 13.6%

Voc,def :  0.297 V

Voc/Voc
SQ : 63.7%

Champion CZTSSe Device from Sn4+ DMSO Solution

Total area: 11.56%

Active area: 13.22%

Voc,def :  0.332 V

Voc/Voc
SQ : 0.61

SCI. CHINA Mater., 2021 1 52. 13



Identify the Origin of the Voc deficit

CuCl+3Tu = Cu(Tu)3Cl                    (1)

ZnCl2+2Tu = Zn(Tu)2Cl2                           (2)

Zn(OAc)2+2Tu = Zn(Tu)2(OAc)2       (3)

SnCl2+2Tu = Sn(Tu)2Cl2                         (4)

SnCl4+2DMSO = Sn(DMSO)2Cl4  (5)

Cu2-xS 

ZnS 

ZnS  

SnS

Nothing

Reaction of each precursor in 

the DMSO solution with Tu

Reaction from 

solution to solid film
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Sn2+

Sn4+



Reaction Paths from Solution to Precursor films
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Sn(Tu)xCl2 Ÿ SnS  

Zn(Tu)2Cl2 Ÿ ZnS    

Cu(Tu)3Cl Ÿ Cu2-xS         

Cu(Tu)3Cl+Zn(Tu)2Cl2+Sn(Tu)xCl2 Ÿ Cu2ZnSnS4 

Zn(Tu)2(OAc)2 Ÿ ZnS (10) (trace)                                         

Cu(Tu)3Cl+Zn(Tu)2(OAc)2+Sn(DMSO)2Cl4 Ÿ Cu2ZnSnS4 

Sn2+ solution

Sn4+ solution

Cu2-xSe
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ZnS
SnS

Cu+

Sn4+

Zn2+



Grain Growth from Precursor Film to Absorber

Selenization profile



Sn4+

Sn2+

Grain Growth from Precursor Film to Absorber
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Sn2+

Sn4+

Grain Growth from Precursor Film to Absorber



JHT on the Electronic Property of the Absorbers

æVoc= ~80 mV Voc/Voc
SQ = 63.7%

FF/FFSQ = 84.1%

ü Band gap (order level) similarly  improved upon JHT

ü Band tailing (EU) does not show correlation to Voc 

ü Charge carrier  concentration (especially surface defects) significantly reduced

ü Multi  phase fusion grain growth produce defects (especially near the surface) 19



Two Reaction Paths to Absorber
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Sn2+:  multi -phase fusion Sn4+: direct phase transformation

Cu(Tu)3Cl+Zn(Tu)2Cl2+Sn(Tu)xCl2 

Cu2ZnSn(S,Se)4

Cu2-xS+ZnS+SnS+Cu2ZnSnS4

Cu(Tu)3Cl+Zn(Tu)2Cl2+Sn(DMSO)2Cl2 

Cu2ZnSn(S,Se)4

Cu2ZnSnS4



SnCl4+2DMF = Sn(DMF)2Cl4

Cu(Tu)3Cl+Zn(Tu)2(OAc)2+Sn(DMF)2Cl4ŸCu2ZnSnS4 

Sn

O

Cl

Universal of the Direct Phase Transformation 
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Absorber Engineering: Ag Alloying

CuCl+3Tu = Cu(Tu)3Cl                 

Zn(OAc)2+2Tu = Zn(Tu)2(OAc)2   

SnCl4+2DMSO = Sn(DMSO)2Cl4  

AgNO3+3Tu = Ag(Tu)3NO3  

Cu2ZnSnS4

(Ag,Cu)2ZnSnS4

Ag+ coordinates with Tu as Cu+
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Ag Incorporation Through DMSO Solution

(Agx,Cu1-x)2ZnSnS4  (X=0-1) successfully fabricated.
23


