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CIGS/CZTS Thin Film Solar Cells: Motivations

• High stability and non-toxic

• Tunable band gap: 0.90-2.5 eV

     (Top and bottom cell for tandem) 

• On transparent substate

• On 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 amine−thiol

[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

6

Fabrication of Kesterite: Solution



Large Voc deficit： Voc,def = Voc
SQ–Voc      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 film→ absorber film
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DMSO Molecular Precursor Solution Approach

Cu(OAc)2·H2O

ZnCl2

SnCl2·2H2O

SC(NH2)2 (Tu)

4.1%
DMSO

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

C
u

(O
A

c)
2
·H

2
O

SnCl2·2H2O ZnCl2· 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, SnCl2∙2H2O, 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. 

∆Voc=54 mVSn2+ Sn4+

XRD Raman PL

➢ Dramatic difference in composition and 

morphology of the precursor films 

➢ Sn4+ shows high uniformity

➢ Sn4+ device has much high Voc 

11



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

➢ Order level similarly improved upon JHT

➢ Large Cd and S diffuse into film 

➢ Surface property is more important

12



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

14

Sn2+

Sn4+



Reaction Paths from Solution to Precursor films
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RT

Sn(Tu)xCl2 → SnS  

Zn(Tu)2Cl2 → ZnS    

Cu(Tu)3Cl → Cu2-xS         

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

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

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

∆Voc= ~80 mV Voc/Voc
SQ = 63.7%

FF/FFSQ = 84.1%

➢ Band gap (order level) similarly improved upon JHT

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

➢ Charge carrier concentration (especially surface defects) significantly reduced

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



Two Reaction Paths to Absorber

20

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)2Cl4→Cu2ZnSnS4 

Sn

O

Cl

Universal of the Direct Phase Transformation 

21



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+
 

22



Ag Incorporation Through DMSO Solution

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



Device Defect NT (cm-3) Lowest reported

No Ag
CuZn 2.84×1013 5.79×1013

CuSn 2.22×1013 8.32×1013

Ag (5%)
CuZn 5.12×1012 1.50×1013

CuSn 1.48×1013 3.25×1013

Voc,/Voc
SQ

∆Eg=14 mV

Ag (5%) Alloying on Defect Property

∆Voc=37 mV

Total area: 12.5%

Active area: 13.5%

∆EU= 2.1 meV

▪ Suppresses CuZn and CuSn

▪ EU decreased 2.1 meV, Voc increased 23 mV 

24

Voc/Voc
SQ = 64.2%
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Ag alloying

Absorber Engineering: Alloying via DPT

Cd alloying Ge alloying

PCCP, 2024.Adv. Energy Mater. 2023.

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

Adv. Funct. Mater. 2021.

(Ag,Cu)2(Zn,Cd)(Sn,Ge)S4 → (Ag,Cu)2(Zn,Cd)(Sn,Ge)(S,Se)4
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Phys. Chem. Chem. Phys., 2015,17, 23859.

11.8%

Absorber Engineering: Li Doping
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Band Diagrams Cross a Grain Boundary

no Li with  Li with  Li 

▪ Without Li, a downward band bending at GBs, higher recombination

▪ With Li, upward band bending at GBs, repelling minority carriers and reduce recombination

Phys. Chem. Chem. Phys., 2015,17, 23859.



▪ No change on band gap, same EU

▪ No obvious improvement on absorber bulk

▪ Improvement comes from heterojunction  

Similar Eg and Eu

Low-Temp Junction Heat Treatment (LT-JHT)

110ºC

Interface Engineering

Nature Energy, 2022, 7, 966-977.



LT-JHT on CZTSSe/CdS Interface

Nature Energy, 2022, 7, 966-977.



Elemental Di-mixing Enables Epitaxial Interface

30

➢ Low crystallinity of CZTSSe and CdS 

➢ Defective and non-coherent interface 

➢ Improved crystallinity for CZTSSe and CdS

➢ Coherent interface: CZTSSe(112)‖CdS(111)

Nature Energy, 2022, 7, 966-977.



Construction of CZTSSe/CdS Interface

31

NH4OH etching Zn Cu intensity change Device with etching and JHT

➢ 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

Cu2Se+4NH3=2[Cu(NH3)2]
++Se2-

ZnSe+4NH3= [Zn(NH3)4]
2++Se2-

K=1.48×10-17

K=8.2×10-40

Nature Energy, 2022, 7, 966-977.
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CZTSSe/CdS Interface: Defective to Epitaxial

Nature Energy, 2022, 7, 966-977.

➢ Cd in 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



Record Efficiency Device via LT JHT 

Device Absorber
Area 

(cm2)

VOC 

(V)

JSC 

(mA/cm2)

FF 

(%)
Eff. (%) n

J0 

(A/cm2)
Rs

Eg 

(eV)

VOC-def 

(V)

Certifying 

Center

This work ACZTSSe* 0.107 0.529 33.7 72.9 13.0 1.35 8.2×10−9 0.35 1.11 0.337 NREL

IBM cell6 CZTSSe 0.420 0.513 35.2 69.8 12.6 1.45 7.0×10−8 0.72 1.13 0.373 Newport

DGIST cell7 CZTSSe 0.480 0.541 35.4 65.9 12.6 1.88 9.6×10-7 0.87 1.13 0.345 Newport

UNSW cell2 CZTS 0.233 0.730 21.7 69.3 11.0 1.44 6.8×10-8 2.58 1.50 0.500 NREL

IBM cell27 CZTSe 0.43 0.423 40.6 67.3 11.6 1.57 1.3×10-6 0.32 1.00 0.342 Newport

Aperture area: 12.96%

Active area: 14.22%

Nature Energy, 2022, 7, 966-977.



anoEnergy124(2024)
109448

Universal of Cu+-Sn4+ Precursors and LT-HJT

Nat. Energy, 2023, 8, 526-535 Adv. Mater., 2024, 36, 2400138 Nano Energy, 2024, 124, 109448 Small Methods, 2024, 2400041 ACS Energy Lett. 2024, 9, 4939-4946

(MOE)(DMSO) (DMF)

34
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Fabrication of CZTSSe Module

P1: isolate the Mo back contacts

P2: create connecting channel between top and bottom contacts

P3: separate aluminum doped zinc oxide (AZO) top contacts

Kesterite Solar Module

Internal integration

Sci. Bull. 2023, 68, 1497-1499.
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Module Performance

Module Ref CTM loss

VOC (V) 2.338 0.499 21.84%

JSC (mA/cm2) 27.03 34.02 20.55%

FF (%) 40.35 57.98 30.41%

PCE (%) 4.25 9.84 56.81%

Sci. Bull. 2023, 68, 1497-1499.
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溶液组分调控改善薄膜均匀性

Composition Regulation to Improve Uniformity

Nature Energy, 2025, 10, 1315–1322. 
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溶液组分调控改善薄膜均匀性

Module Structure Modification and Stability
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Cell to Module (CTM) Loss

13

0.93%

7.03%

18.8%

Nature Energy,2025, 10, 1315–1322. 
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10.1%

First Record Efficiency Kesterite Solar Module



Kesterite Solar Cell on Transparent Electrode

41

Adv. Energy Mater. 2023, 13, 202300253.



MoO3 interfacial layer: selenized to MoSe2, initiates grain growth at back contact 

42Adv. Energy Mater. 2023, 13, 2300253.

CZTSSe Solar Cell on Transparent Electrode



CZTSSe Solar Cell on Transparent Electrodes

Na doping and Ag alloying

43



CZTSSe Solar Cell on Transparent Electrodes

Device*
VOC

(V)

JSC

(mA cm-

2)

FF
(%)

PCE
(%)

n
Rs

(Ω cm2)

Rsh

(Ω 
cm2)

J0

(A cm-2)
EU

(meV)
σg

(meV)
γopt

(meV)

CZTSSe/FTO
0.40
6

32.7 52.9 7.02 2.20 2.65 115
2.85×10-

5 24.6 55.6 23.3

CZTSSe/MoO3/FTO
0.47
3

33.4 60.5 9.56 2.00 2.95 607
3.44×10-

6 24.1 52.3 22.8

CZTSSe(Na)/MoO3/FTO
0.48
3

35.5 65.1 11.2 1.77 1.73 982
1.11×10-

6 24.1 47.5 22.3

ACZTSSe(Na)/MoO3/FTO
0.51
5

32.2 66.9 11.1 1.57 2.42 1082
8.33×10-

8 23.1 55.9 23.7

CZTSSe(Na)/Mo
0.48
3

37.4 66.2 12.0 1.68 1.80 2729
1.70×10-

7 23.9
50.5
1

23.9

ACZTSSe(Na)/Mo
0.53
1

34.8 67.0 12.4 1.53 1.74 5449
2.71×10-

8 23.5 48.3 22.2

44



Promote grain growth

H. Liu, S. Wang*, W. Yan*, H. Xin*, Solar RRL, 2024, 2400588

5.88%
7.18%

8.36%

Mitigated 

absorber and HJ 

interface defects

45

CZTS Solar Cell on FTO Electrodes

Na doping

Eg = 1.61 eV



Cd alloying: improved grain growth, suppressed CuZn

A. Xu, S. Wang*, H. Xin*, Small, 2024, 2407075 46

CZTS Solar Cell on FTO Electrodes

Cd/(Cd+Zn)=25% Eg = 1.47 eV



c

47

Ag-Cd co-alloying: CBO: Cliff to Spike

47

10.3%

Voc > 700 mV

A. Xu, S. Wang*, H. Xin*, Small, 2024, 2407075

Ag/(Ag+Cu)=7.5%

CZTS Solar Cell on FTO Electrodes

Eg = 1.65 eV



48
48S. Wang, H. Xin* et al. Advanced Energy Materials, 2026, accepted.

Cd-free CZTS on FTO Electrode

7.92%

9.32% 

Mn-Mediated Phase Engineering ZnSnO buffer layer
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CIGSSe: High Pressure Selenization 

Cu/In=0.85, no etching treatment

Solar RRL, 2018,1800044.

• Dissolve all precursors 

at room temperature.

• Long-time stability

• PCE=10.3% 

ΔP=0 MPa: loose grains, CdS into the film, Cu-rich near surface

ΔP=0.06 MPa: dense top grains, CdS only on surface, uniform composition

50



▪ State-of-the-art composition

▪ Avoid Cu2-xSe impurity

   (KCN etching is still needed) 

▪ Order-defect-compound (ODC) layer 

▪ Lower defect 

▪ Potentially High Voc

▪ Cu2-xSe impurity

▪ High performance not achieved yet

Cu-poor (Cu/(In+Ga)<0.9) Cu-rich

ΔP=0 MPa 

ΔP=0.06 MPa 

Cu/In= 0.85, 0.95, 1.05, 1.20

Nano Energy, 2020,104438.

Cu/In=1.05

High Pressure Selenization： Cu-rich Absorber 

51



Cu2-xSe-free Cu-Rich Absorber

With (NH4)2S etching, Cu2-xSe on surface can be removed 

Cu2-xSe exits in 

Cu-rich films

Cu2-xSe free

Δ
P

=
0
.0

6
 M

P
a
 

Δ
P

=
0

 M
P

a
 

Nano Energy, 2020,104438.

XRD Raman
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Cu-rich CIS: Optoelectronic  Properties

GDEOS
c-AFM

TEM EDX

PL

▪ Cu-rich composition 

▪ Shorter Cd diffusion into absorber

▪ Epitaxial like interface

▪ Higher and more uniform conductivity

▪ Higher PL peak position

Nano Energy, 2020,104438.

Eg=1.005 eVEg=0.995 eV

53



Champion Cu-rich CIS/CIGS Device from DMF Solution 

PCE=15.2%

Voc=604 mV

Jsc=35.2 mA/cm2

FF=71.51%

Voc,def =0.273 V

Voc/Voc
SQ=69%

PCE=14.5%

Voc=520 mV

Jsc=38.5 mA/cm2

FF=72.5%

Voc,def =0.235V

Voc/Voc
SQ=67%

Nano Energy, 2020,104438.54



H2O Solution: Complexes as Precursors

• Challenges: Hydrolysis, Impurities originating 

from starting materials, Oxidation

Cu(TU)3Cl

In(TU)3Cl3

H2O

Nano Energy, 2019, 818.

Cu(Tu)3Cl In(Tu)3Cl

P. Bombicz et al. Inorg.Chim. Acta 357 (2004) 513. J Therm Anal Calorim (2011) 83.

12.3% CIS

55



Chemistry in Aqueous Solution

The direct bonding of all metal ions with sulfur in the precursor solution is the key for high 

quality absorber film.

All the solutions prepared by mixing TU and InCl3 became unclear.

Nano Energy, 2019, 818.56



NMP Solution: Annealing in Air vs Inert Atmosphere

Solar RRL, 2019, 3, 1900052.57



Grain Growth of Solution Processed CIS absorber

Cu/In=0.9 Cu/In=1.0 Cu/In=1.1

Selenization profile
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Grain Growth of Solution Processed CIS absorber

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

Direct phase transformation grain growth Liquid (Cu2-xSe) phase 

assisted grain growth

Vacuum route

Solution route
59



High Tolerance to Composition Near Stoichiometry

60



CISSe Back Contact: Plasma Treatment 

Device
VOC 

(mV)

JSC 

(mA/cm2)

FF 

(%)

PCE 

(%)

Rs

(Ω·cm2)

Rsh

(Ω·cm2)
n

J0

(A·cm-2)

Eg 

(eV)

Eu 

(meV)

σg 

(meV)

γopt

(meV)

CISSe-Ref 500 38.33 67.21 12.89 0.83 647 1.60 2.1×10-7 1.01 15.74 29.86 14.45

CISSe-PT 520 40.00 69.87 14.53 0.40 861 1.57 1.08×10-7 1.01 15.61 28.08 14.05

An efficiency of 14.53% is achieved from the champion CISSe-PT device. Adv. Funct. Mater. 2023, 2310124.61



Wide Bandgap CIGS

Optimization of GGI

62 Nano Research, 2025, 18(10) 94907972



Optimization of CGI: 0.88, 0.91, 0.94, 0.97

CGI=0.94, PCE=8.5% 63

Wide Bandgap CIGS

Nano Research, 2025, 18(10) 94907972



Ag/(Ag+Cu)=0, 3, 5, 10, 30, 50%

Nano Research, 2025, 18(10) 94907972
64

Wide Bandgap CIGS: Ag Alloying



Eg=1.69 eV    PCE=11.5%

Wide Bandgap CIGS: Ag Alloying

Nano Research, 2025, 18(10) 94907972

Eg=1.70 eV  PCE=12.94%



◆The killer defects: multiphase fusion reaction path

◆  Cu+-Sn4+ molecular solution enables direct phase transformation grain growth

◆Unveils the kesterite/CdS heterojunction is constructed on a Zn-poor surface

◆Low temperature JHT induces elemental di-mixing, reconstructing epitaxial interface. 

◆10.1% module with low JSC and VOC CTM loss 

◆New strategy is required to further mitigate VOC loss

Summary and Outlook

Voc/Voc
SQ 

57% 64%
64-67%

C-Si:  98%   CIGSe: 88%

Kesterite: (Ag,Cu)2(Zn,Cd)(Sn,Ge)S4 → (Ag,Cu)2(Zn,Cd)(Sn,Ge)(S,Se)4



Cu-Rich CIGS Absorber Grain Growth MechanismHigh-pressure selenization3 Solvent Systems

Doctor-blading in air 
Publications

● Sol. RRL 2018, 2, 1800044.

● Sol. RRL 2019, 1900052.

● Nano Energy 2019, 62, 818.

● Nano Energy 2020, 69, 104438.

● Sol. Energy 2021, 220, 796-801.

● Adv. Energy Mater. 2021, 12, 2103644.

● ACS Appl. Energy Mater. 2022, 5, 10, 12336.

● Adv. Energy Sustain. Res. 2022, 2200006.

● Sol. RRL 2022, 2200150.

● Nano Research, 2025, 18(10) 94907972.

● Four issued China patents

● 1 PCT patent.

Patents

Cu(TU)3Cl

In(TU)3Cl3

H2O

NMPH2O

▪ For the first time performed selenization 

under high pressure to fabricate better 

absorber

▪ Achieved highly efficient Cu-rich CIGS solar 

cells without KCN etching

▪ Different grain growth mechanism to that of 

vacuum-based approach

▪ >18% efficiency via doctor-blading in air

Unpublished data

Summary and Outlook: Chalcopyrite
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