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Group V-VI Compounds & Antimony Selenosulfide
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ZnO Nanowire LiFePO4 NanowireHigh efficiency carrier transport
Mechanically flexible
High extinction coefficient, tunable 

band gap (1.1-1.8 eV)
Stable, nontoxic, abundant storage

1D 2D 3D



Sb2(S,Se)3 and One-Dimensional Chain-Like Materials
Se, Se-Te

CsCu2I3, Cs5Cu3I6Cl2

VS（superlattice）

MOF

Ref: Nature 2022. Ref: Joule 2024. 

Ref: Nano Lett. 2021.Ref: J. Am. Chem. Soc. 2023.

Indoor PVAnomalous Hall effect
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Photocatalyst X-ray imaging
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High efficiency carrier transport
Mechanically flexible
High extinction coefficient, tunable 

band gap (1.1-1.8 eV)
Stable, nontoxic, abundant storage

1D



1D PV Materials

CIGS

Si

Perovskite

CdTe

Conventional 3D PV materials1D PV Materials
Less dangling bond 
Highly efficient transport
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Dangling bond & carrier 
recombination

Substrate
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Antimony based PV materials: much less dangling bond, high-directional carrier transport, tunable bandgap 
(1.1-1.8 eV, high absorption coefficient), expecting generating new mechanism and technology in PV applications  

Substrate



Applications of SbSSe Solar Cells

 Sb2(S,Se)3:  stable, nontoxic, abundance, flexible,…, unique advantages
 Tandem device: Eg of Sb2S3 1.8 eV, Eg of Sb2Se3 1.1 eV
 Applications: high power to weight ratio, IoT,  portable solar cells

Ref: ACS Photonics 2020, 7, 352-360.

High stable 
flexible inorganic 
solar cells
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Efficiency

Stability

The efficiency requires essential improvement

Survive the 
stringent test 

(85% humidity, 
80 oC)

Efficiency and Challenge

J. Phys. Chem. C 2009, 113, 4254. 
 3.37% efficiency

The initial 
application，2009

Cost
(high abundance, 

non-toxic, thin 
film solar cell)

Sb2(S,Se)3
Eg:  1. 1-1. 8 eV，opt imal bandgap

Bandgap (eV) 
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关键问题

Grain boundary
[Sb4(S,Se)6]n

Directional transport
Defect&recombination

High efficient charge transport and collection
------Materials science and device design

e
h

e
h

e
h

How to improve the efficiency?

Interface Bulk-Absorber Layer Interface
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Our Study in This Field (from 2016---)

• Adv. Mater. 2021, 33, 2006689.
• Adv. Mater. 2025, 37, 2414082.
• Adv. Mater. 2024, 36, 2305841.
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 Defect formation, evolution, 
passivation

• Acc. Chem. Res. 2026, 59, 1342.
• Nat. Commun., 2021, 12, 3260. 
• Adv. Mater., 2022, 34, 2208564.
• Adv. Mater., 2024, 36, 2404826.

 Develop hydrothermal and 
thermal evaporation methods

• Nature Energy 2020, 5, 587.
• Nature Energy 2025, 10, 857.
• Nature Energy 2026, 11, 415.
• Angew. Chem. 2024, 63, e202406512. 
• Adv. Mater. 2026; 38:e20937.

 Develop p-SbSSe-n and internal 
homojunction device structure 
and efficiency breakthrough

• Nature Photonics 2026, 20, 644.
• Nature Commun. 2019, 10, 4540.
• Energy Environ. Sci. 2025, 18, 4833.
• Nanoscale 2017, 9, 3386.

Defect

Thin film

Device

Sb2(S,Se)3
Solar Cell

 Preferential orientation

Orientation
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The Challenge in Film Fabrication

Ref: ACS AMI 2019, 11, 3207. Ref: Adv. Mater. 2021, 33, 2006689. 

Vapor depositionSolution processing

Ref: Nat. Commun. 2018, 9, 2179.
Nat. Photon. 2015, 9, 409.
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Pinholes in Sb2(S,Se)3 film: increase resistance, lead to recombination
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Conventional Spin-Coating Method

Wang, …, Chen,* Nanoscale 2017, 9, 3386-3390.

Bulk
Sb2S3
Film

Volatile species

Dissolution C-SH + C4-NH2 Film Formation (coating and heating)

Sb2O3, Sb(OH)3, SbCl3

Device

Sb2O3

Sb-complexC SS NH2

(BDCA)SH N
H

S

EtOH

Precursors:
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Conventional Spin-Coating Method
Sb2S3 film Crystallinity

Wang, …, Chen,* Nanoscale 2017, 9, 3386-3390.
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Improving the Crystallinity and Reducing Bandgap

Selenization can improve the crystallinity and reduce the band gap.

Sb2S3
Eg=1.8 eV

Sb2(S,Se)3 Eg=1.1-1.8 eV

Selenization

Sb2S3

Sb2(S,Se)3

M
ax

 E
ffi

ci
en

cy
 (%

)

Bandgap (eV)

Selenization in 
Cu2(Zn,Sn)Se4 solar cell 

fabricattion

Ref: Adv. Energy Mater. 2012, 2, 504.

Selenization
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Se + Sb2S3         Sb2(S,Se)3 solar cell

Wang, …, Chen,* Chen,* Zhang,* Adv. Electron. Mater, 2019, 5, 1800683. (in collaboration with Prof. GL Chen @ FJNU)

From Sb2S3 to Sb2(S,Se)3

Only top surface
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How About Conventional Vapor Deposition Method?

17

Ref:
Vapor deposition, J. Tang (HUST)
PCE = 5.79%, 
Prog. Photovolt: Res. Appl. 2017. 

Ref:
Vapor deposition, J. Tang (HUST) 
PCE = 5.73% 
Solar RRL. 2018. 

Vapor deposition, 
PCE = 8.0%, 
Adv. Mater. 2021, 2006689.

The appearance of pin holes resulting in resistance and recombination

Thermal Evaporation 

Vapor Transport Deposition
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Why is the formation of large grains difficult?

Inert grain boundary, difficult to melt together

The one-dimensional structure enables fewer dangling bonds and highly efficient 
directional carrier transport, yet it poses challenges for fabricating large grain sizes.



New Method: Hydrothermal Deposition Method

Tang, …, Zhu,* Hao,* Chen,* Nature Energy 2020, 5, 587.

Se

NH2 NH2

C8H10K2O15Sb2

Antimony
Source
(APT)

Selenium
Source(SU)

Na2S2O3

Sulfur Source(SSS)

Precursors

Developed hydrothermal deposition method for the fabrication of Sb2(S,Se)3
film, the deposition condition: 135 oC, 2-3 hrs,  post-annealing：300 oC in N2

Chemical reaction：2K[SbO(C4H4O6)] + 3Na2S2O3 + 3CSe(NH2)2 + H2O → Sb2(SxSe1-x)3

Compact & Flat 
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Sb2(S,Se)3 Film

Tunable bandgap
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New Method: Hydrothermal Deposition Method
Clear interface between CdS and SbSSe, no interfacial diffusion

10% efficiency breakthrough
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Why Hydrothermal Deposition Can Generate Compact Film?
Vapor Deposition

Hydrothermal mineral deposits are 
accumulations of valuable minerals which 
formed from hot water circulating in 
Earth's crust through fractures.

High Purity & High Crystallinity

Hydrothermal Deposition

High concentration precursor ions
Low concentration Sb2X3, 
SbX, SbX2 …1 µm
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As Deposited Sb2(S,Se)3 Film

As deposited SbSSe film
w/o post-annealing

 Formation of compact amorphous film with Sb-S and Sb-Se bonds
 Post-annealing leads to crystallized Sb2(S,Se)3 with flat and uniform morphology.

Post-annealed



Chemical Reaction Path

C8H10K2O15Sb2+Na2S2O3:
2K[SbO(C4H4O6)] + 3Na2S2O3 + H2O → K2C4H4O6 + 3Na2SO4 + C4H6O6 + Sb2S3↓ slow reaction

C8H10K2O15Sb2+H2N-Se-NH2:
K[SbO(C4H4O6)]⋅0.5H2O → K+ + SbO+ + C4H4O6

2- + 0.5H2O
CSe(NH2)2 + H2O → H2Se + CO(NH2)2

2SbO+ + 3H2Se → Sb2Se3+ 2H2O + 2H+

2K[SbO(C4H4O6)] + 3CSe(NH2)2 + H2O → K2C4H4O6 + 3CO(NH2)2 + C4H6O6 + Sb2Se3↓ fast reaction

Overall: 2K[SbO(C4H4O6)] + 3Na2S2O3 + 3CSe(NH2)2 + H2O → Sb2(SxSe1-x)3 kinetic control

Hung, …, Wang,* Tang,* Zhang,* Chen,* Angew. Chem. Int. Ed. 2024, 63, e202406512.

Competitive reactions: a slower reaction pathway for sulfide 
generation and a faster pathway for selenide generation.

23
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Band Structure Engineering
Introducing Na2S in the hydrothermal deposition can manipulate reaction path and kinetics 
and tailoring the band structure

Qian,*…, Huang,* Chen,* Hao,* Nature Energy 2026,11, 415. (Prof. Xiaojing Hao, Dr. C. Qian at UNSW)

Chen Qian & Me
@ USTC-May 2022

S-richSe-rich
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Reaction Mechanism

Se–S stretching vibration of 
SeSO3

2- and S–S stretching 
vibration of S2O3

2-at 343 and 
447 cm-1

1. Suppress the formation of Sb2O3
2. Facilitate the formation of intermediate SeSO3

2-

3. Stabilize reaction rate towards Sb2Se3

Qian,*…, Huang,* Chen,* Hao,* Nature Energy 2026,11, 415. (Prof. Xiaojing Hao, Dr. C. Qian at UNSW)
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Suppressed Defect Device Efficiency EQE

Device Performance

H1: VS; H2: SbS
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Beyond Crystallinity: Cross Bonding Between (Sb4Se6)n Ribbons

Che,…, Zheng,* Tang,* Chen,* Angew. Chem. Int. Ed. 2025, e202425639.

Localized Atomic Structure Change

Coordination Number Change

The introduction of P2O5 leads to contraction of crystal lattice, enables cross-link of the 
ribbons by P-Se chemical bond, finally resulting additional carrier transporting efficiency  
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Device Performance of P2O5-doped Sb2Se3 Solar Cell
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Key Challenges in Defect Investigations

30

Key challenges

Materials basis 
of the point 

defect

Suppress the 
deep level point 

defect



Preparation of High-Purity Sb2S3

W. T. Lian,…, T. Chen,* Nat. Commun., 2021, 12, 3260. 

Defect Level Transient Spectroscopy

31

Using Sb2S3, S, and Sb as the reaction precursor, vapor deposition method



Defect Identification
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Ref: (Shiyou Chen, FDU) Solar RRL, 2019, 1900503.

Theoretical 
calculation

1. Sb-rich  Sb2S3: SbS antisite, Sb-interstitial (Sbi), S-vacancy (VS) 
2. S-rich Sb2S3: VSb, SSb (only two kinds of defects)

Experimental 
Results
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The correlation between cation/anion ratio and defect characteristics in Sb2S3 film



The Unique Defect Property

Different from 3D materials, the 1D chain-like materials show tolerance to interstitial defect, 
providing unique opportunity for tailoring optical and electrical properties
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Defect Evolution

B. Che,…, T. Chen,* Adv. Mater., 2022, 34, 2208564.

VS/Se Antisite defect

Annealing temperature-dependent defect study method, discovering the formation
mechanism of anti-site defect SbS/Se (vacancy defect→anti-site defect)

Amorphous SbSSe Formation of VS/Se Formation of SbS/Se
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Defect Passivation

Z. Y. Cai,…, T. Chen,* Adv. Mater., 2024, 36, 2404826. 

Reduce SbS Reduce VSe SbSe

VSe

Taking advantage of radius and reaction activity of chalcogens

 Ion-replacement (Se/S)  S, O passivation

35
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Defect Formation and Passivation
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p-SbSSe-n Device Structure

Jiang, ..., Tang,* Chen,* Energy Environ. Sci., 2021, 14, 359.
Wang, …, Chen,* Nanoscale 2017, 9, 3386-3390. 

Ref: Nat. Energy 2017.Ref: Angew. Chem. 2014.

Conventional Device Structure
mesoporous structure       metal-semiconductor

Developed p-SbSSe-n planar heterojunction device structure, which
is currently the widely applied high efficiency device structure

38

p-SbSSe-n planar 
heterojunction

SbSSe

Oganic HTM P-HTM

N-ETM

FTO

Metal

SbSSe
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Efficiency Breakthrough: new device structure + hydrothermal deposition

Low Defect 10% landmark efficiency
 Nat. Energy 2020, 5, 587. 

Sb2(S,Se)3 Film

Planar 
heterojunction 
device
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VOC Loss in Sb2Se3 Solar Cells

The way to improve VOC: reducing ecombination & enhancing internal field

Serious VOC loss
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Internal Homojunction Structure

Yang, …., Tang,* Chen,* Nature Photonics 2026, 20, 644.

Internal Homojunction
p-Sb2Se3/n-Sb2Se3

High Power Conversion Efficiency Low VOC Loss



Tandem Device

Wide Eg

Narrow Eg

Perfect bandgap：Sb2S3: 1.8 eV, Sb2Se3: 1.1 eV

42

Sb2S3/Sb2Se3



Tandem Device with Si and Perovskite

C. Qian,…, B. Hoex,* T. Chen,* X. J. Hao,* Adv. Mater. 2023, 2303936. (with Si)
J. W. Zhang, …, T. Chen,* Solar RRL, 2020, 2000048. (All antimony)
Z. Y. Cai, …, T. Chen,* Energy Mater. Device, 2024, accepted. (with perovskite)

PCE~20%

SbSSe/PerovskiteSbSSe/Si

43
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All Inorganic Device 
Soft sputtering to alleviate the interfacial damage

Yang, …, Tang,* Chen,* Energy Environ. Sci., 2025, 18, 4833.

Bifacial Solar Cell

Tandem Solar Cell
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Conclusions and Outlook

46

1. The crystallinity is not high enough, which generates high transport resistance, either
increase the crystallinity or establish interconnection between ribbons to enhance
carrier transport could further improve the device efficiency.

2. The device structure based planar heterojunction or internal homojunction seem
efficient, more efficient hole transporting materials other than Spiro-OMeTAD is
needed for enhancing the device stability (all inorganic device would be better).

3. The bandgap of Sb2S3 and Sb2Se3 are 1.7 and 1.1 eV, which provide new opportunities
for tandem device applications with silicon, perovskite, etc..
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