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CIGS/CZTS Thin Film Solar Cells: Motivations
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* High stability and non-toxic

* Tunable band gap: 0.90-2.5 eV
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Fabrication of Kesterite: Vacuum vs Solution

NREL, UNSW, IREC, DGIST, JAIST, CNU, UPC, etc.
Precursors: Metal (Cu/Zn/Sn), sulfide/selenide (SnS, ZnS)
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Son D H, Kim S H, Kim S Y, et al. Journal of Materials Chemistry A, 2019, 7, 25279.
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5 Giraldo S, Saucedo E, Neuschitzer M, et al. Energy & Environmental Science, 2018, 11, 582.
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Fabrication of Kesterite: Solution

Precursors: metal oxides, metal salts + S source
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Kesterite Thin Film Solar Cells: Challenges

Large V, deficit: V4ot = Vo P8V Voo Vol
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Possible Reasons for Large V..

Absorber Fabrication

Secondary phases precursor film— absorber film Deep defects
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uniform S/(S+Se), non-uniform strain Cuzy', Vo', 20y, Sny
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. 8



Absorber Engineering (DMSO Solution)

DMSO Molecular Precursor Solution Approach
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9 Xin. H. et al. Adv. Energy Mater. 2014, 1301823



Controlling Tin Oxidation State: Sn?* vs Sn#*

+I +II +IV

Cu,ZnSnS,

Cut + Sn?* Cut + Sn#*

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

= S 2 IEEE 7 WCPEC, 2018
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Sn?* vs Sn4t

Sn?* precursor film
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Junction Heat Treatment (JHT)
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Identify the Origin of the V. deficit

Energy & o
-
Environmental R e ey
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View Article Online

View Journal | View Issue

W) Check for updates Identifying the origin of the V. deficit of kesterite
solar cells from the two grain growth mechanisms

s a s induced by Sn?* and Sn** precursors in DMSO
solution¥
= sy
Reaction of each precursor in Reaction from Z i =
the DMSO solution with Tu solution to solid film /¥_'-rcn--- Snzi--w:,."<

Z

CuCl+3Tu = Cu(Tu),Cl (1) Cu,_ S ? | 'S
/nCl,+2Tu = Zn(Tu),Cl, (2) A\ ZnS 3 i i £

Zn(OAc),+2Tu = Zn(Tu),(OAc), (3) 7nS Moot o

oL T

SnCl,+2DMSO = Sn(DMSO0),Cl, (5) Nothing

14




Intensity (a.u.)
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Grain Growth from Precursor Film to Absorber

Selenization profile
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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
» Multi phase fusion grain growth produc¢é defects (especially near the surface)




Two Reaction Paths to Absorber

Sn?*: multi-phase fusion Sn+*: direct phase transformation
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Universal of the Direct Phase Transformation

O Sn Journal of ™ OYAL SOCIETY
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Absorber Engineering: Ag Alloying

RESEARCH ARTICLE FUNCTIOP —_

westmiowr CuCl+3Tu = Cu(Tu);Cl
Ag Incorporation with Controlled Grain Growth Enables Zn(OAc),+2Tu = Zn(Tu),(OAc), [1 Cu,ZnSnS,
12.5% Efficient Kesterite Solar Cell with Open Circuit _ —
Voltage Reached 64.2% Shockley—Queisser Limit SnCl+2DMSO0 = Sn(DMS0),Cl,— (Ag,Cu),ZnSnS
Yuancai Gong, Ruichan Qiu, Chuanyou Niu, Junjie Fu, Erin Jedlicka, AgNO3+3Tll = Ag(Tll)3NO3 ] . 2 4
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Ag Incorporation Through DMSO Solution
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Absorber Engineering: Alloying via DPT
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Absorber Engineering: Li Doping
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Band Diagrams Cross a Grain Boundar
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= Without Li, a downward band bending at GBs, higher recombination
= With Li, upward band bending at GBs, repelling minority carriers and reduce recombination
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Interface Engineering

Low-Temp Junction Heat Treatment (LT-JHT)

40 100
-9- Ref _@-Ref

T |00000000008320, |

5 9 00 80

O 30+ o Q\ 4

E 110 C " ] 0\ ()

%20- \Q 0 é 60

c L

§ VoV 0.488 0.532 \ \ S

— -2

£ 0. Jooc (MACmM™) 338 342 Q@ o _ g

t  |FF (%) 68.1 73.4 ol &

O 1pcE (%) 11 134 j Similar E5 and E;

0 T T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0 T . T - T - T g
V0|tage (V) 400 600 800 1000 1200
Wavelength (nm)
[IRef [ JuHT e
0.554 ) i;}s 14 |
_ €| T _ 3y 1% = No change on band gap, same E
S f G N 9\370— | \’;' L5 . . .
Foso Ed P ot g T = No obvious improvement on absorber bulk
B8 T os é@ = Improvement comes from heterojunction
0.45

Nature Energy, 2022, 7, 966-977.




LT-JHT on CZTSSe/CdS Interface
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ACZTSSe

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

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

nature energy

Article https://doi.org/10.1038/541560-022-01132-4

Elemental de-mixing-induced epitaxial
kesterite/CdS interfaceenabling
13%-efficiency kesterite solar cells
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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
32 Nature Energy, 2022, 7, 966-977.
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Control of the phase evolution of kesterite by
tuning of the selenium partial pressure for
solar cells with13.8% certified efficiency
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Suppressing Element Inhomogeneity Enables 14.9%
Efficiency CZTSSe Solar Cells

Yimeng Li, Charigcheng Cui, Hao Wei, Zhipeng Shae,* Zucheng Wu, Shu Zharg,
Xiao Wang, Shuping Pang* and Guanglei Cui*
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lanthanide europium ion induced carrier lifetime enhancement
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2. Experimental section

2.1. Preparation of CZTSSe-based thin film
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Segmented Control of Selenization Environment for
High-Quality Cu,ZnSn(S,Se), Films Toward Efficient
Kesterite Solar Cells

Yue Jian, Litao Han,* Xiangrui Kong, Tianliang Xie, Dongxing Kou, Wenhui Zhou,

Zhengji Zhou, Shengjie Yuan, Yuena Meng, Yafang Qi, Guangxing Liang,*
Xianghua Zhang, Zhi Zheng, and Sixin W

further 1.

Znsn(s,Se), o S
However, regarded as on of the most promising
abun-
dant raw material reserves, low toricity,
75 high light absorption coefficient, and
adjustable direct band gap“ Extensive

research. ZTs:

4. Experimental Section

The S-Ref solution was prepared by dissolution of cuprous chloridg
(CuCl, >99.5%), zinc acetate dihydrate (C4Hg04Zn-2H;0, 99.90504)
stannic chloride hydrated (SnCly-5H,0, 99.995%), and thiourea (99%

in 2-methoxyethanol solutions. The Zn/Sn and Cu/(Zn + Sn) concen-
tration ratios were determined to be 1.2 and 0.85, respectively. AgCl
powder (99.9%) was dissolved in a mixture solution (DMSO and thio-
urea) to prepare the Ag solution. The Eu solution was prepared by
adding EuCls solution (99.9%,) into 2-methoxyethanol. Lastly, the S-Ag
solurion was obrained by uniformly blending the Ag and S-Ref solutions
and S-AgEu solution was prepared by mixing the Eu and S-Ag solution.
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99.5%) was purchased from Beijing InncChem Science & Technology Co.,
Ltd.

Preparation of CZTSSe Film and Device Assembly: The CZTS precursor
film was obtained through the solution-spin coating method onto the Mo-
coated soda lime glass substrates. Then the precursor film was annealed
to obtain the CZTSSe absorber layer. The detailed preparation process of
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Experimental Section

Materials. Cuprous chloride (CuCl, 99.9%), zinc acetate (Zn(CH;COO), 2H,0,

99.99%), stannic chloride hydrated (SnCl, - SH,0, 99.995%), silver chloride (AgCl

purchased from Aladdin Co.. 2-methoxyethanol (C3HsOs, 99.5%) was purchased from
Macklin Co.. Methanol (CH:0, 99.5%), Ammonia solution (NHy'H,0, 25%) and
Thiourea (SC(NH.),, 99%) was purchased from Alfa Aesar Chemical Co.. All
chemicals and solvents were commercially available and used without further

purification.
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Kesterite Solar Module

Fabrication of CZTSSe Module
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P1: 1solate the Mo back contacts
P2: create connecting channel between top and bottom contacts
P3: separate aluminum doped zinc oxide (AZO) top contacts
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Module Performance
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Composition Regulation to Improve Uniformit
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Module Structure Modification and Stabilit

oooooooooooooooooo
.

P1 P2 P3
- b

ooooooooooooo

—M
60, +#M-ARC
—M-SM
—_ 4 M-SM-ARC
<
Structure E40
— =
I o
Modification + =
O 20
<+ shorten the path
0
0 1 2 3
Cc Voltage (V)
70
FF (%) 60 —— 0 day
60f - [ . n —8— 200 days
50 . . mA) 0
sc (M <
- B------------- - ] 60 E40
3.4 ; ; : 50 €
32} Vo V) £
' m---- - ,--------- H 320}
3.0 ; ; 5CE ) 12
0
BB - B---—--- u 110
M M " L M 0 1 1 1
0 50 100 150 200 8 0 1 2 3
Days since fabrication

Voltage (V)




Cell to Module (CTM) Loss
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Kesterite Solar Cell on Transparent Electrode

11.4% Efficiency Kesterite Solar Cells on Transparent Electrode (Adv. Energy Mater.
19/2023)

Yage Zhou, Chunxu Xiang, Qi Dai, Sitong Xiang, Ran Li, Yuancai Gong, Qiang Zhu, Weibo Yan,
Wei Huang, Hao Xin

First Published: 19 May 2023

Kesterite Solar Cells
The image representing article number 2300253 by Wei

Huang, Hao Xin, and co-workers depicts the
architectural photovoltaic integration inspired by the
Chinese building Water Cube. The work of this article is
illustrated by the device structure of a kesterite solar cell
on a translucent substrate applied to the building facade
and the crystal structure of its absorber layer.

Adv. Energy Mater. 2023, 13, 202300253.
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CZTSSe Solar Cell on Transparent Electrode
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Intensity (a.u.)

c)

CZTSSeNa)

ACZTSSe(Na)

CZTSSe Solar Cell on Transparent Electrodes
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CZTS Solar Cell on FTO Electrodes
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CZTS Solar Cell on FTO Electrodes

Cd alloying: improved grain growth, suppressed Cu,_
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CZTS Solar Cell on FTO Electrodes

Ag/(Ag+Cu)=7.5%
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Cd-free CZTS on FTO Electrode

Mn-Mediated Phase Engineering
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CIGSSe: High Pressure Selenization

Cu/In=0.85, no etching treatment
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High Pressure Selenization: Cu-rich Absorber

Re-~evapo-—
ralion

Vagaur Cu-poor (cu/n+Gay<0.9) Cu-rich

] Liquid = State-of-the-art composition = Lower defect

= Avoid Cu,_Se impurity = Potentially High V_
(KCN etching is still needed) * Cu,_Se impurity

* Order-defect-compound (ODC) layer = High performance not achieved yet

Conden—
sation

Growkh

Q

Cu/In= 0.85, 0.95, 1.05, 1.20 Cu/In=1.05

R N " clIs-0.85
i= —— —CIS-0.95 |
g 30 80 - e C1S-1.05
E _ —CI1S-1.20 |
= £ oof :
gL &

Dashed lines0.10 MP™
; [Solid lines 0.16 MP W 40 7
b5 CIS-0.85
S0 cis-0.95 20 Dashed lines 0.10 MP ™
(&) I CIS-1.05 Soild lines 0.16 MP
e C15-1.20
O L 1 n 1 a 1 0 1 1 1 n 1 n 1 n 1
0.0 02 0.4 400 600 800 1000 1200
Voltage (V) Wavelength (nm)
C ooresamma .. d RO B — v .
 IS.0.95A . - 0.998eV 4 ©
' 1.001 eV © CIS-0.958 1.011 eV
« CIS-1.05A * CIS-1.05B ** .
- re CIS-1.20A o + CIS-1.20B
) e 0.16 MP
a 0.1 MP 0.994 eV e
Wos| 1 0.3 g
< = 1.005 eV
£ £
0.996 eV 0.995 eV
. 1.009ev |
.-’.,,/‘.....- -* y
i .
0.0l ansh - 0.0 Les anl? —
0.9 1.0 1.1 1.2 0.9 1.0 1.1 1.2
Energy (eV) Energy (eV)

51
Nano Energy, 2020,104438.



AP=0 MPa

AP=0.06 MPa

Intensity (a.u.)

With (NH,),S etching, Cu,_ Se on surface can be removed

Cu,_Se-free Cu-Rich Absorber
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Cu-rich CIS: Optoelectronic Properties
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= Cu-rich composition
= Shorter Cd diffusion into absorber
= Epitaxial like interface

Higher and more uniform conductivity
= Higher PL peak position
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Champion Cu-rich CIS/CIGS Device from DMF Solution
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Intensity(a.u.)

H,O Solution: Complexes as Precursors

* Challenges: Hydrolysis, Impurities originating
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Chemistry in Aqueous Solution
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The direct bonding of all metal ions with sulfur in the precursor solution is the key for high

quality absorber film.
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Intensity (a.u.)

NMP Solution: Annealing in Air vs Inert Atmosphere
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Grain Growth of Solution Processed CIS absorber

Direct phase transformation grain growth Liquid (Cu,_Se) phase
assisted grain growth

Re—-evapo—
ration

Condemn—
salion

Vacuum route

@ Amorphous CIS [l Se [ Cu,.Se @ Amorphous CISSe [l CISSe grain

Solution route 59 Adv. Energy Mater., 2022, 12, 2103644.
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CISSe Back Contact: Plasma Treatment

(b) (c) (d)
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Wide Bandgap CIGS

Intensity / a.u.

Optimization of GGI
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Wide Bandgap CIGS
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Wide Bandgap CIGS: Ag Alloying
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Wide Bandgap CIGS: Ag Alloying
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E,=1.70 eV PCE=12.94%
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Summary and Outlook
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Solution Chemistry and Two Reaction Paths
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@ The Kkiller defects: multiphase fusion reaction path

€ Cu’-Sn*" 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 Ji-and V- CTM loss
€ New strategy is required to further mitigate V. loss



3 Solvent Systems
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Summary and Outlook: Chalcopyrite

High-pressure selenization

Cu-Rich CIGS Absorber
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Unpublished data

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.

Patents

@ Four issued China patents
® 1 PCT patent.

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
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