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Monolitihcally integrated optoelectronic devices 2
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SWIR imaging

Seeing is believing, 83% of SWIR (0.7-3 pm) has better penetration through wafer,

information from visual water, mist and so on, and hence find wide applications

Organic semiconductors, organic dyes and perovskites
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Fabrication procedure for CQD image sensors
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Key advantages: simple processing, high resolution,

extremely low cost (estimated <$10 per chip)




From materials to final modules

ROIC Chips modaules

PGA encapsulation

mass production is on-going, but quite challenging with yield and stability



CQDs vs InGaAs imagers

Initial substrate

E e R T
Bl TS i. %!JFE - sepens

InP single crystal, MOCVD bonding process, 4 inch wafer military only
L 2

ZnS QDs

RRBENTHHE
SR EIES

cost down by 100 fold, enable their large-scale deployment!



Photos taken by our SWIR camera

frog SWIR visible videos at a raining morning > 5kms imaging
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Thermally evaporated perovskite LEDs
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Perovksite green displays and micro-displays

Working
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Static images

Videos with grayscale information

monolithic intergation with TFT/CMOS, world-first perovskite display

J. Li, J. Luo*, Jiang Tang™ et al. Nat. Photonics 2023 17, 435-441



electroluminescence from rare earth compounds 10

monolithic integration displays
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Unpublished results
Using CsEuls;/mcp emitter layer , we first demonstrate electroluminescence and white displays by

directly injection into 4f obitals of Eu2+ 10



Outline

1. Background of tandem solar cells
2. Exploration for Si-based tandem solar cells
3. Exploration for all-perovskite tandem solar cells

4. Summary and acknowledgment



Traditional carbon energy VS clean energy

Carbon VS Carbon
emission neutral

Traditional carbon energy

Clean energy
coal, petroleum, natural gas, etc.

Solar cells, wind energy, etc.

Photovoltaics is one of the effective ways to achieve carbon neutral.

Pictures from Internet



Single-junction photovoltaics status and future 13
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Tandem PV: improving efficiency and reducing cost 14
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Tandem PV (~45%):
High spectral range

Single-junction PV (<33%):

Low spectral range

Absolute PCE increases by 1%
Cost per kW-h decrease by 7%

High thermal relax loss Low thermal relax loss

Tandem solar cells are considered as the next-generation low-cost PV technology.



Light intensity (W/cm2/ 1t m)
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Theoretical efficiency of tandem solar cells 16
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Types and development trend of tandem solar cells 17

Tandem solar cells

_A
' N

lllI-V-based Perovskite-based

Si/a-Si 2T-15.04% Si/PVSK
2)-32.9%

Si/lll-V 2T-32.8% 1-V/PVSK
3) 37.9%

Si/ll-VI 2T-16.8% PVSK/PVSK
5J) 38.8%

Si/OPV 2T-25.29% CIGS/PVSK
6J-39.2% '

Si/DSSC OPV/PVSK

2T-17.2%

2T-34.6%
2T-24.3%
2T-30.1%
2T-24.2%

2T-25.6%



Candidate materials for tandem solar cells

NBG materials (1.1~1.2 eV)

WBG materials (1.65-1.8 eV)

PCE Stability Cost

Si v v v

-V v v X
CIGS X v v
Sn-Pb PVSK | / X e
organic X X e

Target NBG materials:
Si, CIGS, Sn-Pb PVSK

Sb,S;, CdSe,
Cost pysk,
szSg, CdSe,
Stability GalnP, AlGaAs,
PVSK,
Sb,S;, CdSe,
Optoelectrical = GalnP, AlGaAs,
property PVSK, organic, ...
Band a-Si, Se, Sb,S;, CdSe, Cu,0
e gl GalnP, AlGaAs, CuGaSe,,

(~1.7 eV) ZnCdTe

PAICY avacmsaia

Target WBG materials:
Sb,S;, CdSe, CsPbl;, PVSK
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1. Background of tandem solar cells
2. Exploration for Si-based tandem solar cells

& 1.72 eV CdSe solar cells
& 1.68 eV Sb,S; solar cells
& 1.72 eV CsPbl; solar cell

3. Exploration for all-perovskite tandem solar cells

4. Summary and acknowledgment



Why is CdSe?

Suitable £; ~1.7 eV
A theoretical efficiency 44.9% O

\_/

VA
~105em’ ) == CdSe == O High melting point

Thickness: 1-2 ym Hight stability

Y '\

High saturation vapor pressure ) O Earth-abundance
Compatible with CdTe Low cost

O Binary compound
Simple phase, less defects

CdSe: promising top-cell material for Si-based tandem devices



Photoelectric properties of CdSe

a-Si Se Sb,S; CdSe Cu,0
E, (eV) 1.7 ~1.9 1.68 1.72 2.1
o (cm-1) 105 104-105 105 104-105  104-105
p (cm2 V-1 s-1) 0.5 1-20 6.4 500 70
Conduction type p p p n p

Hexagonal symmetry

CdSe enjoys high absorption coefficient and high mobility

Semiconductor Data Handbook;
S. Ly, C. Chen*, J. Tang, Frontier. Optoelectron., 2020, 13, 246.



Develop RTE technique to fabrication CdSe film 22
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Characterization of CdSe film

grain size >2 um Bottom-up grains

*FTO
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High-quality CdSe thin film is deposited by vacuum method

C. Chen*, J. Tang*, et al. Advanced Energy Materials 2022, 12, 2200725.



Design and fabrication of CdSe solar cells 24
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A champion PCE of 6%; storage stability >1500 h

C. Chen*, J. Tang*, et al. Advanced Energy Materials 2022, 12, 2200725.



Voc loss analysis of CdSe solar cells

Wiirfel generalized Planck law

: Interface : Bulk
ﬁ‘ recombination :recombination 3
| |4 - —A
| gV5c=0.58eV  QFLS=1.1eV -
l ﬂ
| | A
| I i +
| |
| |
| |
} : \ ) : \ O Bulk recombination loss: 0.353 V
0.6 0.8 1.0 1.2 14 O Interface recombination loss: 0.58 V

QFLS (eV)

Bulk and interface defects result in large Vycloss

C. Chen*, J. Tang*, et al. Advanced Energy Materials 2022, 12, 2200725.



Defects analysis of CdSe solar cells

4
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Bulk and interface defects limit V,- and PCE

J. Tang, et al. ACS App. Mater. Inter. 2023, 15, 17858



Stacking faults in CdSe solar cells 27

RTE CdSe layer

Vacuum: ~1 pa
Deposition ratio: 20 nm/s

. *.‘ . J - .. Sl
% = 2 g - - ..l
e d % &= [ &

-

%

A large number of stacking faults (density ~5 nm-1) exist in the CdSe film
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Stacking faults in CdSe solar cells

Zn0O —— without ZnO substrate
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O Carrier lifetime is improved by 10 times
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Future research direction
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O Passivate bulk defects via in-situ or post-treatment
O Suitable HTL (ZnSe or ZnTe) and passivation of interface defects

O Exploration of CdSe/Si tandem solar cell
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Why IS Sb253?

Binary components, single phase Non-toxic, stable,

o ¢ high abundance, cheap

2Sb+3S — Sb,S;

7 N\

1D crystal structure
Advantages

] Benign GB
Low melting Tem. (550°C)

9 | LR
. . L s2 \/QL‘ 9‘ %% ’;&
Low crystallization Tem. / O >

Suitable £, ~1.73 eV ~105 cm-

A theoretical tandem efficiency 44% thickness<1 um



Challenge of Sb,S; solar cells
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Figure 6. Calculated transition energy levels of intrinsic defects and O
dopants on different sites, in the bandgap of Sb,S,.

Vs defect: deep defect level and low formation energy

Ref. Shiyou Chen*, et al. Solar RRL 2020, 4, 1900503



Codoping strategy for improving film quality

Sb-rich

e
2 4
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) SeS-’I
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'1 T T T T T T T T r
00 03 06 0.9 1.2 1.5
Er (eV)

Formation energy (eV)

v Hydrothermal method compatible with various ions
v" Cl and Se codoping has not introduced additional defect
v" Under Sb rich state, both Clg," and Se( could passivate Vg

J. Tang, H. Song*, et al. Adv. Energy Mater. 2022, 12, 2202897



Codoping strategy for improving film quality 34

& i BEETERFMRE

'E 16 1 ClaSe doplng - FUJIAN METROLOGY INSTITUTE

S 15 4 FCEM - 6.85%+0 46% F‘ CE &R A AR 7 ol o 85K ep o)

3 LR, National PV Industry Measurement and Testing Center
{ 14 1 r" : . iﬁg;giwc}: 2203-00112
E m1 2 4 i 1'3' HOREE R/
| ' ot of e wt e it

210+ :x 2 ,

.E = 9 . 1 Standard Test Condition (STC): Total Irradiance: 1000 W/m?

c . ) | Temperature: 25.0 'C

% 6 . Contrcl O E | Spectral Distribution: AM1.5G

.E P —i— CI dﬂping ) 1 2 Measurement Data and I-V/P-V Curves under STC

@« —a— Se doping 34 . '

= 2 ] : k 4 Forward Scan

=5 —a— Cl&Se doping 1 - s A R T
O - - mA) V) (ma) ) (mW) T [

--------------

D G = - : 06514 0.7022 0.5232 | 0.5322 0.2784 60.86 7.08
0.0 0.1 02 03 04 05 06 0.7 60626466687072747E¢E :
Voltage (V) PCE (%) Revaris S

{ E‘} (ﬂ e I O Bl = B T
L - 06506 | 07028 | 05237 | 05365 | 02810 | 6146 | 715

. CI&SE de Ing Mismatch factor: 1.006
—
= b

: =

ﬂ E o070 03s

; . 060 ¢ 030
s ® ol g
. L ? —— Forward Scan g

= E sl
- : pele et o §
[ - — o 030
E 15 168 1.7 16 18 2.0 2 U

2
0 hv (V) 010 Marmroseet st Tosto Ertar 005
{ 0.00 00
& 00 ol 02 03 04 05 08
\ Veltage (V)
- " T T Figure 1. I-V and P-V characteristic curves of the measured sample under STC
600 650 700 7T50 BOO 85 e
pvalit i il

Wavelength (nm)

Se doping fill Vs; Cl doping regulate [hk1] orientation; yield a certified PCE of 7.15%

J. Tang, H. Song*, et al. Adv. Energy Mater. 2022, 12, 2202897



Double buffer layer + coordination

(a) r(:‘ "":‘f é‘} Control ._ E. Control 333 ev
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H. Song*, J. Tang, et al. Adv. Energy Mater. 2025, DOI: 10.1002/aenm.202406051



Double buffer layer + coordination

Sensitized Th};work
@ Planar w
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—_— 2 ]
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e
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4 2 - Spectral Mismatch Factor: SMM=1.0124.
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Fig.1 1-V curves of the measured sample

A record PCE of 8.08% (certified)

H. Song*, J. Tang, et al. Adv. Energy Mater. 2025, DOI: 10.1002/aenm.202406051
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Why chose CsPbl;?

E;~1.68-1.73 eV Inorganic components

e e e e e e e e e e e e e e e e e e = e e e = e = e = = = e = = - - - - e = e e e e e e e e R e e e e e e e Em R e e e R m e e e Em R em e e e = ey

v suitable for Si-based top v good chemical, thermal and light stability

Bottom cell E; (eV)

Ref. Nat. Energy 2018, 3, 828 Sol. RRL 2022, 6, 2200500
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Why chose TE to deposition CsPbl;?

Large Production Substrate Toxic Environ.
Method Conformal T cpe s
area compatibility dependence solvent sensitivity
Poor
Spinning X X X strong DMF/DMSO | H,0/0, . .
uniformity
Poor
Blading X \4 X strong DMF/DMSO | H,0/0, o
reproducibility
Low
Printing \4 \4 X strong DMF/DMSO | H,0/0,
performance
v Low
TE \4 \4 weak no Vacuum
(OLED) performance

TE= Thermal Evaporation

TE is suitable for large-area conformal deposition on textured surfaces



Status of thermal evaporation CsPbl; solar cells

40

Single source TE

CsPbl; — CsPbl; (s)

Two source co-TE

Csl+Pbl, — CsPbl; (s)

substrate heater
~50°C
quartz monitor L
N p— i
[ )

substrate

vacuum
——a
chamber

[] \\
o S
// WA

Pbl, Csl
evaporation sources

Layer-by-layer TE

Csl/Pbl,/../Csl/Pbl, — CsPbl;

— s

Device structure

Champion PCE

Only film, no device

ITO/PTAA/CsPbl;/Cg,/BCP/Cu

ITO/PTAA/CsPbl;/PCBM/AI

16.3%

10.2%

Features

Non-stoichiometric

Stoichiometric

Secondary phase




Initial  50°C  80°C  100°C

i Perovskite Formation | | - ¥ 1 ! i
1 : ] . &= == — r — : : :
b pesseesseas a-CsPbl; ! : i i B B = L & ..,‘Sues.t.rftf% 2 !
: ! : L A WYY, !
: 1 : 1 : » Pb .’.:.".“:o .‘c«... :
. I . - | | L © Pol o S5 e l
1 I I I ! oo ot RS 0 I
: | i @ \.« Q 6 L “ Pbl,  Gemscesend |
! . L ® Cs e !
: : . Csl+Pbl, powder reaction: | @ o .. . i ;
i | 'O At 50°C, no reaction ! Source  Pbl, sl |
! ! ! ! | Temperature 330°C 460°C !
| i O At 80°C, reaction (y) o |
| ; . O At 100°C, fading (y—8) | i
; ; 80°C can overcome Tem. of vapor molecule

b o e ! reaction barrier is >300°C

Kinetic energy of vapor molecule promotes formation of the y-CsPbl; phase

C. Chen*, J. Tang*, et al. Adv. Function. Mater. 2023, 33, 2214414,



Phase stability mechanism of TE y-CsPbl; film 42

i r < ¥ ey AG > () = y-CsPbI; 400
i 300 |-
; =

| =

! =S 200t
: X

| . Q)

: oo oo o <d 100
: (-] °°° 0.

: °°°°°.°

| | ol 0. 0
! c O O % ¢

i ° 0
| AG = AG, + AG,

Surface effect of small grain (<101 nm) can stabilize y-CsPbl; film

C. Chen*, J. Tang*, et al. Adv. Function. Mater. 2023, 33, 2214414,



Crystallinity control of TE y-CsPbl; film

Small grains . . Preferred
Random orientation Nucleus Regulation via DMAI (100) orientation

1 | 1
1 1 1 1
: ! Csl-Pbl, co-evaporation DMAI-Csl-Pbl, co-evaporation ! :
1 | 1 1
1 I
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! -CsPbly(112 ! 1
: ! = R W v-CsPbl; | CsPbl ! .
! .g L Y CS“_PbIe f 1 f 1
[ | = 0 y-CsPbl(220)" \ j » L . | !
! 1 2 & . - - 1 i - - . - £ . 1 :
! | (&) R s G L e I !
1 = |- . - ‘ N i = . 1 .
: ! Z & - - - - - & ! 1
1 ! ! I
| ! |
: - | |
| | £ 4 4 i |
! 1
: : E . " - :. " - - ¢ * s %3 - : : :
: I I I I I ! o s . " n - . "a ™ *a - ! 1
| | Thermally-evaporated -CsPbl, | : o - - . = 2 . = : ——Control |
' ! = i — DMAI !
1 . - 1
' L | | ' ‘ 8 ITO substrate = | |
' > ! y-CsPbl, & Cs,Pbl, DMA,_Cs,Pbl; L= CsPolg” | !
'@ ] (random ornentation) (220) ' % I
P T | | = 3 ' E [ q |
' Standard y-CsPbl, ! i Y A ! | 1
1 | i 5 1 I
1 - 4 !
! JI b n Ll ]J : y : J‘ e 'Jl s, @9 :
: 10 15 20 25 30 35 40 45 50 : : 15 2'0 pY: 0 25 20 5 1
e st ! 2 Theta (°)
S

DMAI co-evaporation enable preferred (100) orientation

L. Wang*, C. Chen*, J. Tang, et al. Nano Energy 2024, 120, 109159.



Device performance of TE y-CsPbl; solar cells 44
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A record PCE of 16.10% based on annealing-free CsPbl; film

L. Wang*, C. Chen*, J. Tang, et al. Nano Energy 2024, 120, 109159.



Surficial passivation using Bal, vapor

Surface Treatment

_ n _,.—,7"/ - —
| FW Pbl & | vacancy Divalent metal iodide % -1t ﬂ l I [
— L o 9 = 2} |
erovskite ° ' ot - o =
b | bed Sy Bedy o M -
5 [ _ : o o
R e e N e 2 -4
I@ - —-é._ &0y O oy Nig Z'n (fd (fa Sr Ba
----------------------------------------- Antion type
21 ' ' 20 SRR . ]
control o 10 w/o Bal, ] 1 3.1 5%
;_\ \ Zn|2 Ca|2 g g 1020 —a—with Ba|2 1 . 16 L J
© ‘ Cd|2 Srl2 — 1019 ! ] NE < 1 6%
= Mg = Bal, ] £ . < o 12¢
= @ 10"} =
2] = k= /o Bal, (reverse scan)
= O A7) ® £ 8} v £
o -g_ 107 l 1 3 w/o Bal, (forward scan)
= 4 ® 106} \'\_ g 1 4 | —®— with Bal, (reverse scan)
’ B = 1075 i N 1 —o—with Bal, (forward scan)
[
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Record PCE of 18.15% among all thermal-evaporation CsPbl;—based solar cells



Exploration of CsPbl; growth on textured Si 46

textured surface TE CsPbl; on textured surface




Outline

1. Background of tandem solar cells
2. Exploration for Si-based tandem solar cells
3. Exploration for all-perovskite tandem solar cells

€ NBG single-junction and tandem device
¢ WBG single-junction and tandem device

4. Summary and acknowledgment



Excellent photovoltaic properties

ABX; perovskite

Tunable bandgap

Defect tolerance

Highly symmetrical structure

CsPb(CI/Br), CsPb(I/Br),
CsPbCl, CsPbBr,

wwwww CoPbl,

FWHM
12nm-42nm

Norm. PL

400 450 500 550 600 650
Wavelength (nm)

700 750

Tunableness from 1.2 to 3.1 eV

a. Defect Intolerant

b. Defect Tolerant: MAPbI,

deep

! ! shallow !
/ states /

, states ;

bonding
\». Pb(6s)

VB

Valence band top formed by
the antibonding orbitals

Excellent photovoltaic properties, highly suitalble for tandem PSCs




Vacuum-assisted crystallization for tandem cells 49

Anti-Solvent Method for Tandem All-Perovskite Solar Cells
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, (Science, 2016) (Nat. Energy, 2018) PCE: 25.6% (Nature, 2022) PCE: 30.1% | o8l
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___________________ P | T T - - - == === === === ==-=====
! First time Bulk passivation | | Hot air assisted  Additive engineering : 16 . . , ,
| PCE: 23.5% (Nat. PCE:23.65% | 1 pCE: 23.0% PCE: 26.8% ! 2016 2018 2020 2022 2024
I Energy, 2022) (ACS Energy Lett, ' (Nat. Energy, 2022) (Science, 2024)
' 2022 L 4 , Year
Vacuum- : L .
° | T o | l °
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° ° g | 4 { 7 | ° °
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I : I
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TPSCs based on vacuum-assisted methods remain far lower PCE than antisolvent method.



Industrial preparation methods for tandem cells 50

Anti-Solvent Method

Characteristics:
N O High film quality
O Simple process

ANy O Non-continuous

Antisolvent quenching

O Environmental
concerns

O High solvent cost

Vacuum-Assisted Crystallization Method

Vent |Pump

Vacuum quenching

Characteristics:

O Large-area compatibility
O High material utilization
O Good reproducibility

O Low cost

O wide compatibility

Antisolvent-free method is most competitive for industrial production



Inconsistent crystallization in Sn—-Pb perovskite 51

.. i low solvent quenching rate
An uneven composition Surface defects and band fluctuation G g

amplifies above effects.

MAPDbI; : slow crystallization kinetics

Eavg 25y o 1.7x1025"
__.Y._.Y % ' 6000 times
Antisol o 10"k
\ J ntisolvent E 100 Slower
'O r
L]
. . . . ©q1l  2.9%x102s71
MASnI;: fast crystallization kinetics i
o 10
SHE oS g .
S — Energy disorder 5 10°
W W — W || miw ot :
N/ Antisolvent Voc loss i
Vacuum-assisted Antisolvent

Large difference in crystallization rate leads to severe component segregation

Ref: Junfeng Fang, et al. Advanced Materials 2023, 35, 2303674.



Crystallization mechanism in Sh—-Pb NBG PVSK 52

Pb-based
o9 o
—& o EI Q O EZ /
o=3— O . O O ..
3 desorption transition N\
Sn-based Y '
o [ | Pb-based perovskite

) AP A e -
R [ Sn-based perovskite ! :
,\\ - y — | 2.85 1
e 3 : :
N 2.12 186 ! 2A2 |

desorption/ transition E : '  Eg, <Ep,
barrier E, pv=1.86 eV = ' I "
e |
| 0.99 ! :
- ) | |
[ ™~ | \ : :
V| | - \ [ IR i e
(i) Intermediate phase (ii) Metastable phase (iv) Pjo_vskite phase E1 E2 mEtot

O Pb perovskite: solvent desorption and phase transition — slow nucleation

O Sn perovskite: only solvent desorption — rapid nucleation

C. Chen*, H. Song*, J. Tang*, et al. Nat. Photonics 2025, 19, 426.



Crystallization regulation for Sn—Pb NBG films

2. r
e e
E,=1.86 eV
1. E, >>AF,
< 5
)
~ 1.}
Yoo
0.1
5 e
| 1

0:1 1-1 2:1 41
DMSO/[Pb+Sn] / \
y /,/ \\ // \\l
P X ¥ X
1 ! \ /I
. , - y

All Snl, coordinated with < 3 DMSO Part Snl, coordinated with < 3 DMSO  All Snl; coordinated with 3 DMSO
All Pbl, coordinated with DMF Part Pbl, coordinated with DMF All Pbl; coordinated with 1 DMSO

Selective complexation to adjust solvent desorption of Pb and Sn perovskites

C. Chen*, H. Song*, J. Tang* et al. Nat. Photonics 2025, 19, 426.



High-quality Pb-Sn film preparation
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Homogeneous composition and high-quality NBG films

C. Chen*, H. Song*, J. Tang* et al. Nat. Photonics 2025, 19, 426.



High-efficiency Pb-Sn solar cell
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Record PCE of 22.88% for NBG device based on antisolvent-free method

C. Chen*, H. Song*, J. Tang* et al. Nat. Photonics 2025, 19, 426.



High-efficiency Pb-Sn solar cell
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Record PCE of 28.87% for tandem device based on antisolvent-free method

C. Chen*, H. Song*, J. Tang* et al. Nat. Photonics 2025, 19, 426.



Voids and stratification in thick Sn-Pb films

O Buried voids: thick Sn—Pb film shows buried voids caused by residual solvents

O Film stratification: Upper layer nucleates preferentially, resulting in film stratification

Vacuum
drying

Precursor

=

'""""" Annealing

Intermediate
phase

Films



Light radiation annealing enables throughout grain 58

"

Hot-plate

Hot-plate: first glass, then films
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Light radiation annealing can reduce solvent residual

C. Chen*, J. Tang*, et al. Energy Environ. Sci. 2025, 18, 430



Light radiation annealing enables throughout grain 59

Vertical grains =) No voids —> Less defects —> Higher device PCE
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Optimized NBG film yields a high PCE of 22.3% for single-junction and 27.6% for tandem devices

C. Chen*, J. Tang*, et al. Energy Environ. Sci. 2025, 18, 430




Deep defects introduced by Sn2+ oxidation
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Oxidation sources in precursors

Solvent screening
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O Develop DMPU solvent (high-donor-number solvent with weak oxidizing ability)
O High efficiency of 21.04% using additive-free NBG precursor

C. Chen*, J. Tang*, et al. Adv. Funct. Mater. 2024, 2400075.



High-coordination Snl,»xDMSO precursors
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Snl,+Sn redox reaction produces high-coordination Snl,-3DMSO,

improving precursor dispersion and oxidation barrier

C. Chen*, J. Tang*, et al. JACS 2025 https://doi.org/10.1021/jacs.5¢05430
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High-coordination Snl,»xDMSO precursors

a b
% bDS Day 0 PR 23| DDS
DDS = \__--.ll.-____ip m ‘:r —
=l e
—— - = \._“. Day 1 | i L =
| £ — g :
o % Day 2 J % 3 1 —
|
- 2 s o a 19}
o | N e s | = - .
< $ g - | %
© Day 7 '
8 gy T ! :
% s ‘
Day 0 Day 1 Day 2 Day 4 Day 7
0 Size (nm) ¥ J 4 y 4
—
O g d
8 < |o0os — 00s
2 B‘E Day 0 3""‘7'"": 23+
= —mBEENn. | (O s
2 ] =X j’f“‘*-r"i*j n
3 E = s21} o Wy
= | < o _—
. —— , % Day 2 : J 8 =
S ! : a 19t - —
400 500 600 700 3 a4 Js sk
& 4 o
S - | 17t
Wavelength (nm) 5 Day 7 ¢ | —
o sy - ozt
1 5 Day 0 Day 1 Day 2 Day 4 Day 7
Size (nm)

Significant improvement in precursor stability

C. Chen*, J. Tang*, et al. JACS 2025 https://doi.org/10.1021/jacs.5¢05430
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High-coordination Snl,»xDMSO precursors 64

Reduced film defects Enhanced device efficiency and stability
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High-quality film with less defects and longer lifetime yield higher PCE and longer stability

C. Chen*, J. Tang*, et al. JACS 2025 https://doi.org/10.1021/jacs.5c05430
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Multidentate additive for NBG perovskite
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Two-step passivation strategy for Sn—Pb film

Pbl, Spinning EDAI,

Unbound Pbl, Bound Pbl,

Uncoordinated Sn2+/Pb2+
Uncoordinated I-

o
o#o Pbl, ’v Snl, o CsIFA/MA
-]

O Complex surface defects make effective passivation difficult;

O Reconstruct Sn—Pb perovskite surfaces into pure-Pb termination, simplifying defect types

C. Chen*, J. Tang*, et al. Nano Energy 2025, 139, 110927
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Outline

1. Background of tandem solar cells
2. Exploration for Si-based tandem solar cells
3. Exploration for all-perovskite tandem solar cells

¥ NBG single-junction and tandem device
¢ WBG single-junction and tandem device

4. Summary and acknowledgment



Photo-induced phase separation in WBG PVKS 69

photo-induced reversible phase segregation photo-induced I-rich region
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phase segregation leads to charge carrier trapping and poor device performance

Ref. ACS Energy Lett. 2016, 1, 1199
Ref. Nano Lett. 2017, 17, 1028



Photo-induced phase separation in WBG PVKS 70
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By component engineering, a certified PCE of 20.83% was achieved in WBG solar cell



Role of NiO for SAM
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NiO nanoparticle modified ITO substrate is beneficial to SAM assemble

H. Song*, C. Chen*, Jiang Tang*, et al. Chem. Eng. J. 2024, 494, 153253



Role of NiO for SAM
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Role of NiO for SAM
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NiO can improve SAM quality, and improve WBG PCE from 18.74% to 19.55%

H. Song*, C. Chen*, Jiang Tang*, et al. Chem. Eng. J. 2024, 494, 153253
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2. Exploration for Si-based tandem solar cells
3. Exploration for all-perovskite tandem solar cells

€ NBG single-junction and tandem device
4 WBG single-junction and tandem device
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4. Summary and acknowledgment



Vacuum-driven pre-crystallization for 1 cm2 tandem device 75
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There is an optimal DMF/DMSO window for crystal growth.

C. Chen*, H. Song*, J. Tang, et al. Joule 2025, 9, 101825.



Vacuum-driven pre-crystallization for 1 cm2 tandem device 76
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Vacuum-driven pre-crystallization for 1 cm2 tandem device 77
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Certified PCE of 27.43%@1cm? based on antisolvent-free method

C. Chen*, H. Song*, J. Tang, et al. Joule 2025, 9, 101825.



1 cm? all-perovskite tandem solar cells
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DOPS surfactant improve film uniformity, yielding a high PCE of 27.82%@1cm?



All-perovskite tandem mini
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Main conclusion

Exploration for Si-based tandem solar cells

€ CdSe solar cells: good material properties, low PCE of ~6%, but hold great promise

€ Sb,S; solar cells: 1D structure, low-toxicity, <10% PCE, and attract wide attentions

€ CsPbl; solar cells: good material properties, ~18% PCE, but weak stability
Exploration for all-perovskite tandem solar cells

®NBG: high PCE beyond 23%; more attentions on PEDOT:PSS, stability, large area

¢ WBG: High PCE of 20.8%; photo-induced phase stability, large area

€ Tandem: high PCE of ~29%; more attentions on tunneling-junction, stability

o ——— #ﬁ-—hﬂ =
i [ .

~29%@0.0768 cm?2  27.8%@1 cm? 23.4%@20 cm?
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