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Abstract: Perovskite solar cells (PSCs) show great promise owing to their remarkable optoelectronic performance,
yet their commercial deployment is hindered by intrinsic instability. We introduce a synergistic 2D/3D heterostruc-
ture passivation approach, integrating a TAl-derived 2D perovskite capping layer with the TEMPO radical scavenger
to concurrently mitigate grain boundary defects and radical-induced degradation. This strategy improves perovskite
crystallinity and film uniformity, lowering the surface roughness from 9. 60 nm to 6. 25 nm. Carrier lifetime extends
from 250 ns to 355 ns, as confirmed by steady-state and time-resolved photoluminescence, indicating suppressed
non-radiative recombination. The 2D/3D-based devices demonstrate enhanced recombination resistance (383.7 ()
and superior charge transport, yielding a champion efficiency of 21. 15%. The device retained 71. 5% of its initial ef-
ficiency after 20 days in a damp-heat environment. This study offers a new materials design paradigm toward efficient

and operationally stable perovskite photovoltaics.
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Fig.1 The chemical structure of TAI

2.2 HESE

I 1:1. 031 Pbl, 5 MATVE TARFL L 4: 179
DMF/DMSO i, JE K JE 1. 2 mol- L', 1TO B{H -
S HETR PTAA %5 7UE i 2, 22 100 “CiB K 10 min
J& 4R THE 18 5 K A7 T 3K W, I I 2-butanol 2 % 5
W45 b o Bl S R A& ARV BE TALRY 2-butanol
W (0~1.0 mg-mL™") A7 R MM , JC TALES Ky
X} B8 2H (Control) , & TATRF i TATZH . TATFES £
it 10 min AL BES ,15 2D/3D AL &, H SEM B 51
WE 2 Fi R . FHKIKTEYR PCBM 5 Bphen HL T 1%
BRI R B Y L Ag AR, e &5 B K
FH BB H Yt & R o G AR A% 1R 45 48 S ITO/PTAA/
MAPbI;*/PCBM/Bphen/Ag( MAPbI* A X} BE £ | TAT
25l 2D/3D L EER T ) .

&2 (a)JC TATES B H B O B 19 SEM AL AT ; (b) 3 TATER 1985 507 Wi B SEM R AL AT 5 (o) JE 1 2D/3D B A 1) 45 8k

0 JEE SEM 7 90 &

Fig.2 (a)SEM top view of TAI-free perovskite film (control). (h)SEM top view of perovskite film with TAIL (c¢)SEM top view of

perovskite film with 2D/3D passivation
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Fig.3 (a) AFM 2D/3D surface topography and surface height profile of the control group. (b) AFM 2D/3D surface topography

and surface height profile of the TAI group. (¢) AFM 2D/3D surface topography and surface height profile of the 2D/3D group
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Fig.4 (a)UV-Vis absorption spectra of perovskite films. (b)—(d)XPS characterization of perovskite films. (e)—(f)XRD charac-
terization of the three perovskite films and their corresponding residual Pbl, peaks
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Fig.5 Steady-state PL spectra of perovskite films from the con-

trol group, TAI group, and 2D/3D heterojunction group
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Fig.6  (a)FLIM image of the control group film. (h) FLIM image of the TAI group film. (¢) FLIM image of the 2D/3D group film.

(d) Statistical histogram of fluorescence lifetime for the three types of perovskite films. (e) Time-resolved fluorescence

decay curves of single pixel points for the three types of perovskite films
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Fig.7 SEM top views of perovskite films with 2D/3D heterojunctions formed using different TAI concentrations. (a) Control
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Fig.8 (a)The J-V curves of photovoltaic devices with different TAT concentrations. (b) Forward and reverse scan J-V curves of

the optimal control, TAI, and 2D/3D heterojunction devices
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Tab. 1 Photovoltaic performance parameters of perovskite devices passivated by different TAI concentrations

TAl/(mg-mL™) 47 18] V!V Jo/ (mA~cm™) FF PCE/%
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0.8 E 1] 1.10 21.97 0.70 17.01
1.0 1E [ 1. 10 21.52 0. 67 15. 88
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Tab. 2 Performance parameters of the optimal devices
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