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Figure S1: Influence of perovskite trap-state density (NT) on the VOC and JSC. 

300 400 500 600 700
1.316

1.323

1.330

1.337

Thickness (nm)

 VOC (V)
 JSC (mA/cm2)

V
O

C
 (V

) 

22

24

26

28

30

32
 J

SC
 (m

A/
cm

2 )

Figure S2: Influence of perovskite layer thickness on the VOC and JSC. 
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Figure S3: Influence of perovskite shallow acceptor concentration (NA) on the VOC and JSC. 

Discussion: 

Figure S4a shows the J-V curves of PSCs at different NA levels in the graphene layer. The NA doping 
is adjusted between 1015 and 1019 cm-3, while maintaining a constant ND doping of the MoS2 layer. 
As depicted in Figures S4b and S4c, all device parameters improve with increasing doping level 
of graphene. The simulated devices showed enhanced IPCE spectra in the visible light spectrum, 
indicating favorable hole extraction at the perovskite/graphene interface (Figure S4d). 
Additionally, FF showed significant enhancement due to reducing charge-carrier accumulation 
and improving Rrec, facilitating charge transport, as proven by Figures S4e. The champion PSCs 
attained a high PCE of 20.37% with a VOC of 1.37 V at a NA of 1019 cm-3. Similarly, the shallow 
donor doping (ND) in MoS2 is altered from 1015 to 1019 cm-3, while keeping a fixed NA doping of 
the graphene film at 1019 cm-3. As shown in Figures S4f-h, the donor doping is mostly improving 
FF and PCE, while VOC and JSC showed stable patterns. According to Figure S4i, devices with high 
ND levels have the largest semi-circular arcs of Rrec, which gives evidence of mitigated trap-
assisted recombination sites and improved charge transfer. The optimized fully 2D PSC obtained 
an efficiency of 20.92% with a FF of 70.55%, a VOC of 1.37 V, and a JSC of 29.24 mA/cm2.  
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Figure S4: SCAPS-1D simulation results for fully 2D PSCs under varied doping concentrations in MoS2 and graphene layers. 
(a) J–V curves at different shallow acceptor density (NA) of graphene. (b) Corresponding VOC and JSC variation with NA. (c) FF 
and PCE responses versus NA. (d) NA-dependent variation of IPCE spectrum. (e) Nyquist plots. (f) J–V curves at different shallow 
donor density (ND) of MoS2. (g) Corresponding VOC and JSC variation with ND. (h) FF and PCE responses versus ND. (i) Nyquist 
plots. 
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Figure S5: Nyquist plots of 2D PSCs at 10 and 102 Ohm.cm2 shunt resistances.
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Figure S6: Temperature-dependent FF of 2D PSC.
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Figure S7: Annual fluence of heavy ions as a function of particle energy in the ISS orbit.

Figure S8: Annual fluence of heavy ions as a function of particle energy in the GEO orbit.
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Figure S9: Proton straggling within the protected device at θ = 0o and 0.25 MeV.

Figure S10. Displacement damage dose (DDD) versus electron energy for the ISS orbit, computed from 
one-year electron fluence, with a 100-µm cover glass. Results are shown for the different perovskite 
layers.
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Figure S11. Displacement damage dose (DDD) versus electron energy for the GEO orbit, computed from 
one-year electron fluence, with a 100-µm cover glass. Results are shown for the different perovskite 
layers.
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Table S1. Interface parameters of all-2D PSC.

Parameters/Interfaces MoS2/(ThMA)2(MA)2Pb3I10 (ThMA)2(MA)2Pb3I10/graphene
Defect type Neutral Neutral

Capture cross section for electrons (cm2) 1 × 10-19 1 × 10−19

Capture cross section for holes (cm2) 1 × 10−19 1 × 10−19

Energetic Distribution Single single

Reference for defect energy level Et Above the highest EV Above the highest EV

Energy with respect to reference (eV) 0.600 0.600

Total density (1/cm2) 1.05 × 1013 1.0 × 1010

Table S2: Photovoltaic parameters of all-2D PSCs before and after optimization. 
Device VOC (V) JSC (mA/cm2) FF (%) PCE (%)

Before optimization 1.25 15.15 37.23 5.22
After optimization 1.39 29.36 76.65 23.04

Table S3. The literature-based parameters of the layers utilized in PSC simulation.

Parameters MAPbI3 CsPbI3 (BDA)MA2Pb3I10 c-Si (n) c-Si (p) c-Si (p+)

Thickness (nm) 600 600 600 100 10000 30
Eg (eV) 1.55 1.68 1.64 1.124 1.124 1.124
χe (eV) 3.9 3.55 3.8 3.9 4.05 3.9
𝜀r 25 6 25 11.9 11.9 11.9

NC (cm-3) 2.2 × 1018 2.2 × 1018 2.2 × 1018 2.8 × 1019 2.8 × 1019 2.8 × 1019 

NV (cm-3) 1.8 × 1019 1.8 × 1019 1.8 × 1019 1.04 × 1019 1.04 × 1019 1.04 × 1019

µe (cm2 V-1 s-1) 25 25 3.10 × 10-4 1260 1010 1212

µh (cm2 V-1 s-1) 105 25 6.30× 10-4 443 443 421

ND (cm-3) --- --- --- 8.0 × 1019 --- ---

NA (cm-3) 1.0 × 1016 1.0 × 1016 1.0 × 1016 --- 5.0 × 1015 9.0 × 1018

NT (cm-3) 1.0 ×1014 1.0 ×1014 1.0 ×1014 1.0 ×1012 1.0 ×1012 1.0 ×1012

References [1, 2] [3, 4] [5] [6, 7] [6, 7] [6, 7]

Table S4: Average number of vacancies produced per ion within different device structures under 
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varying proton energies.
Device/Energy 0.05 MeV 0.1 MeV 0.5 MeV 1.0 MeV

2D-RP 9.25 12.45 1.03 0.51
2D-DJ 9.30 12.49 0.94 0.51
CsPbI3 7.10 10.40 1.65 0.70

MAPbI3 8.73 12.50 1.09 0.68
Tandem 16.11 18.33 28.70 8.85

Table S5: Summary of selected literature studies on proton-irradiated perovskite photovoltaics under AM0 illumination, compared 
with the present simulated all-2D layered PSC structure (FTO/MoS2/(ThMA)2(MA)2Pb3I10/Graphene/Au).

Structure VOC (V) JSC (mA cm-2) FF (%) PCE (%) Year Ref.
ITO/TiO2/FAPbI3/spiro-OMeTAD/Ag 0.99 17.70 70.00 12.50 2017 [8]

ITO/PEDOT:PSS/MAPbI3/PC61BM/BCB/Ag 0.96 8.70 69.00 5.76 2017 [9]

ITO/SnO2/ (FA0.79MA0.16Cs0.05)0.97Pb(I0.84Br0.16)2.97/spiro-OMeTAD/MoOx/Al 1.01 10.09 72.07 12.57 2018 [10]

ITO/TiO2/MAPbI3/P3HT/Au 0.66 12.50 75.00 4.80 2018 [11]

AZO/SnO2/Cs(MAFA)Pb(IBr)3/spiro-OMeTAD/Au 1.11 26.60 62.80 13.60 2019 [12]

ITO/PTAA/Cs(MAFA)Pb(IBr)3/C60/BCP/Cu 1.12 23.22 70.00 18.20 2019 [13]

LiF/IZO/SnO2/C60/Perovskite/PTAA/NiOx/ZnO/CdS/CIGS/Mo 1.55 20.00 65.70 15.20 2020 [14]

ITO/polyTPD/PFN-Br/FA0.8Cs0.2Pb(IBrCl)3/LiF/C60/SnOx/ZTO/ITO 1.03 16.24 71.50 8.88 2021 [15]

ITO/PEDOT:PSS/PTFE/(FASn)0.6(MAPb)0.4I3/PC61BM/C60/TmPyPB/Ag 0.77 27.44 68.80 10.77 2021 [16]

FTO/TiO2/MAPbI3/spiro-OMeTAD/Au 0.92 14.65 53.08 7.20 2022 [17]

FTO/TiO2/Cs0.01MA0.01FA0.98PbI3/spiro-OMeTAD/Au --- --- --- 13.96 2023 [18]
ITO/SnO2/Cs (MA)(FA)Pb(IBr)3/spiro-OMeTAD/Au 1.07 21.67 65.00 15.13 2023 [19]

ITO/PEDOT:PSS/Cs0.05FA0.80MA0.15Pb(IBr)3/PCBM/PEIE/Au 0.95 20.20 59.80 11.60 2024 [20]
FTO/SnO2/Cs0.04Rb0.04(FA0.65MA0.35)0.92Pb(I0.85Br0.14Cl0.01)3/spiro-

OMeTAD/Au
1.13 21.95 59.00 14.75 2024 [21]

ITO/Me-4PACz/Al2O3/(Cs0.22FA0.78)Pb(I0.79Br0.17Cl0.04)3/PDAl2/C60/SnO2/Ag 1.14 19.10 70 15.04 2025 [22]

FTO/SnO2/Cs(MAFA)PbI3/spiro-OMeTAD/Au 0.94 19.27 56.00 10.24 2025 [23]

1.38 29.40 79.05 23.70*
FTO/MoS2/(ThMA)2(MA)2Pb3I10/Graphene/Au

1.32 28.37 59.07 16.33#
2025

This 
work

* The PSC performance in ISS orbit with using 5-µm glass shielding.
# The PSC performance in GEO orbit with using 5-µm glass shielding.
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