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S1. Characterization

The electronic configuration of nanostructures was characterized by Raman spectroscope
(Renishaw inVia RE04). Energy dispersive analysis combined JEOL JSM-6700F field
emission scanning electron microscopy was used to analyze the morphological and
compositional properties of synthesized hybrid nanostructures. X-ray photoelectron
spectroscopy analysis was performed using PHI 5000 Versa Probe equipped with a
monochromatic Al Ka radiation source (25W, 6.7x10% Pa). The surface topography of
prepared active layers was measured using atomic force microscopy (Park Systems XE-150)
operating in non-contact mode with 3 pm % 3 pm scan size. UV-vis optical spectroscopy
(Optizen 2120UV) was used to measure the absorption spectra of active layer. The current
density-voltage (J-V) characteristics were measured in an electrometer (Keithley 6571B) with
a solar simulator (San Ei Elec. XES 40S2-CE) using an AM 1.5G-filtered Xe lamp exposure
with an intensity of 100 mW/cm?. Electrochemical impedance spectroscopy measurements
were carried out using a PMC-1000 PARSTAT potentiostat under dark conditions at room
temperature by applying 0 V bias voltage over a frequency range from 1 MHz to 1 Hz.

The stability of the perovskite solar cells was evaluated under ambient conditions at room
temperature. The devices were unencapsulated and exposed to air with a relative humidity of
approximately 35%. The stability measurements were carried out under continuous
illumination (100 mW-cm™2). The photovoltaic parameters were periodically measured over a
total duration of 1000 hours, and the normalized PCE was tracked to assess device degradation.
In addition, thermal stability tests were performed by storing the unencapsulated devices at 70
°C in ambient air. The device performance was monitored at regular intervals to evaluate
thermal-induced degradation. Multiple devices were measured to ensure reproducibility of the

observed trends.
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Figure S1. EDS profile of MoS,.
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Figure S2. EDS profile of WS,.
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Figure S3. XPS survey profiles MoS, and WS,.
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Figure S4. J-V characteristics of different amounts of (a) MoS, and (b) WS, using modulated
Cso.1MA oPbl; active layer in PSCs.



Figure S5. AFM images of (a) pure and (b) MoS,, (c) WS,-blended (15 vol.%)
Cso.1MA, oPbl; perovskite layer.
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Figure S6. XPS survey profiles M2 and W2.
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Figure S7. PL variations for the 15 vol% of (a) pure and W2 V-doped WS, suspended active
layer; (b) pure and M2 V-doped MoS, suspended perovskite layer.
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Figure S8. Absorption profile variations for the 15 vol% of (a) pure and W2 V-doped WS,
suspended active layer; (b) pure and M2 V-doped MoS, suspended perovskite layer.
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Figure S9. TRPL variations for the pure and 15 vol% of MoS,, WS,, M2 and W2 suspended

O -

perovskite layer.
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Figure S10. Log J-V variations for the pure and 15 vol% of MoS,, WS,, M2 and W2

suspended perovskite layer.
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Figure S11. EIS profiles for the pure and 15 vol% of MoS,, WS,, M2 and W2 suspended

perovskite layer.
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Figure S12. SEM images of (a-b) pure, (c-d) M2 V-doped MoS, and (e-f) W2 V-doped WS,

suspended perovskite layer.
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Figure S13. Elemental mapping images of M2 V-doped MoS,; suspended perovskite layer.
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Figure S14. Elemental mapping images of W2 V-doped WS, suspended perovskite layer.
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Table S1. Photovoltaic characteristics of PSC devices using different thickness of EL, HL and

pure perovskite AL.

Active layer I.-ITL ETL ¥ PCE
thickness thickness [%] [%]
150 nm 40 nm 90 nm 48.1 7.53
205 nm 40 nm 90 nm 55.4 10.55
245 nm 40 nm 90 nm 51.3 8.85
205 nm 20 nm 90 nm 53.6 9.09
205 nm 55 nm 90 nm 54.2 9.99
205 nm 40 nm 75 nm 53.2 9.25
205 nm 55 nm 115 nm 52.5 9.51
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Table S2. Photovoltaic characteristics of PSC devices using different concentration of MoS,

and WS, nanostructures blended perovskite layer

Amount Voc ) FF PCE R,
Doping | 0 e | M| mavem? | D TRD g em
5 0.952 20.14 58.76 11.26 179.46
10 0.964 21.0 58.13 11.77 176.24
MoS,
15 0.946 22.11 58.58 12.25 173.18
20 0.967 20.64 57.70 11.51 178.43
5 0.961 21.31 58.57 11.99 174.86
WS, 10 0.968 21.73 57.81 12.16 169.32
15 0.968 22.51 57.44 12.51 166.34
20 0.984 21.51 57.15 12.09 171.76
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Table S3. Photovoltaic characteristics of PSC devices using pure and different amount of V-

doped XS, nanostructures blended perovskite layer

Active layer Voc ) FF PCE R

VI mA/em?] | 17 %l [Q-cm’]

Pure Perovskite 0.945 20.1 55.4 10.54 181.78
Perovskite with M1 0.948 24.37 59.33 13.70 167.18
Perovskite with M2 0.975 24.76 61.57 14.86 154.63
Perovskite with M3 0.981 24.54 60.68 14.60 156.31
Perovskite with W1 0.971 23.33 59.58 13.49 163.75
Perovskite with W2 0.978 25.48 62.68 15.62 149.87
Perovskite with W2 0.989 24.65 61.10 14.89 151.47

19




Table S4. Photovoltaic characteristics of PSC devices using different concentrations of M2

and W2 nanostructures blended perovskite layer

Amount VOC JSC FF PCE Rs

Doping of doping [V] 2 [%] [%] 2
element (vol.%) [mA/em | [€2-cm |
5 0.968 22.56 60.15 13.13 165.34

10 0.977 23.15 60.23 13.62 157.62

M2 15 0.975 24.76 61.57 14.86 154.63
20 0.980 23.73 59.92 13.93 161.65

5 0.961 23.85 62.14 14.21 156.34

10 0.979 24.90 62.16 15.13 151.33

w2 15 0.978 25.49 62.68 15.62 149.87
20 0.974 24.61 62.01 14.86 152.18
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Table S5. Various perovskite-based solar cell device performances

Device structure Jsc
Vo (V) | FF (%) | PCE Ref.
(mA-cm?) (%)
MZ@CSOIMAOQPbI3 24.76 0.975 61.57 14.86 This
W2@Csy1MAoPbl; 25.49 0.978 | 62.68 15.62 | Work
17.97 1.04 65.54 12.24
CH;NH;Pbl; !
MAPbI;CL/WS, 15.91 0.82 64 8.02 5
MAPbI;_,Cl,/MoS, 14.89 0.96 0.67 9.53
CH;NH;Pbl; Cl, /PEG 19.53 0.94 70.35 12.90 3
CH;NH;Pbl; 18.84 1.09 66.70 13.69 4
WS€2
21.82 0.63 72 9.67 5
FASnl/WSe; 2271 0.63 732 | 1047
CH;NH;Pbl; 19.75 0.88 70.1 12.18 6
CH;NH;Pbls/Urea 22.97 0.94 61.1 13.19
CH;NH;PbI; 20.67 1.00 75 15.54 7
MAPbI; 20.91 0.96 75.20 15.27 X
MAPbI;/MoS, 22.28 1.02 77.91 17.63
MAPbI; 18.75 0.96 66 13.79 0
MAPbI3/MoS, 20.9 0.98 69 16.09
CH;NH;Pbl; 21.53 1.08 70.47 16.45 0
CH;NH;Pbl; 18.11 0.927 73.1 12.3 .
CH;NH;PbL/GO 20.71 0.959 76.3 15.2
MAPbI3/SnS, 19.29 0.68 61 13.04 12
CH3;NH;Pblz/MoTe, 21.387 0.886 60 11.36 13
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