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S1. Synthesis of MoS2, WS2 and VS2

Simple hydrothermal process was utilized to assemble the MoS2 nanostructures.  The 

precursors, 0.2 g of ammonium molybdate ((NH4)6Mo7O24·4H2O) and 1.15 g thiourea 

(CH4N2S) were dissolved in the 25 mL deionized water (DI), then blended under continuous 

stirring until transformed as a transparent solution. Subsequently, as prepared solution was 

transferred into 100 mL Teflon-lined stainless steel autoclave, heated at 220 °C for 20 h. After 

cooling naturally to room temperature, the product was flushed with DI and ethanol for several 

times and dried at 80 °C in vacuum for 12 h.

For WS2 growth, 0.2 g of ammonium tungsten oxide hydrate (NH4)6H2W12O40·xH2O) 

and 1.15 g of CH4N2S were dissolved in 25 ml of DI separately, then mixed under vigorous 

stirring to form a homogeneous solution. Meanwhile, oxalic acid dihydrate (H2C2O4·2H2O) 
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was added to the above solution as the catalyst with the pH adjusted at 2. As prepared solution 

was transferred into a 100 ml Teflon-lined stainless steel autoclave, reaction temperature fixed 

at 220 °C for 24 h, then naturally cooled down to room temperature. The above procedure was 

followed to clean and dry the nanopowders.

For VS2 growth, 0.2 g of ammonium vanadate (NH4VO3) and 1.15 g of CH4N2S were 

dissolved in 2 ml of DI separately, then mixed under vigorous stirring to form a homogeneous 

solution. At the same time 2 ml ammonia water (NH3.H2O) was added slowly dropwise to get 

the uniform solution. After 60min vigorous stirring, the solution was placed in 100ml stainless 

steel lined Teflon auto-clave with temperature fixed at 220 °C for 24 h. The above procedure 

was followed to clean and dry the nanopowders.

S2. 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 Kα radiation source (25W, 6.7×10-8 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 μm × 3 μm scan size. UV-vis optical spectroscopy 

(Optizen 2120UV) was used to measure the absorption spectra of active layer. Electrochemical 

impedance profiles were recorded using the PARSTAT 1000, PAR, USA. 

To convert incident X-ray photons into visible photons, the proposed detector was joined 

with CsI (Tl) scintillators (Hamamatsu J13113) and the generated charge carriers during 

exposure were measured with the electrometer. The scintillator-coupled detector J-V 



characteristics were recorded using an X-ray generator (AJEX 2000H). The distance between 

the X-ray source and the scintillator-coupled detector was about 30 cm, and the exposed X-ray 

dose was measured using an ion chamber (Capintec CII50) at the same distance. The constant 

3.44 mGy of dose rate and -0.6 V of applied bias voltage for X-ray source were used for the all 

the measurement. To tune the charge-carrier collection, the bias voltage to the detector from -

0.2 to -1.0V and dose rate from 1.19 to 5.56 mGy were applied. The operating conditions of 

X-ray generator were fixed at 1.57 sec, 80 kVp and 63 mAÂus for X-ray exposure time, tube 

voltage and tube current, respectively for all the experiments. The collected current density 

(CCD) during the X-ray irradiation on-condition and the dark current density (DCD) during 

the X-ray irradiation off-condition were calculated by Equations (1), and (2), respectively. The 

sensitivity was calculated using Equation (3), which represented the generated current in 

proportion to the absorbed dose.

      (1)
𝐶𝐶𝐷 [𝜇𝐴

𝑐𝑚2] =  
𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑢𝑟𝑖𝑛𝑔 𝑋 ‒ 𝑟𝑎𝑦 𝑂𝑁

𝐸𝑥𝑝𝑜𝑠𝑒𝑑 𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝐴𝑟𝑒𝑎

    

 (2)
𝐷𝐶𝐷 [𝜇𝐴

𝑐𝑚2] =  
𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑢𝑟𝑖𝑛𝑔 𝑋 ‒ 𝑟𝑎𝑦 𝑂𝐹𝐹

𝐸𝑥𝑝𝑜𝑠𝑒𝑑 𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝐴𝑟𝑒𝑎

        (3)
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 [𝜇𝐴

𝑚𝐺𝑦 ∙ 𝑐𝑚2] =  
𝐶𝐶𝐷 ‒ 𝐷𝐶𝐷

𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝐷𝑜𝑠𝑒

The absorbed dose from X-ray exposure was measured using an ion chamber.

The photodetector characteristics of prepared heterojunction devices were 

accomplished using a continuous wave laser beam with the different wavelength light source 

(365-740 nm) which was directly illumined on the device. The electrical outcomes were 

recorded at room temperature using a Keithley 4200A-SCS analyzer.



Figure S1. FESEM micrographs of (a-b) VM1 and (c-d) VM3 nanostructures



Figure S2. FESEM micrographs of (a-b) VW1 and (c-d) VW3 nanostructures 



Figure S3. EDX profile of VM2 hybrid nanostructures.



Figure S4. EDX profile of VW2 hybrid nanostructures.



Figure S5. TEM micrographs of (a-c) VM1 and (d-f) VM3 nanostructures.



Figure S6. TEM micrographs of (a-c) VW1 and (d-f) VW3 nanostructures.



Figure S7. XPS survey spectra of (a) VM2 and (b) VW2 hybrid-structures.



Figure S8. Resistivity of pure and VM1-, VM2-, VM3-, VW1-, VW2-, and VW3-doped 
Cs0.1MA0.9PbI3 active layer composed device



Figure S9. FESEM images of (a) MoS2, (b) VS2 and (c) WS2 nano-structures.



Figure S10. FESEM images of (a) pristine and MoS2-, WS2-, VS2-, VW2-, and VM2-doped 
active layers



Figure S11. TEM elemental mapping distribution image of VW2-doped active layer and their 
C, I, V, W, S, Pb and Cs elements dispersion. 



Figure S12. (a) Responsivity, (b) detectivity, and (c) NPDR variations under laser illumination 

of different wavelengths at a constant power of 1179 µW/cm2; (d) responsivity, (e) detectivity, 

and (f) NPDR variations under illumination with different laser powers at a constant 

wavelength of 365 nm for the pristine and MoS2, VS2, WS2, VM2 VS2–MoS2, and VW2 VS2–

WS2-doped perovskite layer.



Figure S13. LDR profile of VW2 VS2–WS2-doped perovskite layer composed device. 



Figure S14. J-V profiles for the VW2 and VM2 doped perovskite layer photodetector



Figure S15. (a) PL, (b) TRPL and (c) UV–Vis–NIR absorption spectra for the 
Cs0.1MA0.9PbI3doped with pristine and MoS2, VS2, WS2 and VS2–XS2 hybrids.



Figure S16. AFM images of (a) pure and (b) MoS2, (c) WS2, (d) VS2, (e) VM2, and (f) VW2 
doped (10 vol.%) Cs0.1MA0.9PbI3 perovskite layer.



Figure S17. X-ray detector responses with different amount of (a) MoS2, (b) WS2 and (c) 
VS2 doped Cs0.1MA0.9PbI3 perovskite layer.



Figure S18. CCD-DCD and sensitivity variations of X-ray detectors prepared using Cs0.1MA0.9

PbI3 active layer doped with VW2 VS2–WS2 hybrids (10 vol.%) at different applied voltages.



Table S1. Device performance of various perovskite-based photodetectors

Device module Responsivity Rise/fall time Ref.
Cs0.1MA0.9PbI3-VS2-WS2 VW2 73.1 A/W 4 / 3 ms
Cs0.1MA0.9PbI3-VS2-MoS2 VM2 22.5 A/W 7 / 6 ms

This 
work

MAPbI3 6.1 A/W - 1

CsPbBr3 QDs/V-MoS2/Si 0.975 A/W 6.8/6.7 ms 2

MAPbI3 film/graphene 180 A/W 0.087/0.54 s 3

WSe2/ReSe2 0.3 A/W 4.7/4.1 ms 4

MAPbI3 film/InGaZnO 0.025 A/W 40/100 ms 5

ML MoS2/(C6H5C2H4NH3)2PbI4 16.8 A/W 5100/10 000 ms 6

MoTe2/InSe 0.015 A/W 720/440 ms 7

CH3NH3PbI3/WSe2 110 A/W 2 s 8

MAPbI3-MoS2 nanoflakes BHJ 
film/rGO

1.08× 104 A/W <0.045/<0.045s 9

MAPbI3 QDs/TiO2 NTs 1.3 A/W 2000/1000 ms 10

CH3NH3PbI3-WS2 NCs/rGO 678.8 < 60 or 780 ms 11

MAPbI3 film/MoS2/APTES 2.11×104 A/W 6.17/4.5s 12

CH3NH3PbI3/MoS2 0.6 A/W@0V 2.15 s 13

MAPbI3 film/PDPP3T 0.154 A/W 40/140 ms 14

CH3NH3PbI3/WS2 17 A/W 2.7 ms 15

(C6H5C2H4NH3)2SnI4-
((PEA)2SnI4)/semi-CNT hybrid

6.3 × 104 A/W 825/440 ms 16

CH3NH3PbI3/BP/MoS2 11 A/W 150/240 μs 17

MAPbI3 film/MoS2 1.1 A/W - 18

CsPbI3-xBrx QDs/MoS2 7.7 × 104 A/W 0.59/0.32 19

Cs-doped FAPbI3/PdSe2 313×10-3 3.5/4 µs 20

Graphene/(PEA)2SnI4/MoS2/gra
phene

0.121 at 0V 34 ms 21

Graphene/CH3NH3PbI3/WSe2/gr
aphene

950@1V A/W 22 ms 22

FA0.85Cs0.15PbI3/PtSe2 0.1@1V A/W 78 ns 23

Triple cation perovskites/MoS2 342 A/W 27/21 ms 24

FA1−xCsxPbI3/PtSe2 313 m A/W 3.5/4 μs 20

FA0.85Cs0.15PbI3/DNTT hybrid 778 A/W 1.1/2.0 ms 25

Cs2AgBiBr6/SnO2 0.11 A/W 26

MXene nanoparticles 
(MNPs)/MoS2

20.67 A/W 4.62/8.48s 27

(CH3NH3)3Bi2Br9/MoS2 112 A/W 0.3/0.3 ms 28



Table S2. Rise and decay time of photodetector for pure and MoX2 doped perovskite active 

layer

Mode PVK PVK-

MoS2

PVK-WS2 PVK-

VS2

PVK-

VM2

PVK-VW2

Rise Time 

(ms)
20 15 11 12 7 4

Decay 

Time (ms)
19 15 11 11 6 3
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