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1. The fabrication process for the PD devices based on the WSe2/CdSeS QDs/MoS2 stacked structures.
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Figure S1. Schematic diagrams of the fabrication process for the PD devices. (a) Au electrode patterning using photolithography technique. (b) Graphene transfer by wet transfer methods. (c) Few-layer MoS2 formation. (d) CdSeS QDs monolayer formation by a spin coating method. (e) Few-layer WSe2 transfer onto the QDs monolayer. (f) Graphene formation. (g) Device isolation using RIE technique. (h) Au electrode formation. (i) Photographs of the completed PD device.

Figure S1 shows a schematic of the fabricating processes for the PD based on vertically stacked WSe2/CdSeS QDs monolayer/MoS2 stacked structures. C-MOS compatible manufacturing process were used to facilitate large-area integrations of low-dimensional materials. SiO2/Si substrates were cleaned with acetone, methanol, and deionized water using an ultrasonicator. The patterned gold (Au) bottom electrodes were formed onto the SiO2 surface using photolithography and electron-beam evaporation (Figure S1a). As a carrier transport layer, graphene was transferred on the patterned Au electrode by the following method. A poly methyl methacrylate (PMMA) layer was spin-coated on the graphene film on Cu for a supporting layer. After the formation of the supporting layer, baking processes were performed on a hot plate at 120°C for 10 min to improve graphene/PMMA contact, followed by Cu etching. The subsequent Cu etching fully removes the Cu and leaves the PMMA/graphene floating on the etchant. The PMMA/graphene film was then washed with deionized water. The PMMA/graphene was transferred onto the patterned Au/SiO2/Si substrate. The PMMA supporting layer was removed with acetone dipping method. After removing, the graphene film remained on the patterned Au/SiO2/Si substrate (Figure S1b). The MoS2 layer was transferred in the same way (Figure S1c). The CdSeS QDs monolayer was formed using spin-coating method on the MoS2/graphene/Au/SiO2/Si substrate (Figure S1d). The WSe2 is transferred onto the prepared QDs monolayer/MoS2/graphene/Au/SiO2/Si substrate in a similar way to the formation of MoS2 (Figure S1e). Subsequently, the top graphene layer was formed onto the prepared WSe2/QDs monolayer/MoS2/graphene/Au/SiO2/Si substrate as a carrier transport layer in the same manner as the bottom graphene layer (Figure S1f). Following a photolithography process with a mask, the prepared structures were etched using the reactive ion etching to produce mesas where chips can be manufactured in the same size on large area (Figure S1g). Finally, patterned Au top electrodes were formed using photolithography and electron-beam evaporation (Figure S1h). Figure S1e shows optical photographs of the final features.


2. HAADF STEM image and Spectrum profile scanning EDS of the WSe2/CdSeS QDs/MoS2 stacked structures.
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Figure S2. HAADF STEM image (a), EDS mapping (b), and spectrum profile (c) of WSe2/CdSeS QDs/MoS2 stacked structures.


3. Schematic diagram and SEM image of the QDs monolayer on the graphene layer in the photodetector devices based on the graphene/QDs/graphene structures.
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Figure S3. (a) Schematic diagrams of the CdSeS QDs monolayer/graphene structures, and (b) SEM image of CdSeS QDs monolayer on the graphene layer in the graphene/QDs monolayer/graphene structured photodetector devices.




4. Photoresponse of the photodetector devices based on the graphene/red (or green) QDs monolayer/graphene structures.
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Figure S4. (a) Schematic diagram of the graphene/Red QDs monolayer/graphene structured photodetector devices under light irradiation at 400-550 nm. (b) Current–time plot of the graphene/Red QDs monolayer/graphene structured photodetector devices under light irradiation at 400 nm. (c) Schematic diagram of the graphene/Green QDs monolayer/graphene structured photodetector devices under light irradiation at 400-520 nm. (d) Current–time plot of the graphene/Green QDs monolayer/graphene structured photodetector devices under light irradiation at 400-520 nm.



5. Simulation of carrier density distribution of the WSe2/QDs monolayer/MoS2 structures.
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Figure S5. (a) Schematic diagram of carrier density in the WSe2/QDs monolayer/MoS2 structure under light irradiation. (b) Simulated carrier density distribution at 1V from 2D Finite-element method simulation.


6. TRPL of the QDs/graphene and the graphene/QDs/graphene structures.
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Figure S6. The photoluminescence lifetimes of graphene/Red QDs/graphene and Red QDs /graphene structures.



7. TRPL of the WSe2/Red, Green QDs/MoS2 structures.
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Figure S7. The photoluminescence lifetimes of WSe2/CdSeS(CdSe) QDs /MoS2 structures.


8. Photoresponse data of the graphene/WSe2/Green QDs monolayer/MoS2/graphene photodetector devices under light irradiation.
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Figure S8. (a) Schematic diagram of the graphene/WSe2/Green QDs monolayer/MoS2/graphene photodetector devices under light irradiation. Current–time (I-t) plot of the photodetector devices under light irradiation (b) at 300 nm, (c) at 400 nm, (d) at 500 nm, (e) at 600 nm, and (f) at 700 nm. (g) Photoluminescence of Green CdSe QDs.


9. Optoelectronic devices simulations of recombination rates inside the active layers by different light irradiation for Green CdSe QDs. 
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Figure S9. (a) Simulation results for three types (SRH, radiative, and Auger recombination rates) under light wavelengths at 300, 400, 500, 600 and 700 nm. (b) Simulation results of Radiative recombination rates at different wavelengths. (c) Simulation results of SRH recombination rates at different wavelengths. (d) Simulation results of Auger recombination rates at different wavelengths. (e) Auger recombination to total recombination ratio under irradiation with different wavelengths as a function of active layer thickness. (f) Auger recombination to total recombination ratio when the active layer thickness is 4.5 nm.

1. Table of TRPL of the WSe2/Red and Green QDs/MoS2 structures.
	
	1 (ns)
	2 (ns)
	A1
	A2
	avg (ns)

	WSe2/Red QDs/MoS2
	3.72
	13.64
	0.81
	0.19
	10.69

	WSe2/Green QDs/MoS2
	4.99
	8.83
	0.54
	0.46
	7.30



Table S1. PL lifetimes of the WSe2/Red and Green QDs/MoS2 structures.


[bookmark: _Hlk73532167]2. Table of TRPL of the various heterostructures based on WSe2, CdSeS QDs and MoS2 materials and the carrier transfer ratios of mixed low dimensional heterostructures to CdSeS QDs.
	[bookmark: _Hlk73528694]
 
	1 (ns)
	2 (ns)
	A1
	A2
	avg (ns)
	ηt

	CdSeS QDs
	3.72
	13.64
	0.71
	0.29
	9.70
	1

	CdSeS QDs/MoS2
	1.51
	6.60
	0.77
	0.23
	4.41
	0.46

	CdSeS QDs/WSe2
	0.61
	8.04
	0.89
	0.11
	5.28
	0.54

	WSe2/CdSeS QDs/MoS2
	3.72
	13.64
	0.81
	0.19
	10.69
	1.1

	WSe2/MoS2
	0.37
	1.78
	0.97
	0.03
	0.57
	0.06

	CdSeS QDs/Gr
	1.22
	5.53
	0.93
	0.07
	2.35
	0.24

	Gr/ CdSeS QDs/Gr
	0.68
	4.10
	0.97
	0.03
	1.30
	0.13



Table S2. PL lifetimes of various heterostructures based on WSe2, CdSeS QDs and MoS2 materials and the carrier transfer ratios of mixed low dimensional heterostructures to CdSeS QDs. 


3. Table of parameters used in optoelectronic devices simulations.
[bookmark: _Hlk107910471]Table S3. All parameters used in optoelectronic simulations.


	
	MoS2
	CdSeS
	WSe2 

	Eg (eV)
	1.7 [ref 3]
	2.0 [this paper]
	∼1.65 [ref 6]

	χe (eV)
Electron affinity
	4.2 [ref 3]
	4.0 [ref 1]
	3.7 [ref 6]

	CB effective density of states, NC (cm-3)
	2.2 ×1018 [ref 3]
	2.2 ×1018 [ref 2]
	2.2 × 1018 [ref 4]

	VB effective density of states, NV (cm-3)
	1.8 ×1019[ref 3]
	9.1 ×1018 [ref 2]
	1.8 × 1019 [ref 4]

	Electron mobility
μn (cm2/V.s)
	100 [ref 3]
	2×10-3 
[ref 1]
	17.9 [ref 7]

	Hole mobility
μp (cm2/V.s)
	25 [ref 3]
	2×10-5 
[ref 1]
	150 [ref 7]

	Relative permittivity
	13.6 [ref 3]
	20 [ref 1]
	8.5 - 17.3 [ref 5]

	Electron thermal velocity (сm/s)
	1.0×107 [ref 3]
	7×101
[ref 1]
	1.0×107

	Hole thermal velocity (сm/s)
	1.0×107 [ref 3]
	7×100 
[ref 1]
	1.0×107

	Shallow uniform donor density,
ND, сm-3
	0 [ref 3]
	1.1×1018 [ref 2]
	0 [ref 4]

	Shallow uniform acceptor density, NA, сm-3
	1×1016 [ref 3]
	-
	1.0×1017 [ref 4]

	Radiative recombination coefficient
(cm3/s)
	-
	5×10-11 [ref 1]
	-

	Auger recombination coefficient
(cm6/s)
	-
	5×10-26 [ref 1]
	-

	Thickness (nm)
	5 [this paper]
	8 [this paper]
	5 [this paper]
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