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 Section 1: Optical images of heterostructures 

 Section 2: AFM images of heterostructures 
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Fig. S1 | (a-g) shows the optical images of QD/MoS2 heterostructures with the QD concentrations ranging from 0 mg/L, 0.05 mg/L, 0.1 mg/L, 0.4

mg/L, 0.8 mg/L, 1.6 mg/L. The optical properties were measured with a home-built μ-PL system. An iHR550 Raman spectrometer from Horiba

was utilized to measure the PL and Raman spectra with 300 g mm−1 and 1200 g mm−1 gratings, respectively. A Ti: Sapphire laser at 400 nm (100

fs, 80 MHz) was used as the excitation source for transient measurements, which was generated by an 800 nm laser from a mode-locked oscil-

lator  (Tsunami  3941-X1BB,  Spectra-  Physics)  positioned  after  a  BBO  crystal.  Time-resolved  PL  (TRPL)  is  measured  by  a  streak  camera

(Hasmamatsu Universal, C10910) with a resolution of ~3 ps for short-time range measurements (~200 ps). A 532 nm solid-state laser was intro-

duced to excite the samples to obtain the steady-state spectra. The objective lens is 50× magnifications, and the diameter of the laser spot is ~2 μm.
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Fig. S2 | Shows the AFM images of QD/MoS2 heterostructures with 0.05 mg/L and 0.025 mg/L QDs, respectively.  The height profiles as

noted as the dotted lines in AFM images show the height of QDs are 6−10 nm.
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 Section 3: Fitted lifetime of MoS2 and heterostructures
The decay processes are considered to consist of fast decay τ1 and slow decay τ2. The fast decay is the related to trap-as-
sisted recombination in QDs or carrier extraction by the layers in heterostructures, while the slow decay is related to ra-
diative recombination. a1 and a2 are the ratios of the fast and the slow decay processes, respectively. When the interfa-
cial charge transfer is induced, a1 increases from 0.641 (QDs) to 0.857 (QD/MoS2), while a2 decreases from 0.359 (QDs)
to 0.1429 (QD/MoS2). 

 Section 4: Spectral evolution of heterostructures with various QD concentrations 

 
 

τ1(ps) τ2 (ps) a1(%) a2(%) τaverage(ps)
QDS 154.458 1090.75 0.641 0.359 490.5868

QD/MoS2 53.805 369.23 0.8571 0.1429 98.87923
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Fig. S4 | Shows the spectral evolution of heterotructures with various QD concentrations ranging from 0.025 to 3.2 mg/L, where fitting
curves involve B exciton (green), A exciton (blue), trion (pink) and QD exciton (dark blue).
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 Section 5: The framework of a three energy level
The rate equations of exciton (A) and trion (A') can be expressed below, 

dNA

dt
= G− [Γex + Ktr(n)]NA, (1)

 

dNA′

dt
= Ktr(n)NA − ΓtrNA′ , (2)

 

Ktr(n) = Ktr(0)
(
1− s 1

α · n+ 1

)
, (3)

where NA, NA’ is the population of exciton and trion, n is the doping steps. Assuming that the rate of adsorption of QDs
obey the Langmuir’s law, the rate of formation of trion with doping steps can be described as ktr(n). s (~95%) reflects the
ability of charge transfer from a GQDs molecule to a single-layer MoS2. δ is the concentration and α is a parameter that
reflects the adsorption probability. The populations of exciton and trion can be derived from the steady-state functions
as below 

NA(n) =
G

Γex + Ktr(n)
(4)

 

NA′(n) = Ktr(n)
Γtr

G
Γex + Ktr(n)

(5)

where Γex and Γtr represent the decay rates of exciton and trion, respectively. The PL intensity can be considered to be
proportional to populations of the exciton and trion, expressed as 

IA(n) =
BGγex

Γex + Ktr(n)
(6)

 

IA′(n) = Ktr(n)
Γtr

BGγtr
Γex + Ktr(n)

(7)

where parameter B is the collection efficiency of luminescene, γex and γtr represent the radiative rates of exciton and tri-
on, respectively. In the consideration, the change of these values is assumed to be small and can be neglected during the
doping process. Here, we suppose that the rate of radiative decay is independent of carrier density in our experiments
for  simplicity.  The  values Γex =  0.002ps−1, Γtr =  0.02ps−1 in  the  analysis  are  based  on  the  values  reported  before.  For
simple condition that ktr >> Γi (i=ex, tr), the PL intensity can be approximately expressed as 

IA(n) ≈
AGγex
Ktr(n)

(8)
 

IA′(n) ≈
AGγtr
Γtr

(9)
 

 Section 6: Mass action model
The mass action model associated with the trion is applied to calculate charge density of MoS2. Under the law of mass
action, the following function is obtained: 

NAne

NA′
=

(
16πmAme

h2mA−

)
kBTexp

(
− Eb

kBT

)
(10)

where kB is the Boltzman constant, T is the temperature, Eb is the binding energy of trions near the bandgap. The m0 is
the mass of a free electron, also me (0.35m0) and mh (0.45m0) are the effective mass of electrons and holes, respectively.
The effective masses of an exciton and a trion can be calculated as mA = 0.8m0, mA' = 1.15m0. Using these parameters,
the weight of exciton A PL intensity can be expressed as 

IA
Itotal

=
1

1+
γtr
γex

NA′

NA

≈ 1
1+ 2.2× 10−14nel

(11)
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 Section 7: Power-dependent fitting spectra of MoS2 

 Section 8: Power-dependent fitting spectra of QD/MoS2 
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Fig. S5 | Shows the spectral evolution at various laser powers ranging from 65 to 670 μW, where fitting curves involve the components
of exciton B (green), exciton A (blue) and trion (purple).
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Fig. S6 | Shows the spectral evolution at various laser powers ranging from 65 to 670 μW, where fitting curves involve the components
of exciton B (brown), exciton A (blue), trion (pink) and QD exciton (green).
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 Section 9: Carrier mobility of MoS2 monolayer and QD/MoS2 heterostructure
 

 Section 10: Power-dependent photocurrents of MoS2 monolayer and QD/MoS2 heterostructure 
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Fig. S7 | Shows the Ids-Vg curves of MoS2 monolayer and QD/MoS2 heterostructure at Vds=1 V, where the calculated carrier mobilities
are 1.8 cm2/V·s and 5.6 cm2/V·s, respectively. Due the interfacial doping effect, the mobility of heterostructure device becomes more than three

times larger than pure MoS2 device. The metal electrodes of MoS2 and heterostructure devices were fabricated in a typical E-beam lithography

(EBL) process, followed by e-beam evaporation of Cr (5 nm) and Au (100 nm), respectively. Then, samples were annealed in vacuum for 3 h at ≈

180 °C to improve the contact conductance. The surface ligands of the coated QDs were purified by ethyl acetate and hexane to facilitate charge

transport. Finally, the devices were annealed on a hot plate at 50 °C for 10 min to evaporate the solvent for electrical measurements. The elec-

trical and optoelectronic properties of the as-fabricated devices were performed in a vacuum Lake Shore Probe Station combined with an Agilent

B1500A semiconductor analyzer at room temperature.
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Fig. S8 | Shows the Ids-Vds curves of MoS2 and QD/MoS2 heterostructure under various illuminations.
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 Section 11: Vg-dependent optoelectronic device performances
 

 Section 12: Comparision of optoelectronic performance of QD/MoS2 devices1−7
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Fig. S9 | (a) Vg-dependent detectivities. (b) Vg-dependent Iph at various illumination powers. (c) Vg-dependent R at various illumination powers.

(d) Vg-dependent α. α decreases as Vg increases.

 
 

Heterostructure Device Wavelength (nm) Laser Power Vg(V) Vds(V) R (A/W) D (Jones) Ref.
MoS2/CH3NH3PbBr3 QDs 532 0.5 nw 60 1 3.72×103 2.0×1010 1

MoS2/CsPbl3-xBrx QDs 532 0.5 nw 60 1 5.5×104 1.95×1012 1
MoS2/lnP@ZnS QDs 532 34 mw/cm2 40 1 1374 2

Bilayer-MoS2/PbS QDs 635 13 mw/cm2 −60 1 6×105 1011 3
MoS2/HgTe QDs 635 0.35 mw/cm2 −15 1 5×103 6.4×1012 4

MoS2/CsPbBr3 QDs 405 12.8 mw/cm2 −20 1 4.68×104 5
MoS2/CdSe QDs 580 37 mw −40 0 400 6

MoS2/ZnCdSe QDs 450 400 nw 0 1 3.7×104 1.0×1012 7
Our work MoS2/CdSe/ZnS QDs 520 0.11 nW 60 1 1.5×104 2.86×1011

Opto-Electron Adv  4, 210017 (2021) https://doi.org/10.29026/oea.2021.210017

210017-S7

 

https://doi.org/10.1002/adfm.201802015
https://doi.org/10.1021/acsami.0c05476
https://doi.org/10.1002/adma.201402471
https://doi.org/10.1021/acsanm.9b00558
https://doi.org/10.1002/adfm.201707558
https://doi.org/10.1021/acsami.9b03971
https://doi.org/10.1021/acsami.9b03971
https://doi.org/10.1002/adfm.201802015
https://doi.org/10.1021/acsami.0c05476
https://doi.org/10.1002/adma.201402471
https://doi.org/10.1021/acsanm.9b00558
https://doi.org/10.1002/adfm.201707558
https://doi.org/10.1021/acsami.9b03971
https://doi.org/10.1021/acsami.9b03971

	&nbsp;Section 1: Optical images of heterostructures
	&nbsp;Section 2: AFM images of heterostructures
	&nbsp;Section 3: Fitted lifetime of MoS2 and heterostructures
	&nbsp;Section 4: Spectral evolution of heterostructures with various QD concentrations
	&nbsp;Section 5: The framework of a three energy level
	&nbsp;Section 6: Mass action model
	&nbsp;Section 7: Power-dependent fitting spectra of MoS2
	&nbsp;Section 8: Power-dependent fitting spectra of QD/MoS2
	&nbsp;Section 9: Carrier mobility of MoS2 monolayer and QD/MoS2 heterostructure
	&nbsp;Section 10: Power-dependent photocurrents of MoS2 monolayer and QD/MoS2 heterostructure
	&nbsp;Section 11: Vg-dependent optoelectronic device performances
	&nbsp;Section 12: Comparision of optoelectronic performance of QD/MoS2 devices1-7

