
DOI: 10.29026/oea.2021.210017

Light-triggered interfacial charge transfer and
enhanced photodetection in CdSe/ZnS
quantum dots/MoS2 mixed-dimensional
phototransistors
Ziwei Li*, Wen Yang, Ming Huang, Xin Yang, Chenguang Zhu,
Chenglin He, Lihui Li, Yajuan Wang, Yunfei Xie, Zhuoran Luo,
Delang Liang, Jianhua Huang, Xiaoli Zhu, Xiujuan Zhuang, Dong Li and
Anlian Pan*

Mix-dimensional van der Waals heterostructures (vdWHs) have inspired worldwide interests and efforts in the field of ad-
vanced electronics and optoelectronics.  The fundamental  understanding of  interfacial  charge transfer  is  of  vital  import-
ance  for  guiding  the  design  of  functional  optoelectronic  applications.  In  this  work,  type-II  0D-2D  CdSe/ZnS  quantum
dots/MoS2 vdWHs  are  designed  to  study  the  light-triggered  interfacial  charge  behaviors  and  enhanced  optoelectronic
performances. From spectral measurements in both steady and transient states, the phenomena of suppressed photolu-
minescence  (PL)  emissions,  shifted  Raman  signals  and  changed  PL  lifetimes  provide  strong  evidences  of  efficient
charge transfer at the 0D-2D interface. A series of spectral evolutions of heterostructures with various QDs overlapping
concentrations at different laser powers are analyzed in details, which clarifies the dynamic competition between exciton
and trion during an efficient doping of 3.9×1013 cm−2. The enhanced photoresponses (1.57×104 A·W–1) and detectivities
(2.86×1011 Jones) in 0D/2D phototransistors further demonstrate that the light-induced charge transfer is still  a feasible
way to optimize the performance of optoelectronic devices. These results are expected to inspire the basic understand-
ing of interfacial physics at 0D/2D interfaces, and shed the light on promoting the development of mixed-dimensional op-
toelectronic devices in the near future.

Keywords: heterostructure; phototransistor; MoS2; quantum dots

Li ZW, Yang W, Huang M, Yang X, Zhu CG et al. Light-triggered interfacial charge transfer and enhanced photodetection in CdSe/ZnS
quantum dots/MoS2 mixed-dimensional phototransistors. Opto-Electron Adv 4, 210017 (2021).

  

Introduction
Low-dimensional heterostructures are extremely import-
ant members  in  various  semiconductor  devices,  includ-
ing  photodetectors,  phototransistors  and  light-emitting

devices1,2.  Recently,  van der  Waals  heterostructures  (vd-
WHs)  based  on  2D  transition  metal  dichalcogenides
(TMDs) have attracted world-wide attentions in the ap-
plication  of  next-generation  optoelectronic  integrations 

Key Laboratory for Micro-Nano Physics and Technology of  Hunan Province, College of  Materials Science and Engineering, School of  Physics

and Electronics, Hunan University, Changsha 410082, China.
*Correspondence: ZW Li, E-mail: ziwei_li@hnu.edu.cn; AL Pan, anlian.pan@hnu.edu.cn
Received: 8 February 2021; Accepted: 22 May 2021; Published: 25 September 2021

Opto-Electronic 
Advances 

Original Article
2021, Vol. 4, No. 9

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021. Published by Institute of Optics and Electronics, Chinese Academy of Sciences.

210017-1

 

https://doi.org/10.29026/oea.2021.210017
https://doi.org/10.29026/oea.2021.210017
http://creativecommons.org/licenses/by/4.0/.


beyond  traditional  silicon-based  integrated  circuits3,4.
Such  2D/2D  vdWHs  show  unique  properties,  including
high carrier  mobility,  atomic-scale  depletion region and
tunable  light-matter  interaction,  which  are  stemming
from the designed energy band alignment and the ultra-
fast interfacial charge transfer5−7. However, the interlayer
coulomb interaction and the carrier scattering are dom-
inant in such atomically-thin layers, which have great in-
fluences on the performance of optical behaviors and op-
toelectronic devices8.  Besides,  these kinds of devices still
suffer  from  performance  limitations  due  to  their  weak
light absorption and pristine atom defects9.

Several  strategies  have  been  devoted  to  tackle  these
problems,  such  as  surface  chemical  modification10,11,
nanophotonic  structures  integration12,13,  mixed-dimen-
sional  vdWHs  design14,  etc.  The  reduced  dimension  of
semiconductors provides large specific surface areas and
abundant interfaces,  which  means,  TMDs  flakes  integ-
rated  with  one-dimensional  (1D)  nanowires,  especially
with 0D  quantum  dots  (QDs),  could  perform  as  prom-
ising  architectures  for  high-performance  optoelectronic
devices15−18.  To  further  achieve  the  high  optoelectronic
performance  of  mixed-dimensional  vdWHs  device,  the
integration  of  2D  materials  with  high  carrier  mobility
and 1D or 0D materials with large light-sensitive absorp-
tion should be designed and fabricated. The reduced di-
mension creates  abundant  interfaces  providing alternat-
ive channels to generate highly-efficient charge doping at
the interface of 0D/2D semiconductors19,20. 0D QDs pos-
sess high quantum efficiencies, strong absorption coeffi-
cients, and  low-cost  processings,  which  are  usually  util-
ized  to  construct  mixed-dimensional  devices  exhibiting
broadband photodetection,  excellent  stability  and  re-
markable photoresponsivity21.

Molybdenum disulfides (MoS2) monolayers are typic-
al TMD semiconductors with band energy of 1.83 eV in
visible spectral range, which usually show room temper-
ature mobility of 0.1–10 cm2·V−1·s−1, photoresponsivity of
<10  A·W–1 and  on-off  ratios  of  106–108 22,23.  Perovskite
QDs, such as CH3NH3PbBr3 and CsPbBr3, have recently
been studied  to  build  mixed-dimensional  heterostruc-
tures with MoS2 flakes showing enhanced optoelectronic
responses24−26.  But  they  face  challenges  in  realizing  air-
stable  heterostructures27. Besides,  the  design  of  hetero-
structure type among type-I and type-II is crucial, which
decides carrier transfer behaviors and photoresponse en-
hancements25,28.  Colloidal  QDs and their  core-shell  QDs
are  stable  semiconductors,  which  have  been  applied  on

MoS2 layers  to  realize  high-performance
photodetectors29,30.  Although  these  0D/2D  conceptual
devices show  outstanding  performances  in  phototran-
sistors  and  photodetectors,  the  charge  transfer  at  the
mixed-dimensional  interfaces  with  complex  ultrafast
processes remains poorly understood31−33.  Moreover, the
light-controlled charge  transfer  processes  in  0D/2D  vd-
WHs  have  less  been  investigated,  which  may  stimulate
the design and creativity of photosensitive transistors.

In this  work,  we  design  0D/2D  mix-dimensional  vd-
WHs  (CdSe/ZnS  QD/MoS2)  to  investigate  the  light-
triggered charge  transfer  processes  at  the  nanoscale  in-
terface.  The  steady-state  and  transient-state  optical
measurements  of  colloidal  QDs,  MoS2 monolayers  and
heterostructures are systematically investigated, showing
tunable PL spectra and ultrafast charge transfer stemmed
from  a  type-II  band  alignment.  In  a  three-energy-level
model,  an  effective  charge  transfer  from  QDs  to  MoS2

monolayers can be  verified  from the  weight  ratio  of  ex-
citon spectra, which has been estimated as 3.9×1013 cm−2.
The competition of QD exciton, MoS2 exciton and trion
can be further modulated in a light-triggered n-type dop-
ing  process.  Moreover,  these  power-sensitive  charge
transfer  processes  at  the  interface  help  to  improve  the
performance  of  optoelectronic  devices  based  on  TMDs
with  large  responsivities  and  detectivities.  These  results
are  expected  to  provide  the  fundamental  understanding
of  light-triggered  charge  transfer  in  0D/2D  mixed-di-
mensional vdWHs, which will contributes to the design-
ing  of  high-performance  optoelectronic  devices  in  the
near future. 

Materials and methods
 

Material preparation
MoS2 monolayers  were  synthesized  by  chemical  vapor
deposition method. A quartz boat was filled with molyb-
denum  oxide  (MoO3)  powder  and  then  located  in  the
center  of  a  furnace.  The  boat  was  covered  by  a  cleaned
Si/SiO2 substrate. Another  ceramic  boat  filled  with  sul-
fur (S) powder was placed at the upstream region of the
furnace  in  a  lower  temperature  zone.  The  temperature
was  raised  to  830  °C  for  10  min  to  grow MoS2 crystals.
Meanwhile, the S powder was heated to 300 °C by a heat-
ing belt, and the sulfur vapor flowed into the furnace by
the  carrier  gas  of  Ar.  Finally,  the  furnace  was  gradually
cooled  down  to  room  temperature.  During  the  whole
process, the ultrahigh-purity Ar gas was held at 75 sccm
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under  atmospheric  pressure.  Colloidal  CdSe/ZnS  QDs
are  commercially  available.  The  heterostructures  were
fabricated in  a  spin-coating  process,  where  dilute  solu-
tions  of  0.025  mg/L  QDs  can  be  spin-coated  onto  the
MoS2 monolayer  at  a  rotation  speed  of  2700  rpm  for
1 min. 

Optial characterization
The optical properties were measured by a home-built μ-
PL  system.  An  iHR550  Raman  spectrometer  from
Horiba was utilized to measure the PL and Raman spec-
tra  with 300 g·mm−1 and 1200 g·mm−1 gratings, respect-
ively.  A  Ti:  Sapphire  laser  at  400  nm  (100  fs,  80  MHz)
was  used  as  the  excitation  source  for  transient-state
measurements, which was generated by an 800 nm laser
from  a  mode-locked  oscillator  (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  also  induced  to  excite
samples to obtain the steady-state spectra. The objective
lens is 50× magnifications, and the diameter of the laser
spot is ~2 μm. 

Device fabrication and measurement
The  metal  electrodes  of  MoS2 and  heterostructure
devices  were  fabricated  in  a  typical  E-beam  lithography
(EBL) process, followed by e-beam evaporation of Au/Cr
(100 nm/5 nm) electrodes. Then, samples were annealed
in vacuum for 3 h at ≈180 °C to improve the contact con-
ductance.  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 electrical and optoelectron-
ic properties of the as-fabricated devices were performed
in a vacuum Lake Shore Probe Station combined with an
Agilent B1500A  semiconductor  analyzer  at  room  tem-
perature. 

Results and discussion
Figure 1(a) shows  the  schematic  view  of  QD/MoS2 het-
erostructures under the excitation of a laser. MoS2 flakes
were grown on SiO2/Si substrate in a chemical vapor de-
position (CVD) process.  To fabricate mixed-dimension-
al  0D/2D  vdWHs,  a  drop  of  solution  with  0.025  mg·L−1

CdSe/ZnS QDs was then dropped onto a prepared CVD-

grown  MoS2/SiO2/Si  substrate.  The  density  of  QDs  on
substrates  can be  controlled  by  choosing  the  number  of
spin-coating  times.  From  the  optical  images  of  pure
MoS2 flakes and 0D/2D vdWHs (Supplementary inform-
ation  S1),  it  can  be  obviously  observed  that  the  optical
contrast of MoS2 flakes varies when QDs are overlapped.

The  structure  and  morphology  of  as-prepared
QD/MoS2 heterostructures can  be  confirmed  by  trans-
mission  electron  microscopy  (TEM)  and  atomic  force
microscopy  (AFM). Figure 1(b) shows  the  high-resolu-
tion TEM image of MoS2 monolayer. Our MoS2 samples
are of high-quality that there are no defects or substitute
atoms observed from measurements. The inset shows the
corresponding selected area electron diffraction (SAED)
pattern.  The  pattern  only  presents  one  set  of  six-fold
symmetry diffraction spots, which is stemming from the
hexagonal  atom  arrangement  of  MoS2 flakes. The  en-
larged  high-resolution  TEM  (HRTEM)  image  is  shown
in Fig. 1(c), which is derived from the marked squares in
Fig. 1(b). The interplanar spacing is measured to be 2.78
Å  corresponding  to  (100)  planes  of  hexagonal  MoS2.
AFM topography  of  MoS2 monolayer shows  a  clear  tri-
angular shape, and the thickness is determined to be 7.5 Å
(1 Å=10−10 m).

After  the  wetting  transfer  process,  QD/MoS2 hetero-
structures  can  be  successfully  transferred  onto  the  Cu
grid. Figure 1(e) shows the low-resolution TEM image of
QD/MoS2 heterostructures,  where  QDs  are  randomly
distributed  on  the  surface  of  MoS2 monolayer,  which
have been marked by the red arrows. The scale bar is 100
nm. From a HRTEM image with the scale bar of 20 nm,
the  diameters  of  QDs  are  ranging  from  8−15  nm  (Fig.
1(f) and  Supporting  Information  S2).  Notably,  the
wrinkles or the edges of MoS2 monolayer are clearly ob-
served  as  orange  arrows  point,  which  confirms  that  the
as-transferred films are intact.  From an enlarged area of
HRTEM  image  of  QD/MoS2 heterostructure  (Fig. 1(g)),
Moiré  patterns  can  be  observed  at  the  edge  of  QDs,
which  is  caused  by  overlapping  lattices  between  MoS2

and  QDs.  The  scale  bar  is  2  nm.  The  corresponding
SAED image shows two different sets of arranged diffrac-
tion patterns,  as  shown in the inset  of Fig. 1(g). The or-
ange  circles  show  a  six-fold  symmetry  diffraction  spots
from MoS2,  while the red circles exhibit a parallelogram
configuration from CdSe/ZnS QDs.

The optical and spectral properties have been investig-
ated among CdSe/ZnS QDs, MoS2 monolayers and their
heterostructures. Figure 2(a) shows  the  UV-visible
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absorption spectrum of QDs solution, where two domin-
ant absorption peaks are observed at around 450 nm and
620 nm. The PL spectra of QDs solution (0.2 mg·L−1) and
QDs  film  on  SiO2/Si  substrate  show  Lorentzian
lineshapes,  where  the  peak  center  is  650  nm  with  a  full
width  at  half  maximum  (FWHM)  of  45  nm.  Although
the  excitation  conditions  are  different,  the  PL  spectrum
of  QDs on substrate  exhibits  a  slightly-stronger  spectral
broadening  than  QDs  in  solutions.  It  is  because  of  the
change of the dielectric environment of exciton emissions.

Figure 2(b) shows the Raman spectra of  MoS2 mono-
layer (red curve) and QD/MoS2 heterostructures (purple
curve). Two typical Raman peaks of MoS2 monolayer are
observed  at  384.2  cm−1 and  404.3  cm−1, which  corres-
pond to the E12g and A1g vibrational modes, respectively.
The  difference  between  these  modes  in  the  as-synthes-
ized MoS2 monolayer is approximately 20.1 cm−1,  which
is slightly larger than the mechanically exfoliated mono-
layer MoS2 because of the crystalline strain34,35.  While in
heterostructures, the Raman peaks of E12g and A1g modes
blue-shift lightly, which are arising from the strain force

and the  charge  transfer  at  the  interface  of  heterostruc-
tures.  The  peak  intensity  of  heterostructures  shows  a
great attenuation, which is due to the blocked signals by
the overlapped  QDs  layer.  Insets  show  two  optical  im-
ages  of  MoS2 monolayer  (left)  and  QD/MoS2 hetero-
structures (right), and scale bars are 6 μm.

The absorption spectrum of MoS2 monolayer is meas-
ured as shown in Fig. 2(c), which is derived from the dif-
ferential reflectance spectra between MoS2/substrate and
substrate under  white  light  illuminations.  Two  absorp-
tion  peaks  are  observed  to  be  located  at  approximately
622 nm and 659 nm, which correspond to direct exciton-
ic  transitions at  K points  in the Brillouin zone of  MoS2.
Correspondingly,  the  PL  spectrum  of  MoS2 monolayer
presents two featured peaks  at  630  nm and 678  nm,  re-
spectively. In 0D/2D vdWHs, PL spectra show two peaks
at 650 nm and 677 nm14,36. The peak intensity of exciton
A decreases much, because charge transfer behaviors oc-
curring at the interface suppress the radiative recombin-
ation. The PL spectra are excited by a 532 nm laser at 0.3
mW, and the detected samples are heterostructures with
0.025 mg·L−1 QDs.
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Fig. 1 | Schematic  view  and  TEM  characterizations  of  MoS2 monolayer  and  CdSe/ZnS  QDs. (a)  Schematic  view  of  mixed-dimensional

QD/MoS2 heterostructures on SiO2/Si substrate under the excitation of a laser. (b) High-resolution TEM (HRTEM) image of MoS2 monolayer with

the scale bar of 5 nm. The inset shows the corresponding selected area electron diffraction (SAED) pattern, where the diffraction points are ar-
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PL  intensity  mapping  has  been  performed  to  show
spectral  change  in  MoS2 monolayer and  heterostruc-
tures. Figure 2(d) and 2(e) show the images  of  PL map-
ping  of  MoS2 monolayer  at  665−750  nm  and  640−660
nm,  respectively,  which  are  consistent  with  PL  peaks  of
QDs and exciton A of MoS2. It is obviously observed that
the PL intensity is dominant at the spectral range of ex-
citon  A.  Images  of  PL  intensity  mapping  of  vdWHs are
shown in Fig. 2(f) (665−750 nm) and Fig. 2(g) (640−660
nm). In comparison to Fig. 2(d), the PL intensity of het-
erostructure in Fig. 2(f) decreases a little owing to the in-
terfacial  charge  transfer,  and  the  intensity  distribution
shows  slight  inhomogeneity.  While  at  the  detection
wavelength of 640−660 nm, the intensity of heterostruc-
ture  is  slightly  stronger  than  that  of  MoS2 monolayer,
where  the  intensity  enhancement  is  mainly  from  the
high-efficiency emission of  QDs.  Besides,  a  few QDs is-
lands  distributed  on  the  substrate  can  also  be  observed.
The  laser  powers  are  controlled  at  0.3  mW  for  all  the
mapping  measurements,  and  all  the  scale  bars  in Fig.
2(d−g) are 5 μm.

Time-resolved photoluminescence  (TRPL)  spectro-
scopy  was  carried  out  to  further  study  and  understand
the spectral quenching caused by charge transfer. Fluor-

F (t) =
∑

aie−(t−t0)/τi , i = 1, 2

escence lifetime detection were obtained with 0.4 mg L−1

QD/MoS2 samples excited by a pulsed laser (400 nm, 80
MHz),  at  an  excitation  power  of  0.3  mW.  The  signals
were subsequently filtered by 650/50 nm bandpass filters,
which can collect the full PL spectral range of QDs while
keeping away from the main PL peak of MoS2 monolay-
er. The PL lifetimes for the two samples in Fig. 2(h) can
be fitted and estimated using a biexponential decay mod-
el  ( ).  The  decay  processes
are  considered to  be consisted of  fast  decay τ1 and slow
decay τ2. The fast decay is related to the trap-assisted re-
combination in QDs or carrier extraction by the layers in
heterostructures, while the slow decay is  related to radi-
ative recombination37,38. By analyzing the components of
two  decay  processes,  the  average  lifetime  of  QDs  and
QD/MoS2 heterostructures are determined to be 498.6 ps
and  98.9  ps,  respectively.  The  average  lifetime  of
QD/MoS2 heterostructure  decreases  much  compared  to
QDs, indicating that considerable charge transfer can oc-
cur at  the 0D/2D interface.  Notably,  the QDs in hetero-
structures  exhibit  a  larger  proportion  of  the  fast  decay
than  that  exhibited  by  QDs  alone,  which  confirms  the
trap-assisted recombination  or  carrier  extraction  is  in-
duced  and  dominant  in  QD/MoS2 heterostructures  due
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to  the  charge  transfer  process  (Supporting  Information
S3).

Figure 2(i) shows  the  energy  band  diagram  of
QD/MoS2 heterostructures.  The  conduction  band  and
valence band of MoS2 monolayer are reported to be 4.25
eV and 6.1 eV in previous work, respectively26. While for
QDs, the conductance and valence bands are reported to
be  3.2−3.4  eV  and  5.3−5.5  eV,  respectively39,40. The  en-
ergy  band  structure  of  QD/MoS2 heterostructure is  de-
termined  to  be  a  type-Ⅱ band  alignment.  The  built-in
field  is  realized  due  to  the  interfacial  charge  transfer.
With the excitation of incident laser,  electron-hole pairs
are  mainly  generated  in  the  highly  light-absorbing  QDs
layer, and then separated by the built-in field. As a result,
electrons  drift  to  the  MoS2 layer  while  holes  are  left  in
QDs.

To estimate  the  charge  doping  efficiency  in  hetero-
structures at various concentrations, the analysis of spec-
tral evolution  are  performed  to  demonstrate  the  contri-
bution of  both exciton and trion in  the  PL spectra. Fig-
ure 3(a) shows the competition between exciton and tri-
on  emissions  when  the  QD  concentration  is  increased.
At low concentrations, the exciton components are dom-
inated in the total spectra, while the weight of exciton de-
creases as  the  concentration  increases.  All  the  compon-
ents are fitted using Lorenze line-shaped peaks (Support-

ing Information S4).
The three-energy-levels model is shown in Fig. 3(b) to

illustrate the competition between exciton and trion. Ex-
citon is  excited from the ground state  to  exciton energy
level  under  the  laser  excitation  (G).  In  an  assumption
that the trion is generated from the exciton in a non-ra-
diative channel (Ktr(n)). Both the exciton (Γex = 0.002 ps−1)
and  trion  (Γtr =  0.02  ps−1)  in  MoS2 monolayer  generate
PL signals  in  radiative  channels.  Then,  the  rate  equa-
tions for  the population of  exciton (NA)  and trion (NA’)
can be expressed as 

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 Ktr (n)  is  the  formation  rate  of  trion  that  relates
with the QDs concentration (n), and Ktr (0) = 0.5 ps−1 is
the formation rate of trion for the pure MoS2 film41. The
minimum ktr (δ) can be obtained as 0.02 ps−1 as reported
before. α is  a parameter that reflects physical adsorption
probability of QDs (Supporting Information S5)42.

Figure 3(c) plots the changing trend of total PL intens-
ity, exciton and trion at various concentrations. Both the
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total  PL  intensity  and  the  exciton  intensity  attenuate
greatly  as  the  concentration  increases.  Because  the
charge  transfer  electrons  become  abundant  with  high
QDs concentrations,  the  recombination  process  of  elec-
tron-hole pairs  is  deeply  suppressed.  However,  the  in-
tensity of  trion  is  almost  unchanged  in  the  doping  pro-
cess, which is due to the Pauli blocking effect and many-
body  interactions  that  the  luminescence  of  the  trion  is
easily saturated at low doping levels43,44. The weight ratio
of  exciton  in  total  PL  (IA/ITotal) at  different  concentra-
tions  can  be  obtained  from Fig. 3(c),  where  the  ratio
gradually decreases  from 0.81 to  0.48  when the  concen-
tration  increases,  as  shown  in Fig. 3(d).  Based  on  the
mass  action  law,  the  charge  density  can  be  estimated
from  the  weight  ratio  of  exciton. Figure 3(e) shows  the
dependence of charge density with the weight ratio. The
estimated  charge  density  of  MoS2 monolayer  is  ~1×
1013 cm−2 due to  the  vacancy-induced electron doping45.
With 3.2 mg·L−1 QDs doping,  the charge density of  het-
erostructure  can  be  calculated  as  4.9×1013 cm−2.  Finally,
the  estimated  density  of  doped  electrons  (Δne)  is  3.9  ×
1013 cm−2, which confirms that n-type doping happens at
the interface of QDs and MoS2 (Supporting Information
S6).  Notably,  this  light-induced  doping  is  at  the  same

level  of  electric  gating  and  chemical  adsorption  doping
(~1013 cm−2)46,47.

To  further  study  the  modulation  ability  of  light-in-
duced charge transfer and competitive exciton emissions,
the  laser-power  dependent  spectra  of  QDs,  MoS2 and
heterostructures  with  0.025  mg  L−1 QDs have  been  sys-
tematically  investigated. Figure 4(a) and 4(b) show
power-dependent PL spectra of MoS2 and QDs, respect-
ively.  When  laser  powers  are  increased  from  65  to  670
μW, the intensity enhancement factors are determined as
P=I/I0, where I and I0 are the intensities detected at high
and low laser  powers,  respectively. P are  detected as  8.4
for  MoS2 exciton  A  and  7  for  trion,  respectively  (Sup-
porting  Information  S7).  While  for  QDs,  the  intensity
enhancement factor is detected as 20, and peak positions
are stably appearing at 650 nm.

Figure 4(c) shows  the  PL  spectral  evolution  of
QD/MoS2 heterostructures  with  increasing  laser  powers
ranging from 65 to 670 μW. There is an obvious compet-
ition between QD exciton (green), MoS2 exciton A (blue)
and  trion  (purple).  At  low  power  densities  (<120  μW),
MoS2 exciton and  trion  emissions  are  dominant  result-
ing in a higher PL intensity larger than QDs. When laser
powers  are  further  increased,  all  components  of  exciton
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and trion  get  stronger,  but  the  increasement  speed  be-
haves differently. It can be observed that the component
of QDs exciton increases much fast, which gets stronger
and becomes comparable to the component of MoS2 ex-
citon at about 120 μW (Supporting Information S8).

The  evolution  of  peak  intensity  of  exciton  and  trion
with  laser  powers  has  been  plotted  in Fig. 4(d).  Both x-
axis and y-axis are presented in log scales.  The relation-
ship of PL intensity (I) and laser power can be approxim-
ately  written  as I=(P)m,  where m denotes  exponent.  For
QD exciton, m decreases from 1.28 to 1.15 (QDs exciton
in  heterostructures).  The  value  of m obtained from  ex-
citon A of MoS2 decreases from 0.9 to 0.87 (exciton A in
heterostructures).  The  difference  of  PL  sensitive-re-
sponse gives  rise  to  the  competition  and spectral  evolu-
tion  at  various  light  powers. Figure 4(e) shows  the
schematics  to  illustrate  the  light-controlled  spectral
change. The blue  rectangular  and dotted orange rectan-
gular  show  the  areas  of  MoS2 flakes and  QDs  films,  re-
spectively.  In  a  QD/MoS2 heterostructure  with  low  QD
density (as  shown  as  the  overlapping  region),  the  num-
ber of MoS2 excitons excited at low laser powers is larger
than QDs excitons. However, when the laser powers are
increased to  a  high  level,  more  QD  excitons  are  gener-
ated, which are comparable to the contribution of MoS2

excitons,  or  even  larger  than  that.  The  light-controlled
spectral  evolution  shows  the  potential  ability  of  tunable
light-matter interactions in TMDs, which helps to influ-
ence the performance of optoelectronic devices.

The photo-induced charge behaviors are crucial to im-
prove  the  performance  of  optoelectronic  devices.  The
phototransistors  of  pristine  MoS2 and vdWHs  are  sys-
tematically investigated, and their characteristics of pho-
tocurrents  are  measured  to  investigate  the  influence  of
interfacial charge doping. Figure 5(a) shows the schemat-
ic view of the device, where MoS2 monolayer served as a
channel in  the  mix-dimensional  FET  (field-effect  tran-
sistor),  and  Au/Cr  (100  nm/5  nm)  metal  served  as
source/drain contacts on the back-gate Si/SiO2 substrate.
Under  the  light  illumination,  electrons  from  QDs  are
transferred  into  MoS2 monolayer resulting  in  an  effi-
cient  charge  doping.  The  dilute  solution  of  QDs  can  be
uniformly spin-coated onto the MoS2 monolayer to real-
ize the mixed-dimensional vdWHs device.

To evaluate the optoelectronic performance of the vd-
WHs device compared to that of the MoS2 transistor, we
investigated  the  photo-induced  transfer  curves  (Fig.
5(b)), as well as the current–voltage characteristics in the

dark  and  under  illuminations  (Fig. 5(c)).  Both  pristine
MoS2 and  hybrid  phototransistors  exhibit  a  typical  n-
type  behavior  in  the  dark.  The  threshold  voltages  of
pristine  MoS2 and  heterostructure  phototransistors  are
obtained as  −20 V and −60 V.  As shown from the pho-
toinduced  transfer  curves  (Ids−Vg) under  the  illumina-
tion (520 nm), Ids of the photodetector in the dark is in-
creased  by  ~4.8  times  compared  to  that  of  the  pristine
MoS2 device  (7.55×10−7 A  vs  1.56×10−7 A)  at Vg=60  V.
The  enhanced  drain  currents  (Ids) under  the  illumina-
tion  are  obtained  as  4.4  times  for  pure  MoS2 device
(from  1.56×10−7 A  to  6.86×10−7 A)  and  11.3  times  for
QD/MoS2 heterostructure  device  (from  7.55×10−7 A  to
8.52×10−6 A)  at Vg=60 V,  respectively.  It  can  be  under-
stood that the strong light absorption of QDs and the ef-
fective  charge  separation  at  the  interface  contribute  to
the  amplified  photocurrents  in  vdWHs  devices. Ids and
Vg are  the  channel  current  and  the  gate  voltage,
respectively.

Furthermore,  the  photoresponsivity  (R=Iph/Peff)  and
specific  detectivity  (D*=RS(1/2)/(2eId)1/2)  are  calculated  to
investigate  the device  performance,  where Iph is the  dif-
ference  between  photocurrent  intensity  and  the  dark-
state  current  intensity, Peff is  the  effective  incident  laser
power  (Peff=Pin×Sdevice/Slaserspot), Sdevice is  the  effective
detection area of the device, Id is the dark current, and e
is  the  unit  charge. Figure 5(d) and 5(e) show the  calcu-
lated values of R and D* as a function of Peff, respectively,
and the maximum values are detected at Vg = 60 V (the
D* versus Vg is presented in the Supporting Information
S11).  The  calculated R of  the  hybrid  device  is  enhanced
by 21.4 times (from 733 A·W–1 to 1.57×104 A·W–1) com-
pared  to  that  of  the  pristine  MoS2 device,  which  is  an
outstanding  performance  compared  to  that  of  other
TMD-based  photodetectors  (Supporting  Information
S12).  Furthermore,  the  calculated R value  exponentially
increases as  the  incident  power  decreases  due to  the  re-
duced  scattering  and  recombination.  The  obtained
highest D* for the heterostructure device is enhanced by
a  factor  of  9.6  compared  to  that  of  the  pristine  MoS2

photodetector (from 2.98×1010 Jones to 2.86×1011 Jones).
We now  discuss  the  possible  mechanisms  for  im-

proved  photoresponsivities  in  these  vdWHs  devices.
Both  the  photogating  and  photoconducting  effects  can
coexist  at  the  nanoscale  interface,  but  the  dominant
mechanism  varies.  For  the  photoconductive  effect,  the
current  intensity  linearly  increases  with  excitation  laser
powers  (I∝Peff),  while  it  shows  sublinear  trend  for
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photogating effect (I∝Peff α and α<1)48,49. The values of α
at  various Vg can be  calculated and plotted as  shown in
Fig. S9 (Supporting Information S11), where α decreases
from 0.78 to 0.26 (from −50 V to 60 V). It demonstrates
that the main mechanism can be tuned from photocon-
ducting to photogating effect by increasing the back-gate
voltage.

Finally, the  photoswitching  characteristics  of  the  hy-
brid photodetector  are  investigated  under  pulsed  illu-
mination powers over multiple  cycles  at Vds = 1 V (Fig.

5(f)),  and  the  rising  time  and  the  decay  time  extracted
from  the  dynamic  curves  are  shown  in Fig. 5(g).  Our
mixed-dimensional photodetector  exhibit  stable  and  re-
producible on-off  photoswitching  property,  and  the  av-
erage rise and fall times are characterized to be 0.49 s and
0.6 s, respectively. Both the rise and fall curves in photo-
current  can  be  fitted  to  a  single  exponential  function.
Figure 5(h) shows  the Ids−Vg curves  of  heterostructure
devices  overlapped  with  various  QDs  concentrations,
where  the  photocurrent  intensities  (Vds=1  V, Vg=0  V)
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increases as the concentration increases. It confirms that
the enhancement of light absorption from QDs can gen-
erate more  photoinduced  carriers  and  improve  the  de-
tection photoresponsivity of devices. 

Conclusions
In  summary,  we  have  demonstrated  that  interfacial
charge  transfer  in  0D/2D  mixed-dimensional  vdWHs
can be tailored and utilized to enhance the optoelectron-
ic performance of phototransistors. A series of morpho-
logy characteristics  and  spectral  measurements,  includ-
ing high-resolution  TEM,  AFM,  Raman  shift,  sup-
pressed  fluorescence  intensity,  and  short  PL  lifetime
provide strong  evidences  to  show  type-II  band  align-
ment  induced  charge  transfer.  In  a  model  of  three-en-
ergy-levels, an effect photo-induced doping can be estim-
ated as 3.9×1013 cm−2, which contributes to the improved
carrier mobility  and  enhanced  optoelectronic  perform-
ance  of  device  in  comparison  with  pure  MoS2 device
(1.57×104 A·W−1 vs  733  A·W−1,  2.86×1010 Jones  vs
2.98×1010 Jones  @520 nm) at  a  low power density  (≈0.1
nW).  Furthermore,  the  detuning  of  laser  power  and
back-gate voltage provides an alternative way to manipu-
late the gain mechanism of device. Therefore, the interfa-
cial  control  of  charge  transfer  gives  more  freedoms  to
optimize  the  optoelectronic  features  of  mixed-dimen-
sional vdWHs, which may bring more opportunities for
the coming atomic-level device integrations.
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