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The charge and energy transfer dynamics in colloidal CdSeTe/ZnS quantum dots (QDs)/monolayer
molybdenum disulfide (MoS,) heterostructures have been investigated by time-resolved single-dot
photoluminescence (PL) spectroscopy. A time-gated method is used to separate the PL photons of single
QDs from the PL photons of monolayer MoS,, which are impossible to be separated by the spectral filter due
to their spectral overlap. It is found that the energy transfer from MoS, to single QDs increases the exciton
generation of the QDs by 37.5% and the energy transfer from single QDs to MoS, decreases the PL quantum

yield of the QDs by 66.9%. In addition, it is found that MoS, increases the discharging rate of single QDs by
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DOI: 10.1039/d2cp05771a 59%, while the charging rate remains unchanged. This investigation not only provides valuable insight into the

exciton generation and recombination at the single-dot level across such hybrid 0D-2D interfaces but also
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1. Introduction

Zero-dimensional (0D) colloidal quantum dots (QDs)/two-
dimensional (2D) transition metal disulfide (TMD) mixed-
dimensional van der Waals heterostructures have attracted a
great deal of research interest in both fundamental research
and practical applications.””” In the 0D-2D heterostructures,
the 0D-QDs have broad tunability of the bandgaps, high
absorption cross-sections, and high quantum yields;*” the
2D-TMDs have high transport mobility, direct optical band
gap, and reduced dielectric screening.®* Therefore, the 0D-
2D van der Waals heterostructures have shown great potential
in various optoelectronic applications, such as field-effect
transistors, infrared photodetectors, and memory devices."***

Investigation of charge and energy transfer between 0D-QDs
and 2D-TMDs plays an important role in the design and perfor-
mance improvement of these 0D-2D optoelectronic devices.">™"”
The nonradiative energy transfer from CdSe-based QDs to TMDs
has been investigated, revealing how the energy transfer varies
with the TMD layer number and temperature.’®2° The energy
transfer from monolayer 2D-TMDs to near-infrared emitting PbS-
based 0D-QDs has also been investigated, showing that 58% of the
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promotes the application of the hybrid system in various optoelectronic devices.

QD photoluminescence (PL) arises due to energy transfer from the
monolayer WS,.>' The charge transfer from 2D-TMDs to a single
layer of CdSe-based QDs has been investigated by femtosecond
pump-probe spectroscopy, revealing ultrafast charge transfer from
the 2D to the 0D and hybrid exciton formation in the 2D/0D
heterostructures.? Using single-dot spectroscopy to study the
energy transfer and charge transfer dynamics in 2D/0D hetero-
structures can remove the ensemble averaging effect and obtain
the structure and dynamics information of nanomaterials at the
level of single particles.**** However, the current problem is that
the PL intensity of single QDs is much smaller than that of 2D-
TMDs, and the emission spectra of 2D-TMDs overlap with those of
most kinds of QDs, especially for CdSe-based QDs.”" Therefore,
how to separate the photons emitted by single QDs and 2D-TMDs
is still a key problem. This makes it difficult to extract the PL
blinking dynamics of single QDs.

The analysis of the PL blinking properties of single QDs can be a
good way to obtain the charge transfer dynamics in 2D/0D hetero-
structures. In the PL trajectory of a single QD, the “bright” states
and “dim” states represent the neutral exciton states and charged
states, respectively.”>>®* When QDs are charged, the Auger process
will consume the formed excitons, resulting in a decrease in PL
intensity.>*® The charging and discharging process of a single QD
leads to the blinking phenomenon. The charge and discharge rates
of single QDs can reflect the charge transfer dynamics in 2D/0D
heterostructures. As long as the PL photons of single QDs are
separated, the study of PL blinking dynamics can be carried out.

In this study, we will investigate energy transfer and charge
transfer between CdSeTe/ZnS core/shell QDs and monolayer
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molybdenum disulfide (MoS,) by single-dot PL spectroscopy.
Combined with time-tagged, time-resolved, and time-correlated
single-photon counting (TTTR-TCSPC) technology, a gating
method is used to filter out the MoS, emission, thereby extracting
the PL photons of a single QD. By comparing the PL blinking
trajectories and lifetimes of single QDs on monolayer MoS, and
silicon, the energy transfer and charge transfer dynamics in the
0D-2D heterostructure were investigated.

2. Materials and methods

The NIR CdSeTe/ZnS core/shell QDs (Qdot®™ 800ITKTM Organic
Quantum Dots) were bought from Thermo Fisher Scientific, the
diameter of the core is 6.4 nm and the diameter of the core plus
shell is 8.2 nm. The MoS, that was prepared by vapor deposition
on a silicon wafer was bought from Shenzhen Two-Dimensional
New Material Co., Ltd. The average thickness is less than 1 nm.
Fig. 1a shows the absorption spectra and PL spectra of the CdSeTe/
ZnS core/shell QDs and MoS,. The spectra of the QD solution
in toluene were measured by fluorescence spectrophotometer
(F-7000, HITACHI). The spectra of MoS, on silicon were measured
by a monochromator equipped with a cooled CCD (PIXIS, Prince-
ton Instrument Inc.), and a 532 nm excitation laser. Fig. 1b shows
the transmission electron microscope image of the QDs (JEOL-
2100F). Fig. 1c shows the optical image of monolayer MoS,.

To realize the investigation of single QDs, the solution of
QDs is appropriately diluted and then spin-coated on the MoS,
substrate to obtain a 0D-2D hybrid structure. The areal density
of the QDs was kept below 0.1 um~> to allow us to observe
isolated QDs with a confocal microscope. We have also pre-
pared the contrast sample with only single QDs on a silicon
wafer as a control experiment. A home built confocal scanning
microscope was used to measure the PL properties of single
QDs on monolayer MoS, at room temperature. The single QDs
were excited by a 532 nm pulsed laser (WL-SC-400-15-PP, NKT
Photonics) with a pulse width of about 90 ps and a repetition
rate of 5 MHz and the PL was collected by an objective (Nikon,
100x%, 0.9 NA). After passing through a dichroic mirror (Sem-
rock) and a long-pass filter (Semrock), the PL photons were
focused into a pinhole of 0.1 mm for spatial filtering, and then
split by a 50/50 beamsplitter cube into two beams and finally
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Fig. 1 (a) Absorption and PL spectra of CdSeTe/ZnS QDs and monolayer
MoS,. (b) Transmission electron microscope images of the QDs. (c) The
optical image of monolayer MoS,.
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detected by a pair of single-photon avalanche diode detectors
(SPCM-AQR-15, PerkinElmer). The arrival time of each PL
photon and the synchronization of the pulse laser were
recorded by a TTTR-TCSPC data acquisition card (HydraHarp
400). Based on the absorption and PL spectra in Fig. 1a, we
added a long-pass filter of 736 nm to remove the PL of
monolayer MoS,. Nevertheless, the remaining PL of monolayer
MosS, is still very significant and is more than the PL of a single
QD due to their partial spectral overlap. According to the arrival
time of each PL photon and the synchronization information of
the laser pulse, we use a time-gated method®*" to separate the
PL photons of the QDs and monolayer MoS,, as schematically
shown in Fig. 2a. The time-gated method allows for selective
analysis of only photons that arrive after a certain time delay
following the sync pulse, which enables the construction of a
time-gated g function and PL intensity.*°

3. Results and discussion

According to the spectral overlap between the absorption
spectra and the PL spectra shown in Fig. 1a, the energy transfer
from monolayer MoS, to QDs and the energy transfer from QDs
to monolayer MoS, simultaneously take place in the 0D-2D
heterostructure. The energy transfer from monolayer MoS, to
QDs can enhance the exciton generation of the QDs,*"***? but
does not affect the exciton recombination dynamics of the QDs.
While the energy transfer from QDs to MoS, can decrease the
exciton lifetime of the QDs.”® Therefore, single-QD spectroscopy is
helpful to separately investigate the two energy transfer dynamics in
a 0D-2D mixed structure. In addition, the CdSeTe/ZnS core/shell
QDs have strong electron-hole pair confinement and a thick shell,
so the charge transfer effect between the QD core and MoS, is
inefficient.”® However, the charge transfer in the 0D-2D hetero-
structure still exists according to the study on the dynamics of PL
blinking of single QDs.

The work began by finding single QDs. The confocal scan-
ning PL intensity image of single QDs on monolayer MoS, is
shown in Fig. 2b. The PL intensity of MoS, is much higher than
that of single QDs, so the PL signals of single QDs are
submerged. Fig. 2c is obtained by rescanning the red square
area in Fig. 2b by adding a 736 nm long-pass filter to remove
most of the PL of MoS,, but the outline of single QDs still can’t
be seen. The corresponding PL lifetime image (Fig. 2d) shows
that the lifetime of QDs on monolayer MoS, (orange) is shorter
than that on silicon (red). In addition, the PL lifetime of MoS, is
about 0.1 ns (corresponding to previous work®®) which is much
shorter than that of the QDs. Based on the above results, we set
a time-gate of 5 ns to filter out PL photons of monolayer MoS,
and the corresponding time-gated PL intensity image was
obtained, as shown in Fig. 2e. The outline of QDs is clearly
presented, and the single QDs are easily found. The single QDs
marked with yellow circles in Fig. 2d confirm that the distance
between single QDs is sufficiently far apart to allow us to obtain pure
single QD emission. For confirming that the QDs on monolayer
MosS, are individual, we use the photon correlation function (g®))
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Fig. 2 (a) Schematic of the PL signals recorded by TTTR-TCSPC technology. Laser pulses come at regular intervals. The red bars and blue bars

correspond to photons emitted from MoS, and single QDs, respectively. For our analysis we set a time gate (cyan shaded area) after the laser pulse to
remove the MoS, emission. (b and c) PL intensity images of single QDs on monolayer MoS, with long-pass filters of 655 nm (b) and 736 nm (c).
(d) Corresponding PL lifetime images with the long-pass filter of 736 nm. The areas marked by yellow circles are single QDs on silicon. (e) Corresponding
time-gated PL intensity image with delay time of 5 ns and the emission filter of 736 nm. (f) The grey line is a typical 9(2) curve of a single QD on monolayer
MoS,, and the red line is the corresponding time-gated g2 curve with a threshold of 5 ns. (g) PL decays and exponential fits for single QDs on silicon and
MoS,, respectively. Setting the time-gate at 5 ns can remove the effect of MoS, emission. (h) Histograms of lifetimes of single-exciton states for single

QDs on silicon and MoS, with Gaussian fitting (green curves), respectively.

method to recognize a single QD.** However, the g®(0) value is very
large for the QDs on monolayer MoS, (grey line in Fig. 2f), and it is
impossible to recognize single QDs by the g¢® method due to the
influence of the PL of MoS,. Here, we use the time-gated g® method
to recognize single QDs.*® A typical time-gated g® curve (red line) is
shown in Fig. 2f, and the areal ratio of the central peak to the side
peaks is well below 0.5, implying that our measurements are from
isolated single QDs.

After recognizing the single QDs, we recorded the arrival time of
each PL photon from a single QD with TTTR-TCSPC technology to
investigate the charge and energy transfer dynamics in the 0D-2D
heterostructure. The typical PL decay curves of single QDs on silicon
(blue) and monolayer MoS, (red) are shown in Fig. 2g. The PL decays
can be fitted well by using single exponential functions (green
curves), which can be attributed to the relaxation of single exciton
states.®® The histograms of the single exciton lifetime values for

This journal is © the Owner Societies 2023

~100 single QDs on silicon and MoS, are shown in Fig. 2h. The
Gaussian fitting yields the mean values of 181.1 and 59.9 ns for
single QDs on silicon and on monolayer MoS,, respectively. There-
fore, the exciton lifetimes of QDs on MoS, are reduced to 33.1%
that of QDs on silicon. The value of 181.1 ns corresponds to the
radiative lifetime of single excitons in single QDs, which is close to
the reported silicon,”” and thus the radiative rate (k) of a single
exciton of QDs is

1

b= R ms

=55x%x10%s7! (1)
The reduced lifetime of QDs on MoS, indicates the existence of
Forster resonance energy transfer from the QDs to MoS, and the
energy transfer rate (kgy) can be calculated by*®

1 1
ker =k — k. =

[ 7 —1
“S90ms Islims <0 B
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Fig. 3 (a) Typical PL intensity trajectories for the single QDs on silicon (blue line) and monolayer MoS; (red line) with binning time of 10 ms, respectively.
The PL photons of MoS, have been removed by the time-gated method. The silver-gray lines represent background. Corresponding PL intensity
histograms are shown in the right panels. (b) Normalized probability densities of on- and off-time for single QDs on silicon and monolayer MoS,,
respectively. The solid lines are best fits by (truncated) power law functions.

where k is the exciton recombination rate of the QDs on MoS,.
Because of the energy transfer from the QDs to MoS,, the PL
intensity of the QDs on MoS, should decrease to k/k = 33.1% of
that on silicon. However, measurements of the PL intensity of
single QDs did not agree with this value, which mean that the
energy transfer from MoS, to QDs also exists, see next paragraph.

Fig. 3a shows two typical PL intensity trajectories and the
corresponding PL intensity histograms for single QDs on
silicon and monolayer MoS, (the PL photons of MoS, have
been removed by the time-gated method), respectively. The PL
intensities of ~100 single QDs on silicon and on MoS, are
~11 K and ~5 K, respectively. The experimental results show
that the PL intensity of single QDs on monolayer MoS, is 45.5%
(>33.1%) of that on silicon, which is proof of the existence of
energy transfer from monolayer MoS, to single QDs. In addi-
tion, the energy transfer increases the exciton generation of
single QDs by 45.5%/33.1%-100% = 37.5%. Finally, the
decrease of PL intensity of single QDs on monolayer MoS,
reveals that the 0D to 2D energy transfer is more prominent in
the CdSeTe/ZnS QDs/monolayer MoS, hybrid system.

Fig. 3a also shows that the PL intensity of the single QDs
fluctuates between bright (on) and dark (off) states, which is
called PL blinking.**~** The PL blinking can be explained by the
charging model, which originates from photoionization (char-
ging) and neutralization (discharging).*>** In a neutral QD, on-
state emission originates from the radiative recombination of
the exciton. When the electron of the exciton is captured by the
surface traps, the QD will be positively charged. The extra hole
can initiate nonradiative Auger recombination, which leads to a
decrease in PL intensity (called the off-state). When the electron
is released from the surface traps, the QD will be discharged
and the PL intensity will return to the on-state. When the
electron in the core is captured by the surface traps, it is closer
to MoS,, so the charge transfer occurs more easily and affects
the blinking properties of the single QD. The PL intensity

8164 | Phys. Chem. Chem. Phys., 2023, 25, 8161-8167

histograms in the right panels of Fig. 3a reveal that the PL of
a single QD on MoS, has more on-state compared with that on
silicon. The increase in the on-state may originate from the
decrease of the charging rate or the increase of the discharging
rate. In order to quantitatively investigate the effect of MoS, on
the charging and discharging process of single QDs, we calcu-
late the statistical distribution** of on- and off-time of PL
intensity traces.

The normalized on- and off-time probability densities
are the fingerprint of QD blinking studies to investigate and
compare the blinking activities of single QDs on silicon and
monolayer MoS,. According to the two peaks of PL intensity
histograms in Fig. 3a, a threshold intensity (green dotted lines)
was set to separate the on- and off-state of the PL trajectories.
Then, the on- and off-time probability densities Py, (¢) and Py
(¢) can be derived from the PL intensity trajectories, as shown in
Fig. 3b. The on- and off-time probability density distributions
can be fitted by an exponentially truncated power law:

exp(—p) ®)

45-47

Pon(t) = Aont ™
and power law
Poff(t) = Aofftiﬁy (4)

respectively, where A,, and A.g are amplitudes, « and f are the
power law exponents, and u is the saturation rate.*® The
corresponding fitting parameters have been obtained by fitting
of ~60 single QDs on silicon and monolayer MoS,, respec-
tively, as shown in Table 1. Single QDs on monolayer MoS, have
a larger f§ value than that of single QDs on silicon, while o and u
have similar values. According to the fitting parameters, the
charging rate (kon_ o) and discharging rate (kog— on)"° for ~60
single QDs on silicon and MoS, can also be obtained by

! :JOO Pon(2)ds, (5)

k011~>off 0.01
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Table 1 Normalized on- and off-time probability densities for ~60 single QDs on silicon and monolayer MoS,, respectively

o 1/.u (ms) ﬁ konaoff (Sil) koffaon (Sil)
QDs (on silicon) 0.55 £ 0.35 53.63 + 42.33 1.16 £ 0.27 21.8 5.8
QDs (on MoS,) 0.62 £ 0.25 65.86 + 6.11 1.72 £ 0.17 20.0 14.2
and Table 2 Calculated parameters involved in the heterostructure
00 — — — — —
o = Jog P04 € 5ED  kew() K ©D ke ke
off=on 001 55 % 10° 218 5.8 11x10° 84

respectively, as shown in Table 1. The results show that the
discharging rate of a single QD on monolayer MoS, is decreased
by 59% compared to that on silicon, while the charging rate
remains unchanged. This is because the electron in the surface
traps can be transferred to MoS, and then recombine with the
hole in the valence band of QD. Therefore, the charge transfer
in 0D-2D heterostructures increases the bright state ratio of
single QDs to a certain extent, but the blinking rate does not
decrease significantly.

Based on the above experimental results, we use an external
electron transfer model to describe the energy and charge
transfer processes as well as the suppression of the off-state
of CdSeTe/ZnS QDs by monolayer MoS,, as shown in Fig. 4. The
conduction and valence band positions for CdSeTe/ZnS QD and
monolayer MoS, are obtained from previous reports.*®>° The
energy transfer from monolayer MoS, to single QDs increases
the probability of exciton generation of the QDs and thus
increases the PL intensity of a single QD. Moreover, the energy
transfer from single QDs to monolayer MoS, can cause non-
radiative relaxation and decrease the PL intensity of the single
QD. The results show that the 0D to 2D energy transfer process
is more prominent than the 2D to 0D energy transfer process in
the hybrid system. In addition, the monolayer MoS, can
provide an electron transfer pathway from the trap state of
the single QD. Thus, the PL blinking of single QDs is influenced
when contacted with monolayer MoS,. According to the experi-
mental results, we can calculate the charge transfer rate (kcr)
from monolayer MoS, to single QDs. For an isolated single QD,

CdSeTe ZnS MoS,
-2.0 - ‘
CB ‘ CB

% -3.0 ‘

‘g‘ Trap states

S 40 ¢ Kerap

g ' KdW

¢ 50— ki

>

2

& 6.0 —
-7.0- VB VB

Fig. 4 Schematic of the external electron transfer model. CB and VB are
the conduction band and valence band, respectively. E is the Fermi level.
Ky, Kirap. Kaistrap: @Nd Kt are radiative rate, trapping rate, distrapping rate and
charge transfer rate, respectively.
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the charging (kon - off) and discharging rates (kofr_, on) are equal
to the trapping (kgap) and distrapping rates (kgiserap)s
respectively.’® Therefore, the values of kyap and Kaiswap are
obtained as 21.8 s~ " and 5.8 s~ ', respectively. Then, the value

of ke is kg?fidgrslz — kdistrap = 142571 =58 57! = 8.4 57!, A sum-
mary table of calculated parameters for single QDs on mono-

layer MoS, obtained in this work is presented in Table 2.

4. Conclusions

We have studied the charge and energy transfer dynamics
between CdSeTe/ZnS QDs and monolayer MoS,. By removing
the PL photons of MoS, by a suitable time-gate, the PL of single
QDs can be obtained. By comparing the PL lifetime and PL
intensity trajectories of single QDs on silicon and monolayer
MoS,, it was found that the energy transfer from MoS, to single
QDs increases the exciton generation of single QDs by 37.5%
and the energy transfer from single QDs to MoS, decreases the
PL intensity of single QDs by 66.9%. Therefore, the 0D to 2D
energy transfer process is more prominent than the 2D to 0D
energy transfer process in the hybrid system. Moreover, the
discharging rate of single QDs on monolayer MoS, is increased
by 59% compared to that on silicon, while the charging rate
remains unchanged. By combining the external electron trans-
fer mode, the various parameters involved have been obtained
to reveal the energy and electron transfer processes in the 0D-
2D heterostructure. This investigation not only provides valu-
able insight into the exciton generation and recombination at
the single-dot level across such hybrid 0D-2D interfaces, but
also promotes the application of the hybrid system in various
optoelectronic devices.
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