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Abstract: Two-dimensional molybdenum disulfide (MoS2) has been proven to be a candidate
in photodetectors, and MoS2/lead sulfide (PbS) quantum dots (QDs) heterostructure has been
used to expand the optical response wavelength of MoS2. Time-resolved pump-probe transient
absorption measurements are performed to clarify the carrier transfer dynamics in the MoS2/PbS
heterostructure. By comparing the carrier dynamics in MoS2 and MoS2/PbS under different
pump wavelengths, we found that the excited electrons in PbS QDs can transfer rapidly (<100
fs) to MoS2, inducing its optical response in the near-infrared region, although the pump light
energy is lower than the bandgap of MoS2. Besides, interfacial excitons can be formed in the
heterostructure, prolonging the lifetime of the excited carriers, which could be beneficial for the
extraction of the carriers in devices.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Photodetectors with broadband optical response spectra ranging from ultraviolet to near-infrared
are widely used in fields of optical communication, thermal imaging, night vision and medical
imaging [1–4]. Most traditional broadband photodetectors use single crystal semiconductors,
such as Si and InGaAs, which have complex preparation processes, rigidity and brittleness
[5,6]. Two-dimensional (2D) transition metal halides (TMDs) are expected to be widely used
as the next generation of optoelectronic devices due to their excellent electronic and optical
properties [7–10]. As an representative of the TMDs family, molybdenum disulphide (MoS2)
has been mostly explored because of its high carrier mobility and excellent stability [11,12].
Monolayer MoS2 exhibits a direct bandgap of ∼1.8 eV and strong light-matter interaction, making
it a promising photoelectric application material [13,14]. Yin et al. firstly reported a novel
phototransistor based on mechanically exfoliated monolayer MoS2 nanosheets, which opened an
avenue to develop monolayer semiconducting materials for future optoelectronic devices [15].
However, due to the inherent bandgap limitation, the spectral detection of monolayer MoS2
photodetectors is usually limited to the ultraviolet to visible light range [16,17]. In order to obtain
a broadband photodetector based on monolayer MoS2, it is a common method to form a vertical
heterostructure between MoS2 and other 2D materials through van der Waals interaction [18,19].
For example, Ding et al. constructed a monolayer MoS2/2-H MoTe2 heterostructure with a
broadband photoresponse with good optical sensitivity ranging from the 200 nm to 1100 nm [20].
Long et al. successfully fabricated and atomically thin MoS2-graphene-WSe2 heterostructure
which showed broadband photoresponse in the visible to infrared range at room temperature [21].

However, for a certain 2D materials, its bandgap is determined, and the band alignment of
the heterostructures formed with MoS2 is fixed. The bandgap of quantum dots (QDs) can be
controlled by tuning the QDs size and have strong and broadband light absorption [22]. For
instance, the absorption band edge of PbS QDs can be adjusted from 600 nm to 3000 nm by
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controlling the size during the synthesis process [23]. However, the low carrier mobility in PbS
QDs blocks their application as photodetectors [24]. MoS2/PbS QDs hybrid can combine the
advantages of the high carrier mobility of the MoS2 and the strong and tunable light harvesting
of PbS QDs [25,26]. For example, Kufer et al. reported a highly sensitive MoS2/PbS QDs
hybrid phototransistor device, which showed several orders of magnitude higher responsivity than
that achieved individually by PbS QDs and MoS2-based photodetectors. Moreover, its spectral
detection range has been extended to near-infrared [27]. Besides the extension of the absorption
of materials, excited carriers transfer plays important roles in the improvements of the optical
responsivity of heterostructures. Although some ultrafast spectroscopy techniques have been
used to study these processes [26], deeper understanding the charge transfer and recombination
dynamics in heterostructures are needed for the optimization of the devices.

In this work, we studied the carrier dynamics of monolayer MoS2 and MoS2/PbS heterostructure
using femtosecond pump-probe transient absorption (TA) spectroscopy. We studied the transfer
process of interfacial carriers under different energy pump light. We found that when the pump
light energy is lower than the bandgap of monolayer MoS2, the electrons in PbS2 QDs transferred
to MoS2; when the pump light energy is higher than the bandgap of monolayer MoS2, the
excited holes in MoS2 transferred to PbS QDs. Besides, interfacial excitons can be formed in the
heterostructure prolonging the lifetime of the excited carriers, which could be beneficial for the
extraction of the carriers in devices.

2. Materials and methods

2.1. Synthesis of MoS2/PbS heterostructures

Monolayers MoS2 films were prepared by chemical vapor deposition (CVD) on 1 mm sapphire
substrates (Sixcarbon Technology). PbS QDs with an averaged diameter of about 4 nm were
obtained from Mesolight Inc. (Suzhou, China). Toluene (≥99.5%) was purchased from
Sinopharm Chemical Reagent Co., Ltd. Acetonitrile (99%) was purchased from Macklin.
1,2-ethanedithiol (99%) was purchased from Macklin. All chemicals were used without further
purification. PbS QDs were distributed in toluene with concentrations of 40 mg/mL. Figure 1(a)
shows a schematic of the MoS2/PbS heterojunction preparation process. In order to deposit the
PbS QDs on MoS2 monolayers, 12 µL of the solution were deposited on MoS2 monolayers using
spin coating at 2500 rpm for 15 s. For the purpose of exchanging with the as-synthesized oleic
ligand in the pristine PbS QDs, a solution of 1,2-ethanedithiol (EDT) diluted to a concentration
0.02 vol% in acetonitrile (ACN) was dropped on top of the PbS QDs film and left for 30 s before
the spin coating. After rotating at 2500 rpm for 15 s, the samples were washed three times with
acetonitrile and dried in vacuum. The concentration of PbS QDs on the surface of MoS2 was
estimated to be about 4.2× 1012 cm−2.

2.2. Instruments and measurements

The Ultraviolet-visible (UV-vis) absorption spectra were obtained from a spectrophotometer
(UV-2600, China) and the photoluminescence (PL) spectra were taken with a spectrophotometer
(FLS980, Edinburgh). The Raman spectra were acquired from a Raman System (HR800, France)
with 532 nm laser excitation. X-ray Photoelectron Spectroscopy (XPS) experiments were carried
out with an X-ray photoelectron spectrometer (ESCALAB Xi+, USA).

The TA spectra of the samples were measured using a home-built femtosecond time-resolved
TA setup. A mode-locked Ti: sapphire amplifier system with a central wavelength of 800 nm
(Vitesse, Conherent, 1 kHz rate, 50 fs pulse with) was used as the laser source. The output was
split into two beams, the stronger one was frequency-doubled to produce 400 nm pump light, and
the repetition rate was modulated to 500 Hz using an optical chopper. Another beam is focused
into the sapphire plate to generate broadband supercontinuum probe light (range from 450 nm to
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Fig. 1. (a) Schematic diagram of the MoS2/PbS heterojunction preparation process. (b)
Absorbance and photoluminescence spectra of PbS QDs in solution. (c) The XPS Pb4f
spectra of PbS QDs thin film. (d) The XPS S2p spectra of PbS QDs thin film. (e) Steady-state
absorption spectra of MoS2 (black), PbS QDs (pink) and MoS2/PbS heterojunction (blue). (f)
Raman spectra of the MoS2 before and after spin-coating PbS QDs. (g) Photoluminescence
spectra of the PbS QDs film (pink) and the MoS2/PbS heterojunction (blue).

980 nm). The probe light and the pump light were well focused and overlapped on the sample.
The TA spectrum was obtained by comparing the probe spectra with and without pump light
excitation. By adjusting the delay time between the pump and probe pulses, the variation of the
TA spectrum with the delay time was recorded.

Time-resolved two-color pump-probe spectroscopy used the 800 nm fundamental frequency
light and the 400 nm doubled frequency laser mentioned above as the pump light, and modulated
the frequency to 500 Hz using an optical chopper. The output with different wavelength from the
OPA was used as the probe light. Then, the pump pulse and probe pulse were simultaneously
focused into the sample, and the pump-probe time delay was controlled using a motorized
translation stage. The time-resolved transmission signal was measured by a photodetector and a
lock-in amplifier. The time resolution of the femtosecond pump-probe transient absorption system
is about 100 femtoseconds. The above experiments were performed with the sample in ambient
conditions at room temperature. In the TA and pump-probe measurements, all experiments were
conducted below the laser damage threshold of the samples.

3. Result and discussion

3.1. Characterization of materials

We firstly characterized the PbS quantum dots. Figure 1(b) shows the Vis-NIR absorption and
PL spectra of PbS QDs in solution, in which an excitonic absorption edge at 950 nm and a PL
peak centered at 966 nm can be observed. Figure 1(c) and (d) show the XPS spectra of PbS film.
The Pb4f signal contains two peaks corresponding to the spin orbit interactions for the 4f7/2



Research Article Vol. 32, No. 11 / 20 May 2024 / Optics Express 19461

and 4f5/2 core electronic states. These two peaks are clearly both broad and asymmetric, with
shoulders corresponding to peak splitting due to perturbations from the local chemical bonding.
The 4f7/2 peak can be fitted with two components centered at 137.8 eV and 138.4 eV. The former
corresponds to the binding energy of Pb-S, while the latter is due to the presence of Pb(OH)2
species at the surface of the PbS QDs [28,29]. The S2p signal contains two peaks corresponding
to the 2p2/3 peak at 161.1 eV and 2p1/2 peak at 164.5 eV respectively. The 2p2/3 peak is attributed
to S bound to Pb, and the 2p1/2 peak is assigned to S involved in S-S bonds [30].

Figure 1(e) shows the absorption spectra of monolayer MoS2, PbS QDs and MoS2/PbS QDs
heterojunction. The strong absorption at three different wavelengths in MoS2 represents the
absorption of A (662 nm), B (610 nm), C (427 nm) excitons, respectively [31,32]. The PbS
QDs absorption spectrum (pink line) reveals an absorption peak at 950 nm, as shown in inset
of Fig. 1(e). The absorption range of MoS2/PbS QDs heterojunction ranges from ultraviolet to
near-infrared. Its absorption spectrum includes the absorption peaks of MoS2 and PbS QDs, and
the intensity of the absorption peaks is stronger than that of pure MoS2. We attribute this to the
strong absorption and wide absorption range of PbS QDs.

In order to better explore the charge transfer between MoS2 and PbS QDs, we performed Raman
spectroscopy and fluorescence spectroscopy measurements. The Raman spectra of the monolayer
MoS2 before and after spin-coating PbS QDs are shown in Fig. 1(f). The two main peaks located
at 384.4 and 403.3 cm−1 are attributed to the E2g

1 (in-plane) and A1 g (out-of-plane) modes in
MoS2. The difference between the two peaks (18.9 cm−1) is less than 21 cm−1, indicating that the
MoS2 film is monolayer [33]. In the MoS2/PbS QDs heterojunction, the E2g

1 and A1 g phonon
frequencies decrease by 4.0 and 4.2 cm−1, respectively. A1 g phonon have a stronger coupling
to electrons than E2g

1 phonon in monolayer MoS2 [34]. Thus, the more redshift of the A1 g
indicates electron doping caused by PbS QDs. Figure 1 g shows the PL spectra of the PbS QDs
on sapphire substrate and MoS2. The PL intensity of PbS QDs on MoS2 is lower than that on
the sapphire substrate. The results indicate that most photogenerated electrons in PbS QDs are
injected into the MoS2.

3.2. TA spectra of MoS2 and MoS2/PbS

In order to further investigate the carrier transfer process between MoS2 and PbS quantum dots,
we conducted femtosecond time-resolved TA tests on MoS2 and MoS2/PbS, respectively. The
TA spectrum of MoS2 is shown in Fig. 2(a), with two valleys located at 615 nm and 660 nm,
respectively, corresponding to the ground state bleaching (GSB) signals of B excitons and A
excitons. The three peaks are located at 480 nm, 636 nm, and 685 nm, respectively, corresponding
to the excited state absorption signals of C excitons, B excitons, and A excitons. The TA spectrum
measured using 400 nm light excitation of MoS2/PbS is shown in Fig. 2(b). Both MoS2 and PbS
can be excited and the characteristic TA signals of MoS2 can still be observed. As the MoS2/PbS
QDs heterojunction had a strong absorption of white light, the detected transmitted white light
intensity in the range of 450 nm to 500 nm was very weak and fluctuated sharply, and the TA
signal of MoS2 at 480 nm cannot be distinguished. Furthermore, we used 800 nm excitation light
to only excite PbS, and measured the MoS2/PbS TA spectrum as shown in Fig. 2(c). As the
excitation energy is lower than the bandgap of MoS2, no signal can be observed in pure MoS2
film (as shown by the inset of Fig. 2(c)). However, the signal of MoS2 can still be detected
in the MoS2/PbS QDs heterojunction, indicating that the carrier transfer of PbS to MoS2 has
caused a change in the absorption intensity of MoS2 of the probe light. The TA spectra measured
using 400 nm light excitation of PbS QDs spin-coated on a sapphire plate is shown in Fig. 2(d).
The ground state bleaching signal located at 950 nm can be observed, corresponding to the UV
absorption peak of PbS QDs.
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Fig. 2. (a) Femtosecond TA spectra of monolayer MoS2 with 400 nm excitation. (b) Fem-
tosecond TA spectra of MoS2/PbS heterostructure with 400 nm excitation. (c) Femtosecond
TA spectra of MoS2/PbS heterostructure with 800 nm excitation. Inset of c shows the
femtosecond TA spectra of monolayer MoS2 with 800 nm excitation. (d) Femtosecond TA
spectra of PbS QDs with 400 nm excitation.

3.3. Charge transfer between MoS2 and PbS QDs

As the signal-to-noise ratio of dynamic curve obtained from TA measurements is very low, it’s
hard to compare the detailed decay processes, especially for those excited by 800 nm laser pulses.
In order to compared the excited carrier dynamics under different excitation conditions, the
two-color pump-probe spectrum is used to investigate the excited carrier transfer process in
MoS2/PbS heterostructure. Here, probe light of 615 nm laser from the OPA and pump light of
the fundamental 800 nm and frequency doubled 400 nm light are used respectively. The 400 nm
(3.1 eV) pump pulse is used to excite both the MoS2 and PbS QDs, while the 800 nm (1.55 eV)
pump pulse is used to only excite PbS QDs in the heterostructure.

Figure 3(a) shows the decay process of carrier dynamics in monolayer MoS2 and MoS2/PbS
heterostructure. The pump and probe wavelength were 400 nm (with a fluence of about 2.6
µJ·cm−2) and 615 nm, respectively. Here, the pump pulse excited both MoS2 and PbS QDs, and
the probe pulse is used to detect photo-generated carriers in MoS2. There is a long-lived signal
lasting about several nanoseconds in pure MoS2, which could be attributed to the relaxation of
excitons bound to defects. [35] As the charge transfer process often takes place in pico-/sub-
picosecond regime, we mainly focus the fast rising and decay processes in the first 200 ps. The
decay signals of MoS2 and MoS2/PbS are well fit using a biexponential decay function (green
curves), as shown in Fig. 3(b). The two time constants are τ1= 2.1± 0.3 ps (27%), τ2= 24± 1.2
ps (73%), respectively. The τ1 process was extremely rapid, which was caused by charge carriers
being trapped by surface trap states. The τ2 could be attributed to the interband carrier-phonon
scattering time [26,36].
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Fig. 3. Normalized time-resolved TA experiment results of monolayer MoS2 (black squares)
and MoS2/PbS (red circles) heterostructure under 400 nm excitation. (b) Zoomed-in area of
(a) for the first 200 ps delay time. The inset is the schematic diagram of hole transfer from
MoS2 to PbS QDs.

The decay signal of MoS2/PbS is significantly different with that of monolayer MoS2, which has
two time constants in picosecond region as shown in Table 1. The fast decay time τ1= 0.52± 0.1
ps (33%) is much faster than pure MoS2, and we believe that there should be some other process
causing the recombination of excited electron and holes. When excited by 400 nm pump light,
both MoS2 and PbS in MoS2/PbS can be excited as the photon energy of pump pulse is above the
band gap of MoS2. Considering that the band alignment MoS2 and PbS QDs in heterostructure
forms a type II heterojunction [37] (as shown by inset of Fig. 3(a)), excited holes could transfer
from MoS2 to PbS accelerating the decay process of the GSB signal in MoS2. In addition, the
electrons in the conduction band of MoS2 and the holes in the valence band of PbS QD form
interfacial excitons. The τ2= 36.2± 1.1 ps (67%) should be attributed to the existence of the
recombination process of interfacial excitons. Besides the difference of fast relaxation processes
in the samples, the slow relaxation in MoS2/PbS is obviously enhanced compared with that
in pure MoS2. As the bonding with PbS might introduce more defects in MoS2 layer, slow
relaxation of the excitons bound to defects becomes more pronounced.

Table 1. Fitting results for the two-color pump-probe experiment under
different excitation wavelengths

Samples τ1 (ps) τ2 (ps)

MoS2 (Pump@400 nm) 2.1 (27%) 24(73%)

MoS2/PbS (Pump@400 nm) 0.52(33%) 36.2(67%)

MoS2/PbS (Pump@800 nm) 31.8 –

To further explore the ultrafast charge-transfer and formation of interfacial exciton, we have
investigated the photocarrier dynamics of MoS2/PbS heterostructure under 800 nm excitation
with a fluence of about 5.5 µJ·cm−2. As the excitation energy is below the band gap of monolayer
MoS2, the pump injects electron-hole pairs directly into the PbS QD only. The same 615 nm
probe as expected before to primarily is used to detect the photocarriers in MoS2. We can still
observe the relaxation signal of MoS2 excitons in MoS2/PbS heterostructure, as shown in the
Fig. 4(a) (blue triangle). The carrier dynamics excited at 800 nm is significantly different with
that excited at 400 nm, which can be well fitted using a single exponential decay function (as
shown by green curves in Fig. 4(b)). The results indicate that excited electrons transfer from
PbS QDs to MoS2 inducing the GSB signal in MoS2, and the interfacial exciton recombination
play a leading role in the decay process (the schematic diagram shown in inset of Fig. 4(a)).
The holes in the valence band of PbS QDs and the electrons in the conduction band of MoS2
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form interfacial excitons. The τ=31.8± 1.7 ps is attributed to the existence of the recombination
process of interfacial excitons.

Fig. 4. Normalized time-resolved TR experiment result of monolayer MoS2/PbS het-
erostructure under 400 nm (red circles) and 800 nm (blue triangles). (b) Zoomed-in area of
(a) for the first 200 ps delay time. The inset is the schematic diagram of electron transfer
from PbS QDs to MoS2.

It should be noted that, the transfer process of the excited electrons could influence the
building-up of the TA signal in MoS2. However, we didn’t observe the difference between the
rising process of the GSB signals of MoS2 excited by 400 nm and 800 nm. It may be limited by
the temporal resolution (∼100 fs) of the measurements, and we believe that transfer of excited
electrons from PbS to MoS2 should be faster than 100 fs. The ultrafast carrier transfer not only
ensures that the device has a good photoelectric response for infrared light, but also has an
ultrafast optical response.

4. Conclusion

In summary, we have investigated the charge transfer dynamics in MoS2/PbS QDs heterostructure
using femtosecond time-resolved TA and Time-resolved two-color pump-probe spectroscopy
techniques. We studied the mechanism of carrier transfer by adjusting the excitation wavelength.
Upon excitation above MoS2 band gap, excited holes in MoS2 can transfer to PbS QDs, resulting
in the formation of interfacial excitations with electron in MoS2. By comparing the carrier
dynamics in MoS2 and MoS2/PbS under different pump wavelength, we found that the excited
electrons in PbS QDs can transfer rapidly (<100 fs) to MoS2 inducing its optical response in
the near-infrared region, although the pump light energy is lower than the bandgap of MoS2.
Besides, interfacial excitons can be formed in the heterostructure prolonging the lifetime of the
excited carriers, which could be beneficial for the extraction of the carriers in devices.
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