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Interlayer interactions play a crucial role in modifying the optical and electronic properties of layered
materials in a complex way, which is of key importance for the performance of the optoelectronic
devices based on these novel materials. In this contribution, we performed an investigation into the
underlying influence of interlayer interactions on the relaxation dynamics of excitons in ultrathin MoS;
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Accepted 17th Decernber 2018 using the femtosecond transient absorption spectroscopy technique. The experimental results manifest
that interlayer interactions in bilayer MoS, can largely facilitate the exciton—phonon scattering process

DOI-10.1039/c8na000869 and inhibit the radiative recombination process, which consequently accelerates the relaxation rate of A
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1. Introduction

Two-dimensional layered transition-metal dichalcogenides
(TMDs) have attracted growing attention in recent decades
due to their remarkable optical and electronic properties.
Unlike the zero band gap of graphene, TMDs have potential
advantages in optoelectronic devices in virtue of their
intrinsic semiconductor characteristics with a sizable band
gap. As a typical TMD semiconductor with a bandgap of 1.2-2
eV, molybdenum disulphide (MoS,) exhibits fascinating
optical properties, such as strong exciton luminescence,“*
large exciton binding energy,** and valley polarization.>® As
such, MoS, has been widely applied in light emitting
diodes,””® photodiodes,*** solar cells,"** and field effect
transistors.**** It is generally known that each molecular layer
of MoS, is constructed with a molybdenum-atom layer sand-
wiched between two sulfur-atom layers by strong covalent
bonds. Such strong covalent bonding endows MoS, with
excellent mechanical strength and a high thermal stability up
to 1090 °C in an inert environment.'* Additionally, adjacent
layers of MoS, are coupled to each other by weak van der
Waals interactions, which enables MoS, to be created layer by
layer and to exhibit diverse novel physical properties.

It is well acknowledged that the photoelectric properties and
exciton properties of two-dimensional layered MoS, depend
sensitively on the number of layers, and the interlayer
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excitons and results in the decrease of the relaxation lifetime of A excitons in bilayer MoS,.

interaction plays a crucial role in determining the unique
electronic,” optical® and exciton* properties of layered mate-
rials in a complex way. Therefore, in this regard, understanding
the underlying influence of interlayer interactions on the
optical and electrical properties of two-dimensional layered
MoS, is particularly important. However, most of the interlayer
interaction-relevant theoretical and experimental studies, such
as the investigation regarding the effect of interlayer interac-
tions on the molecular structure,**>* on the band gap,> and on
optical properties® are performed on multilayer MoS, or bulk
MoS,, which may introduce some unnecessary interference.
Moreover, in spite of some recent investigations on the effects
of interlayer interactions on steady-state optical properties of
ultrathin MoS,,”” the influences of interlayer interactions on
transient optical properties, especially on the ultrafast relaxa-
tion dynamics of excitons are still unknown, which however are
of key importance for realizing potential applications of the
novel ultrathin MoS,.

In this contribution, to shed light on the underlying influ-
ences of interlayer interactions on the relaxation dynamics of
excitons in ultrathin MoS,, we conducted a systematic study by
analyzing the discrepancy in relaxation dynamics and photo-
luminescence only between bilayer MoS, and monolayer MoS,.
The experimental results indicate that the relaxation dynamics
and photoluminescence properties of excitons in bilayer MoS,
were significantly different from those in monolayer MoS,
because of the presence of interlayer interactions. For example,
in comparison to the monolayer MoS,, a dramatic reduction of
photoluminescence quantum efficiency and a remarkably
accelerated relaxation rate of A excitons were observed in bilayer
MoS,. The possible reasons for this special difference were
discussed in terms of the effects of interlayer interactions in
detail.

This journal is © The Royal Society of Chemistry 2019
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2. Experimental

2.1. Preparation of two-dimensional layered MoS, samples

Monolayer and bilayer MoS, samples were synthesized on the
surface of a quartz substrate by a chemical vapor deposition
(CVD) method using a tube furnace with two separate hot
zones.”® In a typical procedure, two ceramic boats loaded with
700 mg of sulfur powder and 10 mg of MoO; powder were first
placed at the central part of each tube furnace, as shown in
Fig. 1(a and b). To provide a favourable growth atmosphere, the
quartz tube was vacuumed and then ultra-pure argon gas was
flowed into the reaction tube under a low pressure of about 0.4
atm. Then, the MoO; powder was quickly heated to 850 °C at
a heating rate of 25 °C min~" and the sulfur powder mildly
sublimated at a heating rate of 6 °C min~" to 200 °C. After the
two separate hot zones reached to 850 °C and 200 °C, it was
going to need another 15 min for MoS, growth before finally
naturally cooling down to room temperature.

2.2. Characterization

Raman and photoluminescence spectra were detected using
a micro-Raman spectrometer (Horiba-JY T64000) with a 100x
objective in a back-scattering configuration, using a solid state
green laser with 532 nm wavelength as the excitation source.
The steady-state absorption spectra were measured using an
Ocean Optics QE65000 spectrometer. The layer-dependent
signals of relaxation dynamics of excitons were characterized
using a self-designed femtosecond transient absorption spec-
troscopy (fs-TAS) system, as shown in Fig. 2. Our fs-TAS system
is composed of a coaxial pump-probe system, white-light probe
system and optical imaging system. In brief, a regenerative
amplified Ti/sapphire laser (Spectra-Physics) was employed to
produce an 800 nm laser pulse characterized by a 35 fs pulse
width and a 1 kHz repetition rate. Then the initial output laser
beam was split into two beams: the frequency of one beam was
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Fig.1 (a) Schematicillustration of the tube-furnace setup employed in
this study for the synthesis of monolayer and bilayer MoS,; (b)
a schematic view of the two-dimensional structures of monolayer
MoS, on the substrate.
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doubled to generate the pump beam (400 nm), and the other
beam was focused on a 5 mm water container to produce white
light acting as a probe pulse. Finally, the probe pulse met with
the pump beam and remained coaxial with the pump beam. The
radii of the focal spots of the pump and probe beams on the
sample were measured to be 9 um and 5 pm based on the real
time observation using an optical microscope. The time delay
between the pump and probe beams was achieved with
a computer-controlled translation stage (M-405.DG, PI Corp.),
and the signal was sent to a lock-in amplifier (SR830, Stanford
Co.) to be further processed.

3. Results and discussion

Fig. 3(a) shows the optical micrograph of the as-synthesized
MoS, samples and it can be seen that the boundaries of
different areas are very clear, and the two large homogeneous
regions marked ‘1’ and ‘2’ were preliminarily identified to be
layered MoS,. And the sizes of the samples at ‘1’ and ‘2’ are
estimated to be about 130 pm? and 450 pm? with the assistance
of a ruler scale. Moreover, to figure out the accurate layer
number of the as-obtained MoS, samples, Raman spectroscopy
was further performed.* Fig. 3(b) shows the Raman spectra of
the as-synthesized MoS, samples located at the regions marked
by ‘1’ and ‘2’ in Fig. 3(a). As can be seen, there are five Raman
modes detected in the center of the Brillouin zone at region ‘1,
namely, shear mode (E3,) at 22.7 cm ™', breathing mode (B3,) at
40.27 cm ', in-plane vibration mode (Ej,) at 383.54 cm ™', out-
of-plane vibration mode (A,g) at 405.46 cm™',* and the second-
order longitudinal acoustic phonon mode (2LA(M)) at 452.21
cm % The positions of the peaks corresponding to these five
Raman modes are in good agreement with the Raman eigen-
frequency of bilayer MoS, reported in a previous report;** thus
region “1” was identified to be bilayer MoS,.

Fig. 3(c) shows the schematic diagram of typical bilayer MoS,
and its corresponding characteristic vibration modes. It is clear
that the B3, mode corresponds to a rigid-layer movement parallel
to the ¢ axis, and the E3, mode corresponds to a rigid-layer
movement perpendicular to the ¢ axis. Both of them exist only in
two or more layers, so there should be no Eig and Big modes
when there is only a single layer of MoS,. Based on the above
analysis, it can be seen from Fig. 3(b) that there are only three
Raman modes (A, E;, and 2LA(M)) detected in the Raman
spectra for region ‘2’; and the absence of Eﬁg and Bﬁg Raman
signals implied that the region ‘2’ is monolayer MoS,.*

Fig. 4(a) presents the UV-vis absorption spectra of the
monolayer and bilayer MoS,. As can be seen, there are two
prominent absorption bands centered at 660 and 618 nm for
both monolayer and bilayer MoS,. By contrast, the intensity of
the absorption bands of bilayer MoS, is much stronger than
that of monolayer MoS,. The absorption band centered at 660
nm is well indexed to A excitons’ absorption, while the
absorption band around 618 nm can be indexed to B excitons’
absorption.** The absorption of A and B excitons is generally
believed to be derived from the optical transition from the
valence bands (K,; and K,,) to the minimum of the conduction
band (K.) at the K point in the Brillouin zone, respectively, as
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Fig. 2 The schematic diagram of a femtosecond transient absorption spectroscopy system: BS; and BS,, 3: 7 and 1: 1 beam splitter; BBO, 0.5
mm-thick B-BaB,O,4 crystal; ODL, optical delay line; R, reflector; CL, convex lens; FWC, flow water cell; M, three grating monochromator; P,

photomultiplier; LIA, lock-in amplifier.

schematically shown in Fig. 4(b). In addition, the energy
difference between K, and K, bands stems from the splitting
of the maximum valence band,*?® which is believed to be
caused by the combined effects of interlayer interactions and
spin-orbit coupling for bilayer MoS, and only the effect of spin—-
orbit coupling for monolayer MoS,.***”

In spite of the above well-discussed different stable-state
absorption properties of excitons caused by interlayer

® Mo

interactions, the influence of interlayer interactions on the
relaxation dynamics of excitons in MoS, still remains unknown
and needs to be further addressed. Thus the influence of the
interlayer interaction on exciton relaxation dynamics was
further investigated with the assistance of our self-designed
femtosecond transient absorption spectroscopy (fs-TAS) plat-
form. Since the resonance absorption of A excitons for both
monolayer and bilayer MoS, was around 660 nm as shown in
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Fig.3 (a) Optical micrograph of layered MoS, samples deposited on the quartz substrate; (b) Raman spectra of the as-synthesized MoS, samples

in the regions marked ‘1" and ‘2" in (a); (c) schematic diagrams of the
corresponding characteristic Raman vibration modes (right side).
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lattice structure (left side) in out-of-plane directions of MoS, and its
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Fig.4 (a) The UV-vis absorption spectra of the as-grown monolayer and bilayer MoS; after being returned to zero at 800 nm; (b) simplified band

structure of MoS; at the K point in the Brillouin zone.

the UV-vis absorption spectra in Fig. 4(a), the probe laser
wavelength was chosen to be 660 nm during the fs-TAS
measurements. Besides, to guarantee the formation of photo-
excited excitons at the A exciton level, the pump laser wave-
length was set at 400 nm. And the pump intensity was selected
to be 2 uJ cm™? according to the linear relationship between the
signal intensity and pump intensity (Fig. 5) to get strong and
steady signals.

Fig. 6(a) displays the relaxation dynamics curves of A exci-
tons for monolayer and bilayer MoS,. It is noteworthy that the
relaxation time of bilayer MoS, was much shorter than that of
monolayer MoS,, which implies that the whole exciton relaxa-
tion became faster in the presence of interlayer interactions.
Furthermore, the decay curves of monolayer and bilayer MoS,
were fitted separately and the fitting parameters for the decay
curves are summarized in Table 1. As can be seen, both the
relaxation dynamics signals of monolayer and bilayer MoS,
exhibit multi-exponential decays and can be fitted very well

(a) 0.50

0.45

pump=400 nm
probe=660 nm

@ Monolayer
— Fit

1 1 1 1 1 1 1 1 1

0‘20 i " i i
0.0 05 1.0 1.5 2.0 25 3.0 35 4.0 45 50

Excitation Fluence (nJ cm'z)

using a three exponential Gaussian response function of a;-
exp(—t/t1) + a, exp(—t/ty) + as exp(—t/t3), where 14 < 7, < 13,
which implies that multiple relaxation processes were involved.
For monolayer MoS,, the decay was characterized by a fast decay
time constant (t,) of 3.3 & 0.1 ps, an intermediate decay time
constant (7,) of 82.9 & 5.6 ps and a slow decay time constant (t3)
of 1053.9 + 26.6 ps, the proportion of the above three time
constants was 35%, 20% and 45% in turn. Moreover, the
relaxation lifetime of monolayer MoS, is 489.5 &+ 13.1 ps, which
is close to the values in the literature,*® while for bilayer MoS,,
the decay time constant was composed of a fast decay (t4) of 3.7
+ 0.1 ps (31% weight), an intermediate decay (z,) of 42.4 & 0.8
ps (51% weight), and a slow decay (t3) of 714.4 + 25.1 ps (18%
weight), and the relaxation lifetime is 150.7 £ 4.9 ps. The
obviously changed proportion of the decay time constant and
the significantly reduced relaxation lifetime for bilayer MoS,
imply that interlayer interactions have a significant effect on the
relaxation characteristics of excitons.
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Fig. 5 Signal intensity of AT/T at zero time delay as a function of excitation intensity for (a) monolayer and (b) bilayer MoS, with a pump
wavelength of 400 nm and a probe wavelength of 660 nm. The circles denote the experimental data, while the solid lines denote the linear fitting

data.
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Fig. 6 (a) Experimental (solid circles) and fitted (thick lines) data for normalized transient absorption relaxation dynamics curves of monolayer
and bilayer MoS,. All the relaxation dynamics curves were normalized at time zero, being fitted with a three exponential function /(t) = a; exp(—t/
71) + az exp(—t/to) + as exp(—t/t3); (b) schematic summary of relaxation processes in monolayer and bilayer MoS,.

Table 1 Fitting parameters for decay curves in Fig. 6(a) using a Gaussian response function with the three-exponential decay functions of /(t) =
ay exp(—t/ty) + a exp(—t/1o) + as exp(—t/t3) with the fitting uncertainty. The percentage in the brackets represents the proportion of 4, 7, and 13

74 (ps) 7, (ps) 73 (ps) Lifetime (ps)
Monolayer 3.3 + 0.1 (35%) 82.9 + 5.6 (20%) 1053.9 =+ 26.6 (45%) 489.5 £ 13.1
Bilayer 3.7 + 0.1 (31%) 42.4 + 0.8 (51%) 717.4 + 25.1 (18%) 150.7 + 4.9

To shed light on the underlying mechanism for the above
dramatic reduction of the exciton relaxation time observed in
bilayer MoS,, the transient absorption decay dynamics of
monolayer and bilayer MoS, were further characterized at
different pump intensities, and the normalized dynamics
curves are shown in Fig. 7. It can be seen that no significant
dynamics dependences on the pump intensity were observed in
either monolayer or bilayer MoS,, which indicates that the fast
decay component was not the exciton-exciton annihilation
process in this work. Since shallow and deep traps usually exist
in MoS, nanoclusters,* and the fast decay time (7,) obtained
here is similar to the time scale of defect trapping;** thus the
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fast decay component observed here was closely related to fast
defect trapping. In addition, considering the characteristics of
ultrathin MoS,, the exciton-phonon interaction is going to be
very significant in monolayer and bilayer MoS,. Since the
intermediate decay time constant (7,) in our work was of the
same order as the exciton-phonon scattering time reported in
a recent study,* the intermediate decay observed here might be
attributed to the exciton-phonon scattering. The slowest decay
process that lasted for hundreds of picoseconds (t3) is generally
believed to be derived from the recombination of electrons and
holes. The schematic of the relaxation processes involved in
monolayer and bilayer MoS, is shown in Fig. 6(b).
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Fig. 7 Normalized transient absorption decay dynamics curves of (a) monolayer and (b) bilayer MoS, with a pump wavelength of 400 nm and

a probe wavelength of 660 nm at different pump intensities.
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It is worth noting that unlike the similar values of 74, the
values of 7, and 7; for bilayer MoS, were both significantly lower
than those for monolayer MoS,. This dramatic enhancement of
the exciton relaxation rate observed in bilayer MoS, might be
understood by the following aspects. Firstly, as can be seen from
Fig. 3(b), the additional Raman vibration modes (B3, and
E3,) and the stronger Raman vibration mode of A,y in bilayer
MoS, imply that the vibration of the atoms and lattice was
enhanced due to the presence of interlayer interactions in
comparison to monolayer MoS,.** And the enhanced vibration
of the lattice caused by the interlayer interaction will facilitate
the exciton-phonon scattering in bilayer MoS,, resulting in
a shorter intermediate decay time 7,.

Secondly, since monolayer MoS, is a direct band-gap semi-
conductor, most of the electrons and holes are located on the
conduction band minimum (CBM) and valence band maximum
(VBM) at the K point, respectively; thus the radiative recombi-
nation of electrons and holes happens very easily, which can be
verified by the extremely strong photoluminescence (PL)
intensity of monolayer MoS, as shown in Fig. 8. Therefore, the
main recombination process of electrons and holes in mono-
layer MoS, is radiative recombination. However, bilayer MoS, is
an indirect band-gap semiconductor, the photon energy (3.1 eV)
employed here will pump the initial carriers to a higher energy
level, and the fast cooling of the carriers would let the electrons
and holes locate on the CBM at the K point and the VBM at the I’
point,* respectively. Thus, the radiative recombination of elec-
trons and holes in bilayer MoS, requires the assistance of
phonons,** which will significantly suppress the radiative
relaxation process in bilayer MoS,. Moreover, many previous
reports have proved that the interlayer interaction can redis-
tribute the charges , which gives rise to a local electric field at
the interfacial region in bilayer MoS,. After being excited by the
pump beam, the electrons will accumulate at the interfacial
surfaces, while the holes will thus be pushed away from the
interface due to the local electric field, which will lead to spatial
separation of electrons and holes. And the reduction of the

Monolayer

— Bilayer
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Photoluminescence (PL) spectra of monolayer and bilayer
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overlap between electron and hole wavefunctions will make the
relaxation of electrons and holes through radiative recombi-
nation difficult, resulting in the decrease of fluorescence
quantum yield.”” This can also be seen in the PL spectra shown
in Fig. 8. It can be seen from Fig. 8 that the PL intensity of A
excitons reduced dramatically in bilayer MoS,, which suggests
that the radiative recombination becomes negligible in bilayer
MoS, compared to monolayer MoS,. Therefore, the prominent
recombination process of electrons and holes in bilayer MoS, is
non-radiative recombination. Furthermore, it is well known
that the decay time of non-radiative recombination is usually
shorter than that of radiative recombination.**** Therefore the
decay time 73 of bilayer MoS, is much shorter than that of
monolayer MoS,. Given the above, it therefore can be concluded
that the dramatic enhancement of the whole relaxation rate of A
excitons for bilayer MoS, can be explained by the combined
effects of the enhanced exciton-phonon scattering and reduced
radiative relaxation induced by interlayer interactions.

4. Conclusions

In summary, we performed a detailed investigation into the
underlying influence of interlayer interactions on the relaxation
dynamics of excitons in ultrathin MoS, by analyzing the
discrepancy in relaxation dynamics and photoluminescence
properties only between bilayer MoS, and monolayer MoS,. On
the basis of thoughtful analysis about the obtained experi-
mental data, both monolayer and bilayer MoS, samples exhibit
multiple relaxation processes involving the defect trapping, the
exciton-phonon scattering, and the recombination process of
electrons and holes. Moreover, the characterization results
manifest that the relaxation rate of A excitons was significantly
accelerated in bilayer MoS, compared to monolayer MoS,,
which is due to the combined effects of the enhanced exciton-
phonon scattering and reduced radiative relaxation induced by
interlayer interactions.
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