
Nanotechnology

PAPER

Effects of composition and temperature on the exciton emission
behaviors of Mo(S x Se1−x )2 monolayer: experiment and theory

To cite this article: Fangfang Chen et al 2020 Nanotechnology 31 155703

 

View the article online for updates and enhancements.

This content was downloaded from IP address 222.204.233.130 on 23/01/2020 at 02:10

https://doi.org/10.1088/1361-6528/ab646e
http://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvMKPWiQyDYeLSn2odyPrLx4Xg6D7JoQNUoEwsu58y7gkwCMqOMQFrwD8MssIYwo9IvNISfP7XAh20ZFSXNUaaBoX7vKpCHtsU2lkjmH-JfWOhIW4ZTtPaP7ca01TrXbgCSrBwAXHGU0mrNcW5CpG-9GQ5v5XSsvdTnd-3Bph42QbK431qD5Hgy18TnOsN-zTfP1Ej8soOG7EhXw6dNg4MHz5pveCRB_VnMvDh-wjFziAzs8DHE&sig=Cg0ArKJSzHC7LEDbIKsT&adurl=http://iopscience.org/books


Effects of composition and temperature on
the exciton emission behaviors of
Mo(SxSe1−x)2 monolayer: experiment and
theory

Fangfang Chen1, Bin Zhou1, Peng Zhang2, Yan Ye1, Huimin Sun1,
Liping Xu1, Liangqing Zhu1, Kai Jiang1,5, Yongji Gong2,
Zhigao Hu1,3,4,5 and Junhao Chu1,3,4

1 Technical Center for Multifunctional Magneto-Optical Spectroscopy (Shanghai), Department of
Materials, School of Physics and Electronic Science, East China Normal University, Shanghai 200241,
People’s Republic of China
2 School of Materials Science & Engineering, Beihang University, Beijing 100191, People’s Republic of
China
3 Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan, Shanxi 030006, People’s
Republic of China
4 Shanghai Institute of Intelligent Electronics & Systems, Fudan University, Shanghai 200433, People’s
Republic of China

E-mail: kjang@ee.ecnu.edu.cn and zghu@ee.ecnu.edu.cn

Received 1 August 2019, revised 4 November 2019
Accepted for publication 20 December 2019
Published 22 January 2020

Abstract
Exploring the excitonic behavior of two-dimensional (2D) alloys is of great significance, which not
only could promote the understanding of fundamental photophysics in optoelectric devices, but could
also guide the functional improvement of future applications. Here, we demonstrate the controllable
synthesis of monolayer Mo(SxSe1−x)2 nanosheets using a one-step chemical vapor deposition
method and systematical investigation on the exciton emission characteristics based on the
temperature-dependent photoluminescence spectroscopy (PL) experiments. As a result, the tunable
bandgap of Mo(SxSe1−x)2 alloys between 1.52 and 1.85 eV can be achieved, which is consistent with
the theoretical results calculated by the ab initio density function theory. Besides, both the exciton and
trion behaviors in Mo(SxSe1−x)2 are observed from the PL spectra at T=80K. More intriguingly, the
differences between the emission energy of exciton and trion (ΔE), known as the dissociation energy
of the trion, are positively correlated to the concentrations of the sulfur (S) elements, which is also
proved by the theoretical calculation. Combining the experimental and theoretical results, the
phenomena can be explained by the reduced dielectric screening effect and the increasing Fermi energy
(EF) along with the increasing of sulfur in Mo(SxSe1−x)2 nanosheets, jointly leading to the increase of
ΔE. Furthermore, the evolutions ofΔE in Mo(SxSe1−x)2 alloys as a function of temperature have been
also discovered, which lay the foundation for the potential uses of 2D alloys in optoelectronic devices.

Supplementary material for this article is available online
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1. Introduction

Two-dimensional (2D) materials, characterized by the atomic
thickness relying on the weak Van der Waals (VdW) inter-
actions, excellent physical and optoelectronic properties, have
triggered much attention nowadays due to the promising use
in transistors, photodetectors, electroluminescent devices, and
spintronic devices. [1–4] 2D family includes various mem-
bers, including semi-metallic graphene, semiconductive
transition metal dichalcogenides (TMDs), insulative boron
nitride (BN), and so on, which creates valuable opportunities
for designing desirable configurations and performance, such
as 2D heterostructures and 2D alloys. In particular, the fab-
rication of 2D alloys based on TMDs is believed to realize a
wider controllable bandgap than the individual materials,
which is beneficial for the development of functional optoe-
lectronics. Recently, Gong et al demonstrated that the optical
gap change from 1.85 to 1.54 eV is observed in MoS2 as a
function of Selenumu (Se) doping. [5] Duan et al reported
that the band gap of the W(SxSe1−x)2 alloys can be fully tuned
from the pure WSe2 (1.65 eV) to pure WS2 (1.98 eV) by the
S/Se ratio. [6] However, the in-depth investigation of the
physical phenomenon, such as the exciton behaviors in 2D
alloys has been rarely performed, which still remains chal-
lenges for their fundamental physical applications.

As we know, the synergistic effect among quantum
confinement, reduced dielectric screening, as well as the
heavy effective masses of carriers result in considerable
impact in monolayer TMDs. The high surface-volume ratio in
monolayer TMDs exhibits a strong light–matter interaction
for exploring the basic physical properties of excess carriers
by the nondestructive spectrum technologies. Besides, the
excitonic and trionic resonances in monolayer TMDs can be
well isolated at room temperature. [7, 8] Therefore, it is
believed that monolayer TMDs offer a suitable platform for
the investigation of the interaction between exciton and trion,
which is of great importance to the design of 2D-based
optoelectronics and underlying applications in valleytronics.
For example, the impact of the free carrier reservoir on the
optical properties of excitonic and trionic complexes in a
MoSe2 monolayer under a cryogenic condition have been
studied by modulating electron density by photo-doping
method with a non-resonant pump laser. [9] As for 2D alloys,
Sun et al reported the contrasting behavior in the temperature
evolution of excitons and trions PL intensity in sulfur-rich and
selenium-rich W(SxSe1−x)2 alloys. [10] However, the differ-
ences between the emission energy of exciton and trion (ΔE),
known as the dissociation energy of the trion, as a function of
the composition and temperature in ternary TMDCs semi-
conductor have been rarely reported to date. The exciton
emission behaviors in different energy and temperature
regions will impact the investigation of phenomena such as
exciton condensation and the Fermi-edge singularity. The
ability to uncover this character will contribute to the devel-
opment of a new generation of optoelectronic devices such as
light-emitting diodes and excitonic circuits.

In this work, we systematically investigated the exciton
emission characteristics of one-step chemical vapor deposition

(CVD)-synthesized 2D Mo(SxSe1−x)2 monolayer alloys by the
PL spectrum technologies and theoretical calculations. The
obtained bandgap of Mo(SxSe1−x)2 monolayer increased from
1.52 to 1.85 eV with the increasing of S concentrations, matches
well with the theoretical results. It is emphasized that the evi-
dent exciton and trion behaviors can be probed by the hypo-
thermic PL spectra. Besides, the dissociation energy of the trion
delivers a positive correlation with the sulfur concentrations,
which can be contributed to the dielectric screening phenom-
enon and the modulated Fermi level with the variation of sulfur
in Mo(SxSe1−x)2 alloys. It is believed that the tunable bandgap
and controllable values of ΔE relying on the sulfur con-
centrations in Mo(SxSe1−x)2 monolayer give a paradigm for the
in-depth investigation of physical properties and underlying
applications of 2D alloys in electronic and optoelectronic
devices.

2. Experimental details

2.1. Material preparation

In this study, we fabricated the monolayer Mo(SxSe1−x)2 alloys
with tunable composition on Si/SiO2 by one-step CVD. The
detailed growth procedures are illustrated in figure 1(a). For the
growth of monolayer Mo(SxSe1−x)2 alloys, sulfur and selenium
fine powders serving as the S source and Se source, respec-
tively, are mixed together and placed into the first zone of
furnace at upstream. The molybdenum oxide (MoO3) powder
as the Mo source mixed with sodium chloride (NaCl) particles
are placed into the second zone of the quartz tube. The substrate
is inverted over the MoO3 power. Typical carrier gas is Ar/H2

with the flow rate of 80 sccm. The growth temperature is 650°C
for 3 min.

2.2. Material characterizations

The Mo(SxSe1−x)2 alloy characterizations are systematically
carried out by atomic force microscopy (AFM), Raman
scattering spectroscopy, and x-ray photoelectron spectroscopy
(XPS). In details, AFM (Digtal Instruments Icon, Bruker)
with ScanAsyst modes is employed to investigate the surface
morphologies and thickness of the Mo(SxSe1−x)2 alloys. The
temperature-dependent PL and Raman experiments are con-
ducted by a Jobin-Yvon LabRAM HR Evolution spectro-
meter and a THMSE 600 heating/cooling stage (Linkam
Scientific Instruments) in the temperature ranging from 80 to
320 K with a resolution of 0.1 K. For temperature-dependent
PL and Raman experiments, a 532 nm line of a diode-pumped
solid state laser with the output power of 5 mW is used for the
excitation. The laser beam is focused on the sample under
normal incidence by applying a 50× microscope with a
working distance of 18 mm to avoid the possible heating
effect of the laser on the monolayer sample. An air-cooled
CCD (−70 °C) with a 1024×256 pixels front illuminated
chip is used to collect the scattered signal dispersed on
1800 grooves mm–1 grating for Raman measurements and
300 grooves mm–1 grating for PL measurements, respectively.
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2.3. Computational details

For a better understanding of the electronic structure, we
carried out the related theoretical calculations based on the
density function theory (DFT), as implemented in the Vienna
ab initio simulation package (VASP) code. [11–13] The
generalized gradient approximation of Perdew–Burke–Ern-
zerh for the exchange-correlation function is employed.
[14, 15] The monolayer MoS2 systems are modeled by a
periodic slab geometry and a vacuum layer of more than 20Å
in the z-direction is applied to avoid spurious interactions
between layers caused by the periodic boundary condition. In
all computations, the kinetic energy cutoff is set to be 500 eV
for the plane wave expansion. All the structures are fully
relaxed in conjugant gradient method, and the convergence
threshold is set as 10−5 eV for energy and 0.01 eV/Å for
force. For K-point sampling, we used the 9×9×1 Mon-
khorst–Pack k-grid along the periodic direction. It is noticed
that we first modeled the pure MoS2 monolayer by 2×2
supercells, which contain totally 12 atoms (4 Mo atoms and
8 S atoms) to obtain the desired ternary semiconductor
Mo(SxSe1−x)2 structures. Then the S atoms of the optimized
pure MoS2 are replaced by Se atoms randomly with various
percentages (12.5%, 25%, 37.5%, 50%, 62.5%, 75%, 87.5%

and 100%), followed by the optimization operations for the
stable structures.

3. Results and discussion

3.1. Morphology and Raman studies

The AFM image for the Mo(S0.3Se0.7)2 monolayer is shown
in figure 1(b). It can be observed that the Mo(SxSe1−x)2
monolayer almost exhibits a triangle shape with the side
length sizes of 20 mm. The height of the single layer
Mo(SxSe1−x)2 nanosheet is about 0.8 nm, which is consistent
with the value reported in the previous literature.[16] It is
known that Raman spectroscopy, as the nondestructive ana-
lytical technique, can provide detailed information about the
composition and the molecular interactions of two-dimen-
sional materials by frequency shift and peak broadening with
high resolution. Here, figure 1(c) presents the obtained Raman
spectra of the monolayer Mo(SxSe1−x)2 at room temperature
with the varying composition (x=0–1). For binary MoSe2,
the Raman features at 240.6 cm−1 and 286 cm−1 can be
assigned to the out-of-plane A1g and in-plane E g2

1 mode,
respectively. [17–19] For MoS2 nanosheet, the above

Figure 1. (a) Schematic illustration of the CVD growth for Mo(SxSe1−x)2. (b) AFM image and height spectrum of the monolayer Mo
(S0.3Se0.7)2 nanosheet. The height profile shows that the thickness of single layer Mo(S0.3Se0.7)2 is about 0.8 nm. (c) Raman scattering and (d)
photoluminescence spectra of Mo(SxSe1−x)2 monolayers (x=0∼ 1), respectively.
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mentioned two peaks of the in-plane A1g mode and the out-
of-plane E g2

1 locate at 404.7 cm−1 and 387.4 cm−1, respec-
tively. Evidently, both of the MoSe2-related modes at low
frequency (200–300 cm−1) and the MoS2-related peaks at
high frequency (350–410 cm−1) can be recorded in the
Raman spectra of Mo(SxSe1−x)2 alloy. In details, at lower
frequency, the MoSe2-related A1g mode splits into two pho-
non modes, which are denoted as A1g(Se–Se) and A1g(Se–S),
respectively. This phenomenon can be explained by the
induced vibrations with out-of-plane weight in the vicinity of
A1g via the sulfur atom in the host lattice of MoSe2. With
increasing the S content, the A1g(Se–S) mode shows a blue-
shift trend. Note that the similar mode behavior has also been
reported in Mo(SxSe1−x)2 monolayer films. [20] On the con-
trary, A1g(Se–Se) mode exhibits an obvious red-shift trend.
While at higher frequency, the branches can be derived from
the MoS2-related E g2

1 and A1g modes. It can be seen that all of
the MoS2-related peaks tend to shift toward the lower fre-
quency with increasing the Se content in Mo(SxSe1−x)2 mixed
crystals, which hints at that the distortion of Mo–S bonds and
the softened vibration of E g2

1 and A1g modes of MoS2 induced
by Se atoms. It is emphasized that the chemical states and S
contents x in Mo(SxSe1−x)2 alloy have been confirmed by
XPS analysis and shown in figure S1 (supporting information
is available atstacks.iop.org/NANO/31/155703/mmedia).
Figure 1(d) presents the corresponding PL spectra of mono-
layer Mo(SxSe1−x)2 nanosheets. As we can see, the obtained
bandgap delivers a continuously tunable value from 1.52 eV
(MoSe2) to 1.85 eV (MoS2) as the function of S content. It is
believed that the Mo(SxSe1−x)2 alloys with the adjustable
electronic bandgap enrich 2D material family, which leads to
a wider uses of the alloy materials in the potential optoelec-
tronic applications.

3.2. Theoretical analysis

In order to further understand the electronic structure of the
monolayer Mo(SxSe1−x)2 alloys with different S content, the
electronic band structure has been calculated by the first
principle calculations. Unlike the Janus structure that the S

and Se atoms are located regularly in opposite positions in the
lattice, [21] the positions of these two atoms in the
Mo(SxSe1−x)2 alloy synthesized by conventional doping are
randomly distributed in the present work. A cartoon illus-
trating the atomic structure of a mixed 2D TMD, along with
the constituent parent materials is shown in figure 2. In
practice, the Mo(SxSe1−x)2 alloys are built from the MoS2
monolayer with some of the S atoms are randomly replaced
by the Se atoms. As shown in figures 3(a)–(e), all the struc-
tures show a direct band gap with the valence-band maximum
(VBM) and conduction-band minimum (CBM) located at the
K point in the Brillouin zone. The S content dependent cal-
culated bandgap values are plotted in figure 3(f). Note that the
direct bandgap of the Mo(SxSe1−x)2 alloy nanosheets, located
at the visible spectral range, shows a continuous increase as
the rising up of S content, which agree well with the exper-
imental results by PL spectrum. The values of the band gap
are almost the same for the different positions of substituting
atoms of Se in the Mo(SxSe1−x)2 alloy. The detailed
description are shown in figure S2 (supporting information).
The work function (Φ) of the monolayer Mo(SxSe1−x)2
nanosheets, used as an intrinsic reference for the band
alignment, [22] can be calculated using the following
equation:

F = -E E , 1vac F ( )

where Evac is the energy level of a stationary electron in the
vacuum nearby the surface. EF is the Fermi energy level of the
corresponding systems. Figures 3(g)–(k) demonstrate the elec-
trostatic potentials of monolayer Mo(SxSe1−x)2 alloy. The work
functions of the MoS2, Mo(S0.25Se0.75)2, Mo(S0.5Se0.5)2,
Mo(S0.75Se0.25)2 and MoSe2 are calculated to be 5.10, 5.21,
5.35, 5.50 and 5.69 eV, respectively, which deliver an evident
enlargement continuously along with increasing the S content
(figure 3(l)). Thus, the larger work function of the MoS2 than
that of the MoSe2 would lead to a higher fermi level of MoS2
than that of MoSe2. It is worth mentioning that this result is
related to the variation of the dissociation energy of the trion in
Mo(SxSe1−x)2 alloys with different S content, which would be
systematically discussed below.

Figure 2. Top and side views of the atomic structures of MoS2 (left), Mo(S0.75Se0.25)2 alloy (middle) and MoSe2 (right) 2D TMDs. Note that
the systems consist of three layers of atoms.
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3.3. Temperature dependent optical characterization

Figures 4(a)–(b) show the temperature dependence of frequency
shift with the step of 40 K for monolayer Mo(S0.3Se0.7)2 and
Mo(S0.5Se0.5)2, respectively. The phonon frequency can be
derived by fitting the Lorentzian functions for each Raman mode
as a function of temperature given by the following formula:
[23] ω(T)=ω0 + χT. Where ω0 is the phonon frequency of
A1g(Se–Se), A1g(Se–S), MoS2-related A1g and E g2

1 vibration
modes at zero Kelvin temperature, χ is the first order temper-
ature coefficient of each vibration mode. Figures 4(c)–(h) show
the Raman active phonon as a function of temperature for the
Mo(S0.3Se0.7)2 and Mo(S0.5Se0.5)2 nanosheets. The linearly
downward shift can be observed in each Raman active phonon
mode with increasing the temperature from 80 to 320K. The
temperature coefficient and the difference of phonon frequency
(Δω) for Mo(SxSe1−x)2 (x=0, 0.3, 0.5 and 1) nanosheets are
shown in table 1. For a better comparison, the temperature
dependent Raman spectra and phonon frequency of the pure
MoS2 and MoSe2 samples are provided in figure S3 (supporting
information). It reveals the similar temperature-dependent
behavior for that of MoS2 and MoSe2.

In monolayer Mo(SxSe1−x)2 alloys, the values of Δω

with the temperature variation from 80 K to 320 K for
A1g(Se–Se) and A1g(Se–S) modes are fitted to be 2.63 and
2.82 cm−1 for x=0.3, while 2.01 and 2.34 cm−1 for x=0.5,
respectively. It can be found that both the A1g(Se–S) mode
and A1g(Se–Se) mode in Mo(S0.3Se0.7)2 alloy show a larger
frequency shift with the temperature, which hints that the
MoSe2-related A1g mode is more sensitive to the Se content.
For the MoS2-related modes, Δω in the A1g and E g2

1 phonon
modes are assigned to be 4.24 cm−1 and 2.81 cm−1 for MoS2,
2.23 cm−1 and 3.02 cm−1 for Mo(S0.5Se0.5)2 alloy, respec-
tively. Note that Δω for E g2

1 mode is larger than that of the
A1g mode in the monolayer Mo(S0.5Se0.5)2 nanosheet, which
is in contrast to the behavior in monolayer MoS2. It can be
explained by the following two aspects. On the one hand,
both A1g mode and E g2

1 mode are softened with the temper-
ature, which is attributed to anharmonic contributions to the
interatomic potential energy mediated by phonon–phonon
interactions. [24] On the other hand, the A1g mode and E g2

1

mode show distinct electron concentration dependence; the
A1g mode is softened with the electron concentration, whereas

Figure 3. The electronic band structures for Mo(SxSe1−x)2 alloy nanosheets: (a) MoSe2, (b) Mo(S0.25Se0.75)2, (c) Mo(S0.5Se0.5)2, (d) Mo
(S0.75Se0.25)2, (e) MoS2, respectively. (f) Variation of the band gap with respect to the sulfur mole ratio for Mo(SxSe1−x)2 alloy nanosheets.
The electrostatic potential of (g) MoSe2, (h) Mo(S0.25Se0.75)2, (i) Mo(S0.5Se0.5)2, (j) Mo(S0.75Se0.25)2, (k) MoS2, respectively. (l) The work
function variation of Mo(SxSe1−x)2 alloy with the relative concentration of sulfur atoms.
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the E g2
1 mode remains essentially inert. [25] The 2D carrier

concentration in sulfides is about two orders of magnitude
higher than that in selenides. [26] Thus, the increased selenide
content in the Mo(SxSe1−x)2 alloys could result in the
increasing of carrier concentration in the MoS2, as compared
with that in the Mo(S0.5Se0.5)2 alloy.

Figures 5(a)–(c) show the PL spectra for monolayer
MoSe2 and Mo(SxSe1−x)2 nanosheets at T=80 K. In order to
further explore the evolution of PL spectra, the Gaussian
function is employed to fit the obtained spectra. Interestingly,
the characteristics of all PL spectra can be classified to two
distinct transitions, which are defined as neutral exciton (X, a
higher-energy one) and charged exciton or trion (T, a lower
energy one) emissions, respectively. [27–30] The formation
of two split peaks for X and T is because of the strong

Figure 4. Temperature dependent Raman spectra of monolayer Mo(SxSe1−x)2 nanosheets: (a) Mo(S0.3Se0.7)2 and (b) Mo(S0.5Se0.5)2,
respectively. Phonon frequency of the main vibrational modes as a function of temperature for single layer Mo(SxSe1−x)2 nanosheets: (c)–(d)
Mo(S0.3Se0.7)2, (e)–(f) Mo(S0.5Se0.5)2, respectively.

Table 1. The temperature evolution of the main vibrational modes for
the Mo(SxSe1−x)2 nanosheets with the sulfur content from 0 to 1.

Monolayer Phonon mode
Temperature
coefficient Δω

TMDCs χ (cm−1 K−1) (cm−1)

MoSe2 A1g −0.0099 2.26
MoSe2 E2g −0.0085 2.28
Mo(S0.3Se0.7)2 A1g(Se–Se) −0.0087 2.63
Mo(S0.3Se0.7)2 A1g(Se–S) −0.0111 2.82
Mo(S0.5Se0.5)2 A1g(Se–Se) −0.0082 2.01
Mo(S0.5Se0.5)2 A1g(Se–S) −0.0088 2.34
Mo(S0.5Se0.5)2 A1g −0.0093 2.23
Mo(S0.5Se0.5)2 E2g −0.0110 3.02
MoS2 A1g −0.0185 4.24
MoS2 E2g −0.0115 2.81
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spin–orbit coupling and the lack of inversion symmetry, which
lead to valley-contrasting strong spin splitting of valence and
conducting bands. [31–33] Note that similar exciton-emission
features have also been observed in WS2 and other binary 2D
TMDCs. [34–37] Besides, for binary MoSe2 and ternary
Mo(SxSe1−x)2 alloys, the PL intensity and peak position in
exciton and trion present totally different behavior. In MoSe2,
the trion dominates the PL spectrum. In contrast, the PL intensity
of exciton is stronger than that of trion for Mo(S0.3Se0.7)2 and
Mo(S0.5Se0.5)2 alloys, which can be contributed to the two-
dimensional carrier gas concentration.

The difference (ΔE) between the emission energy of the
exciton (EX) and trion (ET) for the MoSe2 and Mo(SxSe1−x)2
(x=0.3, 0.5) nanosheets, it can be given by the formula: [38]

D = - = +E E E E E , 2X T b,T F ( )

where the parameter Eb,T is the trion binding energy. The
binding energy is defined as the dissociation energy in
the limit of infinitively small doping (EF=0), which is the
energy needed to promote one electron from the trion to the

bottom of the conduction. In order to further elucidate the
sulfur-content dependence of the ΔE value in monolayer
Mo(SxSe1−x)2, the computational results based on the
‘effective exciton’ model are additionally demonstrated to
validate the experimental findings.

The Schrodinger equation for the wave-function of the
electron-hole relative motion in the plane of the layer Ψ(ρ) in
cylindrical coordinates reads

òm r r r
r r

- ¶
¶

+
¶
¶

- - Y =
¥

3

J k V kdk E
2

1
0,

2 2

2 0
0 C ex

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥

( )

( ) ( )

where J0(kρ) is the zeroth order Bessel function, m =
+

m m

m m
e h

e h
is

the reduced mass of electron-hole relative motion, and VC is the
screened Coulomb potential, which is can be written as [39]

k
=

+ - Q - -
V

e arctan k k

k k k k k k1 1 2 1 2

4

C

2

F F
2

( ˜ )
( ( )( ( ) ( ) ))

( )

Figure 5. Typical PL spectra measured at T=80 K and the multiple-peak fitting by using the Gaussian function for monolayer Mo(SxSe1−x)2
nanosheets: (a) MoSe2, (b) Mo(0.3Se0.7)2, (c) Mo(0.5Se0.5)2, respectively. (d) The !E versus the sulfur ratio in monolayer Mo(SxSe1−x)2
analyzed by the experiment and theoretical calculation.
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here, ò is the dielectric constant, gv is the valley degeneracy

factor, κ=


g m e2 v e
2

2 is the screening constant, and =k̃
p L L2 0.75 , is the thickness of a layer.

The trial function of the exciton (Ψ(ρ)) in equation (3), it
can be given by the formula: [40]

òr rY =
¥

J k f k kdk, 5
0

0( ) ( ) ( ) ( )

=
+

Q -f k
B

A k
k k

2
, 6

2 3 F( )
( )

( ) ( )

where Θ(k–kF) is the Heaviside function, kF= pn2 2D , n2D
is the density of free carriers, A is a variational parameter,
inversely proportional to the squared exciton Bohr radius, and
B2=

p
A2 2. Varying the parameter A, the exciton binding

energy can be found as the minimum value of Eex [9], where
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For the trion case, the two electrons are assumed in the
singlet state, which can be characterized by orthogonal spin
functions and identical spatial wave functions. The trion wave
function can be expressed as

òr rY =
¥

J k f k kdk, 8
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The trion binding energy can be good estimated by the
equation (7) under the minimization over both variational
parameter A and D.

Figure 6. (a)–(c) Photoluminescence spectra as a function of temperature for monolayer Mo(SxSe1−x)2 nanosheets: MoSe2, Mo(S0.3Se0.7)2,
and Mo(S0.5Se0.5)2, respectively. The EX and ET as a function of temperature for single layer Mo(SxSe1−x)2: (d) MoSe2, (e) Mo(S0.3Se0.7)2,
(f) Mo(S0.5Se0.5)2, respectively. (g) The temperature dependence of the ΔE in monolayer Mo(SxSe1−x)2 nanosheets.

8

Nanotechnology 31 (2020) 155703 F Chen et al



The variation in figure 5(d) indicates that the ΔE show a
upward shift trend along with increasing the S content in
Mo(SxSe1−x)2 alloys from the experiment and theoretical
calculation. It shows that the experiment result matches well
with the theoretical result. Based on the equation (2), the var-
iation of theΔE value can be ascribed to the varied Eb,T and EF

along with the S content. Note that the effective exciton mass
decreases with lighter chalcogen species, subsequently the
decreased dielectric screening effect results in the systematic
increase in the Eb,T. [41] Thus, a blue-shift trend of the Eb,T can
be observed with the sulfur content. In addition, the EF of
the MoS2 is larger than that of the MoSe2 according to the
theoretical calculation, as shown in figure 2. Therefore, the
dissociation energy of trion gradually enlarges with increasing
the S content. Furthermore, it also could be related to the strong
difference in two-dimensional carrier concentration, which is
higher in MoS2 than that in MoSe2 due to the additional
electron excited over the Fermi energy during the radiative
recombination of an electron-hole pair in a trion complex. [26]

Figures 6(a)–(c) present the evolution of PL spectra as a
function of temperature for monolayer MoSe2 and Mo(SxSe1−x)2.
The corresponding PL spectra for monolayer MoS2 are provided
in figure S4 (supporting information) for comparison. As we can
see, all of the PL features show an evident red-shift and apparent
attenuation with increasing the temperature, which can be
attributed to the increasing nonradiative electron-hole recombi-
nation rate. [42–44] With the temperature above 120K, the PL
intensity of the trion for the binary MoSe2 decreased as the rising
up of temperature. With the temperature increasing above 240K,
however, the trion peak for the alloy Mo(S0.3Se0.7)2 gradually
quenches and the PL spectra are dominated by the exciton
behavior. For a clear observation, figures 6(d)–(f) demonstrate
the EX and ET as a function of the temperature for monolayer
Mo(SxSe1−x)2 (x=0, 0.3 and 0.5) nanosheets, respectively. It
clearly shows that the EX exhibits a monotonous decrease with
the increasing of temperature for all the three samples. However,
the evolution of ET in the Mo(S0.5Se0.5)2 alloy delivers a
mountain-shaped transition as a function of temperature, which
could be attributed to the effect of the sulfur content. Therefore, it
could propose that the variation of EX and ET with the increasing
of temperature result from the electron–phonon interactions and
slight changes in bond lengths, which can be described using the
semi-empirical formula of O’ Donnell: [45]

w
w

= - < >
< >
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E T E S

k T
0 coth

2
1 , 10g g

B
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⎦⎥( ) ( ) ( )

where Eg(0) is the emission energy at 0K, S is the Huang–Rhys
factor that represents the coupling strength of the exciton and
phonon, and w< > is the average phonon energy, kB is the
Boltzmann constant, T is the absolute temperature in Kelvin.
Figure 6(g) shows the temperature dependence of the ΔE for the
sample of Mo(SxSe1−x)2 (x=0.3, 0.5 and 1). It can be seen that
the ΔE is gradually reduced as the increasing of temperature. It
can be explained that the carriers are frozen out onto the donor
levels as the temperature increasing, thus leading to the reduced
carriers content in the donor level and the decreasedΔE values at
higher temperature. Therefore, we could conclude that the present

study lay the foundation for further explore the potential
application of the 2D alloys in electronic and optoelectronic
devices, in terms of the controllable values of the ΔE depending
on the sulfur concentrations and temperature in monolayer
Mo(SxSe1−x)2.

4. Conclusions

In conclusion, we conducted the systematical study of the
intrinsic physical phenomena of monolayer Mo(SxSe1−x)2
alloys by both optical methods and theoretical analysis. With
various compositions of sulfur, the calculated band gap values
of monolayer Mo(SxSe1−x)2 alloy increases with the sulfur
content, which can be confirmed by the PL spectra at room
temperature. The temperature-dependent Raman spectra
demonstrate the different trends of Δω for A1g and E g2

1 in
binary MoS2 and Mo(S0.5Se0.5)2 alloy, which is attributed to
the anharmonicity and electron concentration. Furthermore,
the evolution of PL spectra as a function of temperature
indicates that the dissociation energy of the trion can be
remarkably tuned by the sulfur mole content. Combining with
the theoretical calculation, we could conclude that the
experimental results can be contributed to the difference of
the dielectric screening effect and the Fermi energy between
the monolayer MoSe2 and Mo(SxSe1−x)2. In consequence, it
is believed that the tunable optical transition energies and
effectively controllable band gap engineering of monolayer
Mo(SxSe1−x)2 alloys can create more opportunities for 2D
alloys to use in the fields of electronics and optoelectronics.
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