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Monolayer MoTe, and WTe, within the two-dimensional transition metal dichalcogenides (TMDCs) material
family exhibit broad potential for application in optoelectronic devices owing to their direct band gap
characteristics. In this work, upon alloying these materials into a monolayer system denoted as
Mo, _,W,Te,, intriguing alterations are observed in the electronic and optoelectronic properties. The
photoelectric attributes of these alloys can be tailored by manipulating the respective ratios of
molybdenum to tungsten (Mo/W). This investigation employs first-principles calculations based on
density functional theory (DFT) to assess physical traits of two-dimensional monolayered structures
composed from varying compositions of Mo; W, Te,. Our findings reveal that while maintaining a direct
band gap characteristic across all compositions studied, there is also a reduction observed in electron
effective mass near the Fermi level. Moreover, changing in the Mo/W ratio allows gradual adjustments in
electronic properties such as density of states (DOS), work function, dielectric function, absorptivity, and
reflectivity. Phonon dispersion curves further demonstrate the stability of Mo, _,W,Te, systems. Notably,

Received 26th June 2024 Moo sWosTe, exhibits lower polarizability and reduced band gap when compared against MoTe, and

Open Access Article. Published on 30 September 2024. Downloaded on 7/19/2025 7:41:02 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Accepted 23rd September 2024

WTe, counterparts. This

DOI: 10.1039/d4ra04653f

rsc.li/rsc-advances

Introduction

Two-dimensional transition metal dichalcogenides (TMDCs)
with graphene-like structures break through the zero-band gap
limit of graphene,"* and have been extensively studied in recent
years for various practical applications of nano-electronic
devices. TMDC materials exhibit a direct band gap due to
quantum confinement effects,® which fosters pronounced
photoexcitation. Due to their optical transition and photo-
catalysis,** high specific surface area,*” abundant active cata-
lytic sites,® and high electron-hole separation rate,” TMDCs
offer vast potential for applications in broadband photonic
devices.'* Among TMDCs, monolayer MoTe, and WTe, (ref. 11)
exhibit novel electronic'* and thermoelectric properties.”® A
series of strain-driven topological phase transitions have been
found in monolayer MoTe,, which indicates possible experi-
mental implementations of different topological semi-metallic
phases.** Particularly, it is discovered that topological Fermi
arc”® and new semi-metallic states'® emerge in orthogonal
monolayer MoTe, and WTe,. Furthermore, valley splitting in
monolayer MoTe, can be continuously regulated by rotating the
substrate magnetization,'” which can be applied to exploring
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research underscores

how alloying processes enable customizable

modifications in the electronic and optoelectronic properties of Mo, _,W, Te, monolayer materials which
is essential for enhancing nanoscale electronic and optoelectronic device design.

valley electron nanodevices. However, due to the limitation of
monolayer MoTe, and WTe, structures, it is relatively difficult to
study the continuous band gap regulation and physical prop-
erties of future 2D optoelectronic devices. Therefore, contin-
uous adjustment of the band gap in monolayer MoTe, and
WTe, is a major challenge to the applications of these two
materials as semiconductor devices.

Currently, alloying has emerged as a crucial technique for
fine-tuning the photoelectric properties of TMDCs,"*>° partic-
ularly for precise adjustment of the band gap. Afrid et al. veri-
fied in their calculations that alloyed monolayer Mo, _,W,Se,
materials achieve the purpose of band gap regulation while
keeping the lattice structure unchanged.”* Previously, the band
structure and carrier transport characteristics of Mo, _,W,S,
(ref. 22) and MoS,Se, ,** alloys have been modulated. The
stability of TMD alloys is predicted.* Subsequently,
Moy.91Wy ooTe, alloy was successfully prepared in the experi-
ment, showing potential applications in optoelectronics, and
therefore have wide application prospects in the field of opto-
electronics and photonics.?® However, there is limited research
on the alloying of monolayer MoTe, and WTe,, particularly
regarding the impact of Mo-W alloy composition on its band
structure, dynamic stability, electron state density, and optical
properties. Further investigation is required to clarify these
aspects.
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At present, the effect of different alloying degrees of mono-
layer MoTe, and WTe, on their photoelectric properties has not
been widely studied, so the alloying system is worthy of further
exploration. In this paper, based on monolayer MoTe,, W with
similar atomic radius and valence electron structure as Mo is
alloyed and modified, and the band structure, state density,
work function, and optical properties of Mo, _,W,Te, system at
x=0,0.25, 0.5, 0.75, 1 are studied by first-principles calculation
method. Our study shows the potential application of the
Mo, _,W,Te, system with a band gap as low as 1.082 eV at x =
0.5, for high-sensitivity photodetectors. The phonon dispersion
curve shows that all the alloyed materials can exist stably. In
particular, the lattice constant after alloying has little change,
which provides a new idea for exploring the band gap change of
TMDC materials, excluding the influence of structure, and
realizing continuous band gap regulation.

Computing approach and modeling
Construction of alloys

The growth of monolayer Mo, _,W,Te, films involves deposition
and tellurization processes. The deposition of the transition
metal films is prepared at the customized magnetron sputter
containing a load lock chamber (base pressure <0.5 Pa) and
a sputter chamber (base pressure <9 Pa). The required high
purity (>99.95%) metal targets are standard, and the sapphire
substrate is annealed at 300 °C under vacuum (<9~° Pa) in the
sputter chamber before sputtering. The process parameters of
the sputtering are conducted under the following conditions:
RF power source of 30 W, Ar introducing of 100 sccm, substrate
temperature of 100 °C, constant chamber pressure of 10 Pa, and
deposition rate of 0.2 A s™*. Thus, the thickness of the metal
film can be well controlled by the sputtering time. As shown in
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Fig. 1, the typical tellurization process is performed under
atmospheric pressure, where Te (>99.9%) is placed in low-
temperature zone (Te at 400 °C) upstream, and the Mo; ,W,
metal films are heated to 500 °C at a heating speed of 50 °
C min~" and held at 500 °C for 30 min to complete the in high-
temperature zone downstream. The Ar-H, gas mixture with
a flow rate for both Ar and H, of 100 standard cubic centimeters
per minute is used to obtain the Mo, ,W,Te, films under
a reductive atmosphere. All samples are annealed under an
ultrahigh vacuum (approximately 10~ Pa) at 300 °C for 0.5 h,
and these samples are then brought down to room temperature
and stored in a vacuum for subsequent characterizations.

Computational details

MoTe, possesses various crystal structures at room tempera-
ture, including the 1T phase, 2H phase, and 3R phase. This
study focuses on stable 2H-MoTe, with space group P63/mmc.
The modeling system was constructed based on a4 x 4 x 1
supercell of monolayer MoTe,. The supercell contains a total of
48 atoms, including 16 Mo atoms and 32 Te atoms. In Fig. 1, it is
shown that in monolayer MoTe,, the W atom achieves alloying
model construction at x = 0.25, 0.5, 0.75 by replacing the Mo
atom. The geometric configuration of the supercell system was
optimized before and after alloying, and the performance
improvements were assessed using single-point energy calcu-
lations. The calculations involve the following valence electron
arrangements 4d°5s’, 5d*6s®> and 5s*5p* for Mo, W, and Te,
respectively.

In this study, all first-principles calculations were performed
using density functional theory (DFT) with the Cambridge
Sequential Total Energy Package (CASTEP),*® and the interac-
tion between ions and valence electrons was described by the
ultra-soft pseudopotential (USPP) method. The exchange-

High-temperature
zone

p P

x=0.75

x=0.5

Fig. 1 Preparation diagram of monolayer Mo, _,W,Te, system and structure diagram of Mo;_,W,Te, system at x = 0, 0.25, 0.5, 0.75, 1.
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correlation function based on the generalized gradient
approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE) is
adopted. The GGA-PBE method has been proven to be highly
effective for surface analyses.”” In this study, we employed the
semi-empirical Tkatchenko-Scheffler (TS)* dispersion correc-
tion method to calculate the van der Waals forces. Using ultra-
soft pseudopotentials to calculate electronic and optical prop-
erties. We introduced a vacuum layer with a thickness of 20 A in
the (c)-direction. We conducted convergence testing and used
Broyden, Fletcher, Goldfarb, and Shanno's (BFGS) algorithm?>®
for the geometric optimization and the calculations of elec-
tronic structure. According to the Monkhorst Pack scheme, the
cutoff energy of the plane wave basis is set to 500 eV, and the k-
grid is selected as 4 x 4 x 1. The self-consistent accuracy SCF is
set to 5.0 x 10~ ° eV per atom, and the maximum stress is set to
0.02 GPa. The maximum displacement is less than 5 x 10 A,
and the convergence accuracy of the interatomic force field is
0.01 eVA™".

Results and discussion
Electronic property

The optimized structure of the Mo, _,W,Te, system is depicted
in Fig. 2(a), all exhibiting a hexagonal structure and belonging
to the C2V point group. As illustrated in Fig. 2(b), the phonon
dispersion curves of monolayer MoTe, and WTe, confirm their
inherent dynamic stability, with no virtual frequency observed.
The crystal parameters after optimization for MoTe, and WTe,
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respectively. The slight changes in crystal parameters after
different degrees of alloying can be attributed to the similar
valence electron structure between the Mo atom and the W
atom. It has the basis of stable existence in synthesis.

The work function is a crucial parameter for elucidating the
charge transfer and field emission characteristics of materials.
As delineated in eqn (1), the work function is defined as the
minimum energy necessary for an electron to transition from
the Fermi level to the vacuum layer.

® = Evac — Er (1)

To investigate the charge transfer properties of the mono-
layer Mo, _,W,Te, systems before and after alloying, we calcu-
lated their work functions at different compositions. Where @,
E,ac, and Er denote the work function, vacuum energy level, and
Fermi energy level, respectively. The work functions of the
monolayer Mo, _,W,Te, system are 4.751 €V, 4.568 eV, 4.666 €V,
4.617 eV, and 4.62 €V at x values of 0, 0.25, 0.5, 0.75, and 1,
respectively. These values can be modulated through alloying
ratios to alter the field emission performance of monolayer
Mo, ,W,Te,. A decrease in the work function of the system
enhances electron emission efficiency, improving electron

Table1 Calculates the lattice constant a (A) and work function (eV) of
the Mo, _,W,Te, system at x =0, 0.25, 0.5, 0.75, 1

are determined to be 3.539 and 3.546 respectively, showing Type Crystal parameters (A) Work function (eV)
small errors compared to the results of previous studies,”**"

indicating the reliability of the calculation method used in this ~MoTe; 3.539549 4.751

study. Additionally, Fig. 2(b) displays the phonon dispersion ~ \io07sWozsTe: e P

. . 0.5Y¥0.5 2 . .

curves of the Mo, ,W,Te, system at different alloying degrees MO0g 25W 75Te, 3.546017 4.617

when x = 0.25, 0.5, 0.75, with no virtual frequency observed. The  wre, 3.5461095 4.62

lattice constants measured as 3.541, 3.544, and 3.546

(a) MoTe, Mo, 7sWo 25Te; Mo, sW, sTe, Mo, ,sWo 75Te; WTe,
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Fig. 2

(a) Top view and side view of the monolayer optimized structure of Mo,_,W,Te, system when x = 0, 0.25, 0.5, 0.75, 1. (b) Monolayer

phonon dispersion curves of the calculated Mo, _,W,Te, systematx =0, 0.25, 0.5, 0.75, 1 (green, blue, and orange spheres represent Mo, W, and

Te elements).
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transition capabilities across the semiconductor interface.
Moreover, variations in band gap and work function suggest
potential methods for modulating Schottky barrier heights,
which is one of the critical bottlenecks in the application of two-
dimensional transition metal dichalcogenides (TMDCs) in
semiconductor technologies. After analyzing, it is evident that
the work function of the monolayer Mo, _,W, Te, system is lower
than that of monolayer MoTe, and WTe, when x = 0.25, 0.5,
0.75. This effectively reduces the energy required for electron
escape from the interior to the semiconductor surface,
demonstrating superior electronic transition capabilities. In the
Mo, ,W,Te, system, variations in the band gap and work
function also indicate that the Schottky barrier height can be
sensitively adjusted when creating a heterogeneous structure
with other materials, potentially offering a novel approach to
modulating the Schottky barrier height (Table 1).%*-**

Fig. 3 illustrates the band structures of Mo, ,W,Te, of
various x values in the energy range of —3 to +3 eV. The Fermi
level was set to 0 eV. As shown in Fig. 3(a), the minimum
conduction band (CBM) and maximum valence band (VBM) are
both located at the high symmetry point k, with a band gap of
1.107 eV. The monolayer WTe, band structure is shown in
Fig. 3(e), with a band gap of 1.1 eV. It can be seen from the figure
that the band structures of MoTe, and WTe, are both direct
band gaps, this result is consistent with previous reports.**** On
the other hand, the monolayer Mo, _,W,Te, maintains a direct
band gap across varying degrees of alloying without tran-
sitioning from a semiconductor to a metallic phase. The
Mo, ,W,Te, band structures show no significant change in the
interlayer spatial inversion symmetry under different degrees of
alloying. The interlayer built-in electric field caused by this has
not been reflected. Mo, sW, sTe,, bears a band gap of 1.082 eV
which is the narrowest among all the studying compositions.
The calculated band structure of Mo,_,W,Te, reveals no new
impurity levels compared to the original band gap in MoTe,,
and the VBM remains largely unchanged. The modulation of
the band gap can be attributed to the interaction of d-orbital
electrons between Mo and W, which alleviates the degeneracy

(a) 3 (b) 3 (c) 3
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of the original CBM and exhibits a general downward trend with
varying degrees of alloying. Therefore, by varying the proportion
of Mo-W content, the band gap can be continuously tuned
while retaining the macroscopic physical properties and basic
band structure of MoTe, or WTe, materials nearly unchanged.

Band analysis of various Mo, _,W,Te, monolayer structures
reveals band gap values of 1.107 eV, 1.09 eV, 1.082 eV, 1.094 eV,
and 1.1 eV at x values of 0, 0.25, 0.5, 0.75, and 1, respectively.
The CBM and VBM exhibit the lowest energies at x = 0.5. For 0 <
x < 0.5, the band gap decreases as x increases, whereas for 0.5 <
x <1, the band gap increases with increasing x. When 0 <x < 0.5,
the decrease in band gap with increasing x indicates an effective
reduction in the energy required for electron transition which
improves the overall electron mobility. Owing to the compa-
rable sizes and valence electron configurations between Mo
and W atoms, hybridization of the d and p states at the Fermi
level alters the conduction band's bottom structure, as depicted
in the energy band diagram. The change of band gap decreases
first and then increases under visible light exposure, this
structure facilitates electron transitions between the valence
and conduction bands, generating photon-induced electron-
hole pairs and enhancing light absorption. Electron transitions
to the conduction band for Mo, s;W,sTe, are the most
pronounced among all compositions, resulting in a peak in the
light absorption capabilities curve. Indicating stronger light
absorption ability. Therefore, Mo, sW, sTe, is identified as
having the most robust light absorption performance in the
Mo, _,W,Te, system.

The density of states (DOS), within the energy range from —3
to 3 eV, for monolayer Mo, _,W,Te, systems was presented by
adjusting the number of states near the Fermi level, in Fig. 4.
Electronic states can be systematically categorized into two
regions: the region from —3 to 0 eV is formed by a combination of
Te-5p and Mo-4d/W-5d orbitals, while the conduction band (0-3
eV) comprises Mo-4d/W-5d and Te-5p states. Around the Fermi
level, relatively flat bands may arise due to the d and p charac-
teristics of electronic states. The semiconductor attributes of the
Mo, ,W,Te, monolayer structure are evident from the DOS

(d) 3 (e) 3
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Fig. 3 Calculate the band structure of the Mo, ,W,Te, system. (a) Band structure of MoTe,. (b) Band structure of Mog75sWq 25Te,. (c) Band
structure of MogsWo sTes. (d) Band structure of Mog 25Wo 75T€5. (€) Band structure of WTe,.

3120 | RSC Adv, 2024, 14, 31M7-31125

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04653f

Open Access Article. Published on 30 September 2024. Downloaded on 7/19/2025 7:41:02 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
(a) 30f — MoTe, TDOS ! (b) 30f = Moy ;5W, 5Te, TDOS (c) 30F — Moy sW, sTe, TDOS
15 . ;
. o n 3
T o ‘ - 20" Mo 5s : - L] p——rere 2
% 20 — :o.‘-s : % 10} — m:ﬂ % 10} — :2:5 :
-~ — Mgﬁ 4 -~ 8V\M -~ 3,\,\/\,\/\/"\,/\—\_,
wn "° J 0 2 wes : 0N O —wes :
S WAL Q o = ¥& O o =%
: 0 m 0
” = % " =Tem
6 : 6 ;
3 2 A 0 1 2 T a— 0 1 2 = 0 i 2
Energy (eV) Energy (eV) Energy (eV)
(d) 30 —— Mog 3sW, 75Te, TD_OS (e) 30f — WTe, TDOS (f) a ,‘: “(
0 : /
- L p— mo gs . by //
2 [ Mo 4d : % B /,«’
—~ Sy -
n A= W 6 - w
O wl— wgﬁ (@]
Q & N\/\,\/\JJ\J\\_: j\/\/\\ = a —— MoTe,
. —— Moy 7 Wi 25T
12 : g ;: g: - M:: s;’:s{r’e:?
6] : = Moy 2sWy 75Te,
0 P — WTe,
s 2 4 0 i 2 s 2 4 [ 1 2 g 12 T4
Energy (eV) Energy (eV) Energy (eV)

Fig. 4 Calculates the DOS structure of the Mo,_,W,Te, system. (a) PDOS structure of MoTe,. (b) PDOS structure of Mog 75Wg 25Tes. (c) PDOS
structure of MogsWosTes,. (d) PDOS structure of Mog 2sWg 75Te,. (€) PDOS structure of WTe,. (f) TDOS structure of the Mo, _,W,Te, system.

diagram, with Mo/W and Te orbitals dominating near Er. The
transition from semiconductor properties to metallicity remains
unaffected by the orbital hybridization changes resulting from
varying x in Mo, _,W,Te,. Fig. 4(a) illustrates the DOS of mono-
layer MoTe,, a direct band gap semiconductor, with electronic
states of VBM primarily comprising the hybridization of Te-5p
and Mo-4d orbitals, while those of CBM mainly consist of Mo-
4d orbitals. Similarly, Fig. 4(e) shows the DOS of monolayer
WTe,, which is also a direct band gap semiconductor, with VBM
electronic states comprising the hybridization of Te-5p and W-5d
orbitals, and CBM electronic states mainly consists of W-5d
orbitals. The increasing W content in the system affects the
hybridization of Mo-4d/Te-5p orbitals in the original system. The
appearance of the lowest band gap at a certain point in the
Mo, _,W,Te, system due to the change in x is attributed to the
different valence electron energies of Mo/W. Specifically, when
the value of x in the Mo, ,W,Te, system is not 0, Mo-4d and W-5d
orbitals interact with Te-5p orbitals at the Fermi level, breaking
the degenerate state of the original MoTe,/WTe, structure. From
Fig. 4(f), it can be found that Mo-4d and W-5d orbital electrons
have different energies, and they jointly participate in orbital
hybridization to destroy the degenerate state, producing an
energy low point, and the band structure is not monotonically
changing. Mo, sW, sTe, has the smallest energy low point, which
means that it is more prone to exciting transitions, which is very
advantageous for optoelectronic devices. Since the semi-
conductor nature of TMDC materials is primarily influenced by
the hybridization of d-p orbitals, it is speculated that band gap
variations in the A; ,B,Y, system (where A and B are different

© 2024 The Author(s). Published by the Royal Society of Chemistry

transition metal elements and Y is a chalcogen element) also do
not change monotonically with x. Opening up new possibilities
for fine-tuning the band structure of TMDCs materials.

Optical property

In this section, we calculated the extinction coefficient, refrac-
tive index, energy loss function, reflectivity, and the real and
imaginary parts of the absorption coefficient of the Mo, _,W,Te,
system at x = 0, 0.25, 0.5, 0.75, 1. The optical properties of
matter are described by the transverse dielectric function.

(2)

where ¢;(w) and &,(w) are the real and imaginary parts of the
dielectric function, and  is the photon frequency. The imagi-
nary part &,(w) is calculated by the momentum matrix elements
between the valence wave function and the guided wave
function,

&(w) = ey(w) + iex(w)

_ Ve?
C2mhmtw?

x(0) < [k lodplodoE - £~ o) @)
where, V is the cell volume, e is the electron charge, 7 is the
reduced Planck constant, p is the momentum operator, and uc
and uv are the wave functions of the conduction and valence
bands. The real part of the dielectric function can be obtained
from the Kramers-Kroning relationship.

(4)
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M is the principal value of the integral. Finally, all frequency-
related spectra, such as refractive index n(w), absorption coef-
ficient a(w), extinction coefficient K(w), energy loss function
index L(w), and refractive index R(w), can be directly calculated
from the real parts ¢;(w) and imaginary parts &,(w).

() = VT*] 5)
afw) = VEo “T‘] ©
K(o) = [V ““F )
L(w) = Im(%) = 81%822 (8)
R(w) = E:;I’; o)

Fig. 5(a) shows the real part of the dielectric function of the
Mo, _,W,Te, system. The real part reflects the polarization
intensity of semiconductor materials under the action of an
external electric field as a function of the energy of incident
photons. The higher the ¢;(w) value, the stronger the ability of
the system to bind charges, therefore increasing its polariz-
ability. When the incident photon energy is 0 eV, the system
exhibits a static dielectric constant ¢,. It can be seen that when x
=0, 0.25, 0.5, 0.75, and 1, the Mo, _,W,Te, system exhibits ¢,
values of 6.70, 6.61, 6.49, 6.60, and 6.69, respectively. Compared
with the values of monolayer MoTe, or WTe,, ¢ of Mo;_,W,Te,
all decreases, indicating a decrease in the polarization of the
Mo, _,W,Te, system. In the application of electronic devices,
lower polarizability at high frequencies leads to enhanced
stability and faster frequency response. It is evident that the

(a) w10

[ —— MoTe,
.5 8 Moy 75Wo.25Te,
‘(‘:) 6 Mo, W, sTe,
2 Mog 25 Wy 75Te,
o4 WTe,
8 2
2 /-/\'—\
Qo 2
(b) 10
c 8
2
26
]
o 4
8 2
2
oo
0.0 25 5.0 7.5 10.0

Frequency (eV)

Fig.5 Calculate the (a) real part and (b) imaginary part of the dielectric
function of the Mo;_,W,Te, system when x = 0, 0.25, 0.5, 0.75, 1.
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alloying system results in a slight reduction in the migration
and separation rate of bound electron-hole pairs, as well as
lower energy loss. Compared with the original monolayer
MoTe, and WTe,, the alloying system is more suitable for nano-
electronic devices. The lowest static dielectric constant is 6.49 at
Mo, sWy 5Te,. The peak value of the Mo, ,W,Te, system is
between monolayer MoTe, and WTe,. When x = 0.5, it has the
lowest polarization, excitation strength, and charge binding
ability. Fig. 5(b) shows the imaginary part of the dielectric
function of Mo, ,W,Te,. The higher the ¢,(w) value, the greater
the probability of photons being absorbed and the stronger the
material's photonic absorption energy. ¢,(w) depends on the
number of electrons in the excited state, which increases the
likelihood of the next transition occurring. The results indicate
that monolayer MoTe, exhibits peaks at 1.749 eV and 2.935 eV,
while monolayer WTe, shows peaks at 2.087 eV and 3.38 eV.
These peak values are attributed to the interband transition of
the electron Te-5p state to the Mo-4d state and W-5d state. In
comparison with monolayer MoTe, and WTe,, as x = 0.25, 0.5,
0.75, the dielectric peak gradually shifts towards the low energy
region.

Fig. 6 shows the absorption and reflection coefficients of
Mo; ,W,Te,. It can be seen from Fig. 6(a), as x gradually
increases, the Mo, _,W,Te, system exhibits a significant
redshift, and its photoreactivity extends to the low-energy
region. The alloyed system exhibits a high optical absorption
coefficient in the visible region due to its direct band gap
structure, enabling optical transitions between overlapping
electronic states. The gradually increasing light-absorption
capacity can be attributed to the excited state transition of the
W-5d state located near the Fermi level in the VBM and CBM.
The Mo, _,W,Te, system maintains the absorbability of ultra-
violet light. The enhanced optical absorption for alloyed struc-
ture is presumably due to the smaller band gap compared with
the corresponding monolayers, which requires less light radi-
ation energy to separate the photo-generated electron-hole
pairs.*” As shown in Fig. 6(b), the n(x) of Mo, ,W,Te, is
a function of photon energy. It can be seen that the static
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Fig. 6 (a) Absorption spectrum of Mo, _,W,Te, system. (b) Reflection
spectrum of Mo;_,W, Te, system.
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Fig. 7 (a) Refractive index of Mo;_,W,Te, system. (b) Extinction

coefficient of Mo;_,W,Te, system. (c) Loss function of Mo;_,W,Te,
system.

reflectance at x = 0, 0.25, 0.5, 0.75, and 1 are 0.207, 0.205, 0.201,
0.203, and 0.204, respectively. As the energy increases, so does
the reflectivity. In the energy range above 20 eV, two peaks

© 2024 The Author(s). Published by the Royal Society of Chemistry
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appear in the alloying system, and the reflectance decreases
with increasing energy, gradually approaching 0. It is note-
worthy that in the infrared region, Mo, sW, sTe, consistently
exhibits the lowest reflectivity within the Mo, _,W,Te, system,
a characteristic that extends to certain visible light regions.

The refractive index R(x) of the Mo, ,W,Te, system is shown
in Fig. 7(a). It can be seen that when x = 0, 0.25, 0.5, 0.75, 1, the
static refractive index is 2.581, 2.562, 2.54, 2.563, 2.566,
respectively. It is worth noting that the static refractive index of
Mo, sWy sTe, is the smallest in the alloy system. The refractive
index increases with the increase of energy in the low energy
region and reaches a peak value near 1.6 eV. At this time, the
peak value mainly comes from the hybridization of Te-5p and
W-5d orbits. Then it decreases with the increase of energy. In
addition, it can be found that the refraction of high-energy
electromagnetic waves is stronger. The extinction coefficient
K(x) of the Mo, _,W,Te, system is shown in Fig. 7(b). The energy
range of extinction coefficient variation is 0.9-20 eV, and the
extinction coefficient variation is the largest in the energy range
of 1.7-9.2 eV. In this interval, the extinction coefficient of
alloying systems with different contents has almost the same
variation trend. It is worth noting that the peak of extinction
coefficient can be effectively reduced when x = 0.5. It can be
seen that Mo, _,W,Te, system can produce strong absorption of
light in both visible and ultraviolet regions. This observation is
consistent with the loss function image of the Mo, ,W,Te,
system depicted in Fig. 7(c). As illustrated in Fig. 7(c), the two
primary loss peaks of the Mo, ,W,Te, system are situated
around 6.1 eV and 12.5 €V, arising from resonance between the
Mo-4d and W-5d orbitals and the Te-5p orbitals. In addition, the
temperature may affect the photoelectric performance of the
Mo, _,W,Te, system.*®

Conclusions

In this work, density functional theory was used to study the
Mo, _,W,Te, system with varying compositions. Through the
analysis of phonon spectra, it was found that all modeling
systems are thermodynamically stable. The calculated forma-
tion energy values reflect that all impurity systems are ener-
getically favorable. These findings provide a theoretical basis for
experimental synthesis. Comparing with monolayer MoTe, and
WTe,, Mo,_,W,Te, shows smaller lattice distortion, which is
caused by the valence electron structure and atomic radius
outside the Mo-W nucleus. In the analysis of the work function,
it is observed that the Mo,_,W,Te, exhibited lower values than
the pure MoTe, system, which enhanced the transfer of elec-
trons from the bulk to the surface and promoted their partici-
pation in photocatalytic reactions. The band gap width of
Mo, _,W,Te, first decreases and then increases with the
increase of x. Moy sW, sTe, bears the narrowest band gap width.
The hybridization of Mo-4d orbitals and W-5d with Te-5p
orbitals leads to the breaking of the original degeneracy near
the Fermi level, resulting in a downward dip in the conduction
band. This is visible in the band structures of all studying
systems, promoting electron transitions and the generation of
photogenerated electron-hole pairs. The static dielectric
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function value of the monolayer Mo, _,W,Te, system is higher
than that of monolayer MoTe,, indicating that the introduction
of dopant generates a polarization electric field, which hinders
the recombination of photogenerated electron-hole pairs.
According to the analysis of absorption spectra, all alloying
systems exhibit a redshift, indicating that the response range to
sunlight is expanded after alloying. This extension has been
proven to be beneficial for improving photocatalytic ability.
Besides, Mo, sW, sTe, exhibits a higher work function and
smaller band gap compared to other doped or undoped struc-
tures, indicating that alloying in MoTe, can reduce the Schottky
barrier height of WTe,-based transistors and the contact
resistance.
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The original crystal structure are downloaded from materials
project https://legacy.materialsproject.org/ in cif form. DFT
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