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ABSTRACT

A monolayer of hexagonal molybdenum ditelluride (2H-MoTe,), characterized by strong spin-orbit coupling and a relatively
small energy gap (1.1eV), is highly promising for valleytronics and excitonic device applications. In this work, we investigate
the temperature-dependent evolution of exciton complexes in monolayer 2H-MoTe, using temperature-dependent photolumi-

nescence (PL) spectroscopy, complemented by excitation power-dependent measurements. We clearly identify neutral exciton

(Ays ~ 1.19eV) and trion (A~ ~ 1.162eV) states and systematically analyze their temperature-dependent shifts using both the

semi-empirical model and the Varshni relation. Additionally, we observe an additional peak at ~1.132 eV, attributed to a localized
defect-bound excitonic state, supported by excitation power-dependent PL analysis. These results provide important insights into
defect-induced modifications of the excitonic fine structure and deepen our understanding of exciton dynamics in this two-dimen-

sional semiconductor.

1 | Introduction

Research on two-dimensional (2D) materials witnessed an expo-
nential surge following the exfoliation of monolayer graphene in
2004 [1, 2]. Since then, the field has rapidly evolved, extending
beyond graphene to encompass a diverse class of layered materi-
als, most notably the transition metal dichalcogenides (TMDCs)
[3, 4], with the chemical formula MX, (M = Mo, W, X =S, Se, Te).
The TMDCs are known for the tunable bandgap owing to the
flexibility in varying thickness, the choice of chalcogen atoms,
and alloying together with changing stoichiometric ratios of chal-
cogen as well as transition metal atoms. As we reduce the
dimensionality down to monolayer, the quantum confinement
effects and weak dielectric screening yield a direct bandgap pre-
sumably at K* points of the hexagonal Brillouin zone as in case
of 2H hexagonal crystal structure. The monolayer exhibits a val-
ley degree of freedom resulting from broken inversion symmetry
combined with C; rotational symmetry, leading to lowest energy
excitonic states that are twofold degenerate and governed by con-
trasting chiral optical selection rules. Spin-valley locking in

© 2026 Wiley-VCH GmbH.

monolayer TMDCs arises from strong coupling between the spin
and valley degrees of freedom, such that each valley is intrinsi-
cally associated with a unique spin polarization [5]. Owing to
spin-valley locking and broken inversion symmetry, the optical
selection rules in monolayer TMDCs become both valley- and
spin-dependent, whereby specific circular polarizations (¢* or
o~ ) of light selectively excite electronic transitions in distinct val-
leys with corresponding spin orientations [6]. The helicity of the
incident circularly polarized light determines the initialization of
carriers with a specific valley and spin index, reflecting the inher-
ent coupling between spin and valley degrees of freedom in the
system [7]. This mechanism enables precise optical control of
spin and valley pseudospins, underpinning phenomena forming
the basis of valley polarization, spin-polarized photocurrents, and
emerging valleytronic devices and materials engineering [8, 9].
The exceptionally strong light-matter interaction enables mono-
layer TMDCs at the forefront of the next-generation optoelec-
tronics, valleytronics, and flexible quantum device applications.
Optical properties in the monolayer TMDCs are primarily
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governed by the rich excitonic physics. Excitons are photogener-
ated quasi-particles that are a bound pair of electrons and holes
held together by a strong Coulombic force. Excitons in mono-
layer TMDCs, characterized by high binding energies and large
oscillator strengths, provide an ideal platform to explore a wide
range of condensed matter phenomena, including Mott insula-
tors, Wigner crystals, and light-induced magnetic phases,
through optical spectroscopy [10].

In the family of TMDCs, monolayer hexagonal molybdenum
ditelluride (2H-MoTe,) with an approximate bandgap of
~1.1eV is notable for its substantial spin-orbit coupling
(SOC) and high exciton binding energy [11-13]. It has the small-
est among the Mo-based TMDCs that emit near the silicon band
edge making it an attractive platform for silicon-compatible opto-
electronics and telecom-band photonics. So, a fundamental
understanding of photo physics is essential for 2D electronics.
2H-MoTe, exhibits a thickness-dependent Raman spectrum
and is theoretically predicted to possess a room-temperature car-
rier mobility exceeding that of MoS, that is phonon-limited [14].
The dominant PL emission originates from a direct transition
involving exciton and trion recombination. Investigations on
exceptionally high-quality TMDC samples have identified the
presence of Rydberg excitons that are excited states analogous
to hydrogenic energy levels and have been explored in monolayer
2H-MoTe, [11, 15-20]. Owing to the existence of heavy tellurium
atoms, MoTe, exhibits significantly stronger spin-orbit effects
(~230 meV in the valence band and ~50 meV in the conduction
band) and a more pronounced bright-dark A-exciton splitting
(~34meV) in comparison with other Mo-based TMDCs [21].
Besides the neutral and charged excitonic peaks, PL spectra at
low temperatures often show an additional feature ascribed to
localized excitons rather than free excitons. Although this feature
is predominantly associated to defects in TMDCs, several ques-
tions regarding its exact nature remain unresolved. Neutral exci-
tons are generally mobile but both neutral and charged lattice
defects can trap electron-hole pairs and form bound excitons.
The definite binding energy between neutral exciton and a defect
results in a defect-bound exciton peak in the PL spectrum at an
energy slightly lower than the neutral exciton peak. The
temperature-dependent study of the defect-bound excitons
reveals their degree of localization at the defect sites and their
interaction with the surrounding lattice environment. These

defect-bound excitons are more prominent at cryogenic temper-
atures, where they exhibit sharp spectral features due to strong
localization, thereby enabling precise measurements. The pres-
ence of a defect-bound exciton state at an energy lower than
the free exciton peak is further confirmed through laser
power-dependent PL measurements at 3 K. Its distinct tempera-
ture-dependent behavior and the disappearance of this feature
above 40K clearly indicate strong localization at defect sites.
Understanding their dynamics at low temperatures is therefore
essential for guiding defect-engineering strategies aimed at opti-
mizing light emission, photodetection, and quantum photonic
applications, including stable single-photon sources and tunable
excitonic devices.

2 | Results and Discussions
2.1 | XRD

The X-ray diffraction (XRD) pattern (Figure 1a) of 2H-MoTe,
confirms the phase purity with all the diffraction peaks consis-
tent with the existing literature [22]. The lattice parameters esti-
mated from Rietveld refinement are a=b~3.52A, and
¢ ~13.96 A with the space group P6s/mmc. The crystal structure
as shown in Figure 1b consists of two triatomic layers (Te-Mo-
Te) coupled with a weak van der Waals (vdw) force along the c-
axis. The unit cell of bulk 2H-MoTe, consists of six atoms and
exhibits 18 vibrational modes at the Brillouin zone center (15
optical modes and 3 acoustic modes) with the irreducible repre-
sentations of phonon modes at [ point given by
Tpuie = 2EL(IR) + 2E54(R) + Ey, + Eyg (R) + Ay, (IR)+2By, +
By, + Ajg (R) and Tyonolayer = 2E (R+1R) + E'(R) +24,(IR)
+ Ai(R) [17, 23, 24].

2.2 | Raman Spectroscopy

The room temperature Raman spectra of the bulk 2H-MoTe, are
shown in Figure 2a with prominent modes present at ~170 cm™"
(out-of-plane A;; mode) and at ~234 cm™! (in-plane E%g) [11].
The phonon modes at ~143.8cm™ (2TA (M)), 185cm™* (E%g
(M) - LA (M), 202cm™" (2LA (M), 327.6cm™" (24, (M),
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FIGURE1 | (a)Powder X-ray diffraction pattern of 2H-MoTe,; the inset shows the photograph of the grown crystal. (b) Side view of the unit cell of

the layered crystal structure of 2H-MoTe,, with the van der Waals gap.
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FIGURE2 | (a)Raman spectra of bulk 2H-MoTe, at room temperature fitted with Lorentzian function and the inset shows the optical image of the

hexagonal crystal. (b) Raman spectra of monolayer 2H-MoTe, and inset shows the optical image of the monolayer on SiO,/Si substrate.

and 341.8cm™ (E5, (M) + LA (M)) are activated because of the
double resonance process at the M point of the Brillouin zone,
induced by excitation with the resonant laser of energy 1.96eV
[25]. In order to investigate the excitonic physics behavior in
the monolayer, thin flakes are mechanically exfoliated from the
bulk 2H-MoTe, as described in the experimental section. Room
temperature Raman spectra of the exfoliated 2H-MoTe, flake is
shown in Figure 2b, which confirms monolayer by the relative
intensity ratio between the A4;, (at ~171 cm™) mode and E%g
(at ~236 cm™") mode as well as the absence of interlayer shear
and breathing modes in the low-frequency regime [11, 26, 27].

2.3 | Photoluminescence Spectroscopy

To study the exciton dynamics in monolayer 2H-MoTe,,
temperature-dependent PL is performed from 3 to 300 K. The
PL spectra at 3 K is shown in Figure 3a with the energy level dia-
gram in the inset [13, 15, 20, 28-30]. We observe A, exciton and
A~ trion peaks at approximately at ~1.19eV and at ~1.16eV,
respectively [15, 18, 20, 23, 29, 30], while additional optical tran-
sitions at about ~1.132 and 1.157 eV emerge from an unknown
origin and require further analysis [18]. The schematic of the pos-
sible origins of the observed emissions is explained from the
energy band diagram in Figure 3b, which depicts the K+ and
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K~ valleys of the monolayer 2H-MoTe,, thus showing the intrin-
sic valence band and potentially conduction band splitting [21].
To understand further on the existence and evolution of exciton
dynamics, we performed the temperature-dependent PL meas-
urements and all the spectra are presented in the supplementary
information (Figure S1). The PL above ~160K are not sharp as
the background noise is large. To understand the contribution
from the substrate, temperature-dependent PL has been done
with similar experimental parameters and compared with sample
spectra (Figure S2). Above 160 K, the contribution from the sub-
strate is more prominent as compared to the monolayer. Thus,
we focused on the spectra until 160K for understanding of
the PL emissions.

Figure 4a shows the PL spectra recorded from 3 to 160 K, where
the trion peak intensity progressively decreases and it disappears
at 100 K. The reduction in the trion intensity is attributed to dis-
sociation of trions into free excitons and thermally generated
excess charge carriers in the sample [18, 29]. Abovel60 K, exciton
peak also weakens, primarily due to its relatively small binding
energy and because the corresponding emission energy shifts
beyond the detection range of the CCD (Figure S1). To investi-
gate the thermal evolution of these excitonic features, the
temperature-dependent PL spectra is analyzed using both the
Varshni relation and a semiempirical model, as shown in
Figure 4b. The A exciton and A trion exhibit a characteristic

FIGURE 3 | (a)PL spectra of the monolayer at 3K fitted with Lorentzian (D, and D,) and Voigt functions (A~ and Ayy), and the inset is the energy
level diagram showing the optical transitions corresponding to the PL spectra. (b) The schematic of K *and K ~ valley in monolayer, showing the valence

band and conduction band splitting.
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FIGURE4 | (a)Evolution of the temperate-dependent PL spectra of the monolayer in the range of 3 to 160 K. (b) Temperature-dependent variation of
trion and exciton peak positions fitted with both semi empirical formula (Rose) and Varshni equation (Cyan), and D, and D, with only semiempirical

formula.

redshift with increasing temperature, arising from lattice expan-
sion and enhanced electron-phonon interactions [31]. The
Varshni equation, which describes the semiconductor bandgap
variation with temperature for exciton and trion optical emis-
sions, is expressed as

aT?

E(T)=Ey- 4'0r )

where bandgap energy at temperature T is E(T), and at 0 K is E,,
and the « and f are parameters associated with the electron-
phonon coupling and Debye temperature, respectively. The fit-
ting parameters for trion is obtained as E, ~ 1.162eV, a ~
4.4x1074, and B ~ 168 K, respectively. For the A, exciton, the
a value is derived as ~ 8.45x10~* and S value as ~365K. The
Varshni model provides a general trend; a more comprehensive
understanding is achieved by considering the exciton-
phonon interaction. To understand the exciton-phonon interac-
tion, the data is analyzed with the semi empirical model that is
derived from Huang-Rhys theory and proposed by O’ Donnel
and Chen that accounts for the interaction between excitons
and phonons [31]. The model is given by the following equation

- h Epn
E—EO—SprhX cot m -1 (2)

where E, is the bandgap at the absolute temperature (0 K), S is
the Huang-Rhys factor that gives the exciton-phonon coupling
strength, E,, is the average phonon energy, and kp is the
Boltzmann constant. From this fit, the intrinsic bandgap energy
of trion at 0K is extracted as E, ~ 1.162eV, which closely
matches the lowest measured energy. The average phonon
energy involved in the interaction, Ey, is determined to be
~7.7meV. The Huang-Rhys factor is estimated as S~ 1.37,
which quantifies the strength of the exciton-phonon coupling
and suggests a significant lattice relaxation upon exciton forma-
tion or a strong interaction with a specific phonon mode. By

fitting the temperature-dependent variation of the A;; exciton
peak position with semiempirical model fit, the extracted param-
eters are the E, ~1.189 eV, Ey, ~ 12meV, and S~ 2.2 and are
consistent with previously reported results for monolayer 2H-
MoTe; [29]. The values are relatively lower than the that of other
monolayers of Mo-based chalcogenides such as MoS, (~19 meV)
and MoSe, (~14.5 meV), suggesting a weaker exciton-phonon
coupling in MoTe, compared to the lighter TMDCs [32]. The lon-
gitudinal acoustic phonons in monolayer MoTe, have energies
ranging from 7.4 to 12.5meV, which is in agreement with the
observed results [25]. The E,; values of the peaks D; and D,
are obtained as ~1.1 and ~0.76 meV respectively. The unusually
low average phonon energies for the optical transitions suggest
they arise from defect-related localized vibrational modes rather
than typical optical phonons, reflecting soft lattice distortions
induced by vacancies or impurities. The annealing of the
TMDC monolayers at higher temperature is known to create
the chalcogen vacancies [33, 34]. The chalcogen vacancies in
the sulfur-based TMDCs create deep mid-gap states and selenium
vacancies create intermediate gap in the photoluminescence
spectra. The energy (AE=Exo —E;) is typically large (100-
300 meV), where Eyo is the neutral exciton energy and Ej is
the energy of the defect-bound exciton peak. In contrast, for
Te-based systems (like MoTe, or WTe,), the Te vacancies often
result in shallower states due to the smaller electronegativity dif-
ference and larger atomic radius of Te, leading to a smaller AE
(typically 30-60 meV). This can be attributed to the fact that Te
has a lower electronegativity compared to sulfur or selenium,
which reduces the potential depth of the trap state created by
a vacancy consequently the energy separation between the neu-
tral and defect-bound exciton is relatively small [34-36]. Thus,
these transitions can be attributed to defect-bound excitons cou-
pled with low-energy phonon modes characteristic of lattice
defects.

The PL measurements as a function of excitation laser power
have been performed to investigate the nature and origin of
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the D, peak, which has not been previously reported in the lit-
erature. Figure 5a shows the normalized PL spectra as a function
of excitation power, and the inset shows the temperature-
dependent PL up to 40 K, highlighting the D, peak as it vanishes
after 40 K. From the power-dependent PL, the D, peak saturates
at higher power. RIPL, defined as the ratio of the area under each
individual peak to the total PL, increases for all transitions except
D,, whose intensity decreases, indicating a declining relative con-
tribution of D, to the overall emission (Figure 5b). The FWHM of
D1 peak increases with the excitation while that of exciton and
trion remains constant as shown in Figure 5c. To rule out the
possibility of the transition being of biexciton or neutral exciton,
the integrated PL intensity (IPL) of D, (Ip,) is plotted as a func-
tion of IPL of A, exciton and the data is fitted with power law
Ip; o I4 (Figure 5d); the value of « is obtained less than 1. The a
value of defect-bound exciton is generally sublinear while that for
biexciton in TMDCs semiconductors and quantum well systems
are typically super linear with values around ~1.2-1.9, and for
excitons, it behaves linearly. Thus, the emission peak at
1.132 eV is interpreted as a localized defect-bound excitonic state,
based on its low-temperature stability, saturation at high excita-
tion power, and sublinear intensity dependence [37]. The origin
of these defects is likely related to the annealing process, which is
known to create chalcogen vacancies in TMDCs including
MoTe,. In particular, Te vacancies are energetically favorable
in MoTe, and are expected to introduce in-gap states that can
bind excitons. The comparative analysis of Raman spectra of
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the exfoliated monolayer 2H-MoTe, with and without annealing
(untreated) is done and shown in the Supporting Information
(Figure S3) to qualitatively understand the presence of disorders.
A slight red shift (softening) of A; and Ej, modes is observed in
the Raman spectra at room temperature for the annealed mono-
layer 2H-MoTe,. The linear fit of the A; and Ej, modes with tem-
perature derived the thermal expansion coefficient (TEC) for both
samples, as Aé mode is the out-of-plane vibration of the Te atoms
and is more sensitive to the introduction of the Te vacancies. The
TEC of yr = —0.0076 £1.8x 10~ *cm~!/K is determined for A}
mode of untreated sample which is similar to that reported in
the previous study [38]. The TEC of the annealed sample is
obtained as y; = —0.0053 +2.9 x 10~ *cm~! /K which is compar-
atively having less negative value than the untreated sample sug-
gesting that the annealing have introduced lattice disorders,
favorably Te vacancies that induce the lattice more sensitive to
the thermal perturbations.

3 | Conclusion

In this study, we have systematically investigated the excitonic
transitions in the monolayer 2H-MoTe, using temperature-
dependent and power-dependent PL measurements.
Temperature-dependent PL spectroscopy provides detailed
insights into the exciton dynamics and bandgap evolution in this
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FIGURE 5 | (a) Normalized PL spectra of the D; peak as a function of excitation power obtained at 3 K. The inset displays the corresponding

temperature-dependent PL measurements over a range of 3 to 40 K. (b) Variation of full width at half maximum (FWHM) of D;, A~ trion, and

Ay, exciton transitions with laser power. (c) Laser power dependence of relative integrated PL intensity (RIPL) of D;, A~ trion, and A;; peaks as
a function of laser power. (d) Estimation of sublinear dependence of IPL of D; with A;;.
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material system. Notably, we identify a previously unreported
emission feature at ~1.132eV, which we attribute to a defect-
bound exciton state. The temperature evolution of both excitonic
and trionic transition energies is accurately captured using the
Varshni relation as well as a semi-empirical model, from which
the parameters @ and f are extracted to quantify bandgap renorm-
alization. Furthermore, the exciton—phonon coupling strength is
determined, highlighting the interactions governing the
temperature-driven spectral shifts. Overall, our results deepen
the understanding of the temperature-dependent excitonic land-
scape in monolayer 2H-MoTe, and shed light on the role of
defect-related excitonic states. These findings hold significance
for the design and optimization of future optoelectronic, valley-
tronic, and excitonic devices based on MoTe, and related two-
dimensional materials.

4 | Experimental Section
4.1 | Sample Preparation

The single crystal of 2H-MoTe, was synthesized by the chemical
vapor transport (CVT) technique using tellurium tetrachloride
(TeCly) as the transporting agent. Stoichiometric amounts of
commercially available (Sigma-Aldrich) molybdenum (Mo)
and tellurium (Te) were mixed in stoichiometric ratios and
pressed into a pellet. The pellet was kept at 850°C for 3 days
in a box furnace so that Mo and Te will be mixed. The mixture
of Mo and Te was then ground together and taken in the quartz
ampoule with TeCl, as a transport additive. Approximately 1 g of
polycrystalline powder and TeCl, (3mgcm~3) were sealed in a
quartz ampoule. The ampoule was placed in a tube furnace with
the source zone (T;) maintained at 1000°C and the growth zone
(T,) at 900°C establishing a temperature gradient (AT) of 100°C.
The well characterized crystal was exfoliated on the SiO,/Si sub-
strate with ~290 nm SiO, [39]. The substrates were ultrasonically
cleaned sequentially in acetone and isopropanol for 15 min each,
followed by immersed in a Piranha solution for 1h and blow
dried with nitrogen (N,) gas. 2H-MoTe, flakes were mechanically
exfoliated onto the cleaned substrates using the scotch tape
method. The exfoliated flakes were subsequently characterized
using optical microscopy and Raman spectroscopy.

4.2 | Characterization

The crystal structure and phase purity were analyzed using a
Rigaku SmartLab rotating anode diffractometer with Cu—Ka
radiation (1=1.5406A). The measurements were performed with
a scan rate of ~2 min~! and a step size of 0.02°. Micro-Raman and
PL measurements were performed in backscattering configuration
using a Horiba Jobin-Yvon LabRAM HR Evolution spectrometer
coupled with a Peltier-cooled CCD detector. The system utilized a
~1800 g/mm grating for Raman and a ~600 g/mm grating for PL
studies. Room temperature Raman measurements were conducted
in a reflection geometry using a 633 nm (1.96eV) excitation laser.
To enable the detection of low-frequency vibrational modes, the
system was equipped with ultra-low frequency (ULF) filter.
Temperature-dependent Raman and PL measurements were car-
ried out using a closed-cycle cryostation manufactured by
Montana Instruments. The resulting PL spectra were analyzed
by fitting the peaks with Lorentzian and Voigt functions.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. 1: Temperature dependent PL
spectra 3 to 300 K. Supporting Fig. 2: Temperature dependent PL spectra
of (a) monolayer 2H MoTe,, and (b) SiO,/Si substrate. Supporting Fig. 3:
(a) Raman spectra of untreated (blue) and annealed (red) samples at
room temperature, and (b) temperature-dependent evolution of phonon
frequencies for both samples. The first-order temperature coefficients are
determined for both Ay and E}, modes.
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