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Two-dimensional (2D) 2H-MoTe; is a promising semiconductor because of its small bandgap, strong absorption, and
low thermal conductivity. In this paper, we systematically study the optical and excitonic properties of atomically thin 2H-
MoTe; (1-5 layers). Due to the fact that the optical contrast and Raman spectra of 2H-MoTe, with different thicknesses
exhibit distinctly different behaviors, we establish a quantitative method by using optical images and Raman spectra to
directly identify the layers of 2H-MoTe, thin films. Besides, excitonic states and binding energy in monolayer/bilayer
2H-MoTe; are measured by temperature-dependent photoluminescence (PL) spectroscopy. At temperature 7 = 3.3 K, we
can observe an exciton emission at ~ 1.19 eV and trion emission at ~ 1.16 eV for monolayer 2H-MoTe,. While at room
temperature, the exciton emission and trion emission both disappear for their small binding energy. We determine the
exciton binding energy to be 185 meV (179 meV), trion binding energy to be 20 meV (18 meV) for the monolayer (bilayer)
2H-MoTe;. The thoroughly studies of the excitonic states in atomically thin 2H-MoTe, will provide guidance for future

practical applications.

Keywords: 2H-MoTe,, photoluminescence, Raman, exciton and trion
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1. Introduction

Atomically thin transition metal dichalcogenides (TMDs)
have recently attracted great attention for their special elec-
tronic and optical properties.!! The atoms of TMDs are held
together by strong covalent in-plane bonds but are oriented in
the out-of-plane direction by weak van der Waals forces. Thus,
few layered two-dimensional (2D) materials can be easily ex-
foliated from bulk crystal materials.[*>) When these materi-
als are thinned down to a single layer, the indirect band gap
will transform into direct band gap,!®®l this transformation
not only enhances the quantum yield of photoluminescence
(PL),™ but also is a necessary condition for the observation
of Valley Hall effect.!'%1?] In some TMDs, the indirect—direct
bandgap transition between bulk and single layer provides a
variety of optoelectronic applications ranging from photode-
tectors to light emitters.!!3] The thickness of 2D materials
strongly affects their optical, electronic, and other properties.
In order to investigate the properties of 2D materials, it is nec-
essary to identify the thickness quickly.

2H-MoTe, is a new material, its layer-dependent bandgap
ranges from 0.8 eV (bulk) to 1.1 eV (monolayer) as
the thickness decreases and it exhibits direct-to-indirect
bandgap transition.['*] The bandgap feature of 2H-MoTe,
flake suggests that it is favorable for visible and SWIR
photodetection.!>-171 Other distinctive properties have also
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been addressed in 2H-MoTe,.
perature (RT), for example, can theoretically reach up to

Its mobility at room tem-

200 cm?-V~!.s71 1181 The gate voltage of several volts can
drive phase transition from semiconductor to semimetal in
monolayer 2H-MoTe; by choosing appropriate dielectrics.
With its unique properties, 2H-MoTe, has a promising ap-
plication in the fields of optoelectronics, energy storage,
memristor, chemical and biological sensing, etc.19211 In re-
cent years, the optical properties of 2H-MoTe, have been
studied.!??! For example, the optical contrast,>>?*! PL and

(25261 have been observed. However, a sys-

Raman spectra
tematically study in using these thickness-dependent proper-
ties to identify the layer number of 2H-MoTe; is lacking.
Moreover, owing to the spatial confinement and reduced di-
electric screening, noticeable exciton effects are widely ex-

[27] Numerous exper-

pected in monolayer crystals of TMDs.
imental and theoretical investigations of neutral excitons and
charged excitons (trions) have been conducted in 2D TMD
semiconductors. ?82°] Most of these investigations focused on
atomically thin MX, (X = Se, S; M = W, Mo) 2D semicon-
ductors. However, researches of the exciton binding energy in
atomically thin 2H-MoTe,, which are of great significance for
developing the novel 2H-MoTe, based excitonic devices, are
still lacking.

In this work, we systematically analyze the optical prop-
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erties of mechanically exfoliated atomically thin 2H-MoTe,
by using atomic force microscope (AFM), optical contrast, and
Raman spectroscopy. We identify the thickness of 1L-5L 2H-
MoTe; flake. Temperature-dependent PL measurement is used
to determine the optical band gap and to probe excitonic states
in few-layer 2H-MoTe;. From the PL spectra, we find that 2H-
MoTe, possesses a direct optical band gap of 1.19 eV. There-
fore, 2H-MoTe; is a new direct band gap 2D material, and
its band gap is significantly lower than those of other TMDs
available heretofore. More importantly, we obtain the exciton
(trion) binding energy in monolayer/bilayer 2H-MoTe;.

2. Sample preparation

We used mechanical exfoliation to obtain atomically thin
2H-MoTe, from bulk crystals (SPI Supplies) and transferred it
into an Si wafer capped with a 300-nm-thick SiO; layer. The
exfoliation process was carried out in ambient air at room tem-
perature. After exfoliation, tape residue was removed by be-
ing soaked in acetone, then rinsed with isopropanol and blow-
dried with N,. The AFM was utilized to identify the thickness
of 2H-MoTe; as shown in Fig. 1. Figures 1(a) and 1(b) show
the optical images of 2H-MoTe, sample and the AFM curves
traced with the red dashed line. The AFM curve shows that the
step height from substrate to monolayer is about 1 nm, while
the step height between the adjacent layers is about 0.7 nm
each layer, consistent with previous measurements.>! The
larger step height difference above is possibly caused by the

reflection changes between the substrate and the sample and
31,32]

also the presence of several adsorbates on the substrate.

(a) (b)

Fig. 1. (a) and (b) Optical microscope image and AFM curve (along the red
dashed lines) of 2H-MoTe; flakes.

3. Results and discussion

To further optically illustrate the layer number, the R, G,
and B channel images of the optical image (Fig. 2(a)) are
obtained by Matlab software,l*!! and shown in Figs. 2(b)—
2(d). It can be seen that the optical contrast of 2H-MoTe,

sample varies with thickness obviously in the R channel
(Fig. 2(b)) and G channel (Fig. 2(c)). However, in the B chan-
nel (Fig. 2(d)), the optical contrast is hard to distinguish be-
tween 2H-MoTe, sample and substrate. To quantify the opti-
cal contrast as shown in Fig. 2(e), the variation of the contrast
value with layer thickness is measured with an optical micro-
scope. The contrast value C is calculated from the equation
C = (Csup — Csam) /Csub. Here, Cyyp, is the contrast value taken
from the substrate, and C,y, is the contrast value taken from
the 2H-MoTe, sample.®3] The contrast values of R channel
are 0.22 (1L), 0.34 (2L), 0.42 (3L), 0.45 (4L), and 0.39 (5L),
respectively. For 1-3 layers of 2H-MoTe;, the contrast value
of R channel increases linearly. The contrast of G channel de-
creases linearly with 3-5 layers. For 2H-MoTe, samples with
different layers, the change of contrast value of B channel is
not obvious, so the number of layers of 2H-MoTe, can be iden-
tified by the contrast between R channel and G channel.
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Fig. 2. (a) Optical image of 2H-MoTe, sample obtained with mechanical
exfoliation; (b)—(d) R, G, and B channel images of 2H-MoTe, sample; (e)
optical contrast values of 2H-MoTe, samples with different thicknesses.

Raman spectroscopy as a noninvasive method can also be
used to measure the thickness of 2D material.[34 Figure 3(a)
shows three typical Raman modes of 2H-MoTe,: the out-
of-plane A, mode (~ 170 cm_l), the in-plane Eég mode
(~233 cm™!), and the B%g phonon mode (~ 290 cm™1).[24]
The position of the Aj, peak and the Eég peak upshift with
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thickness decreasing (Fig. 3(b)), the change in the peak po-
sition is due to the effect of boundary surface and interlayer
interaction with thickness decreasing. Furthermore, a strong
peak at ~ 290 cm~! emerges in the atomically thin 2H-MoTe,.
This peak is not observed in the bulk nor monolayer 2H-
MoTe, crystal, but the intensity is very strong in bilayer and
decreases with thickness increasing. In Fig. 3(c), it seems that
the Ajg mode of 3L-5L 2H-MoTe; exhibits multiple peaks,
which is well known as Davydov splitting in bulk and bilayer
TMDs. [33-3%] The generation of Dovydov splitting can be at-
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tributed to the interaction between layers. In addition, with the
increase of layers’ number, the A, peak is blue-shifted. Ac-
cording to Fig. 3(d), the intensity ratios of B%g/Eég for 2-5 lay-
ers are 0.37, 0.22, 0.19, and 0.15, respectively, their changes
with layer are obvious. Therefore, the layers of 2H-MoTe;
can also be determined by the intensity ratio of B%glEég. The
dependence of the peak position of Eig mode on thickness is
also studied as shown in the inset, it is found that the Eég mode
is shifted up by 1.5 cm™!, with thickness decreasing from five
layers to a single layer.
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Fig. 3. (a) Three Raman-active vibration modes of layered 2H-MoTe,, E%g, Ajg, and Big respectively, (b) Raman spectra of 1L-5L and bulk 2H-MoTe,, (c)

Ajg modes in 1L-5L 2H-MoTe,, (d) intensity ratio of Bﬁg/E;g versus number of layers, with inset showing the peak position of the Eﬁg mode as a function

of thickness.

Figures 4(a) and 4(b) display the photoluminescence (PL)
spectra of monolayer and bilayer 2H-MoTe; varying with tem-
perature, respectively. The power and wavelength of incident
laser are, respecectively, 100 uW and 532 nm for Raman and
PL measurement. At 3.3 K, the 1L 2H-MoTe, exhibits two
PL peaks at about 1.16 eV and 1.19 eV, which have been
studied and assigned to the emission from trion and exciton,

1371 At room temperature, we observed no PL of

respectively.
2H-MoTe,, which is mainly because of its small binding en-
ergy, vulnerable to external environment (such as tem pera-
ture). With the increase of temperature, electrons or holes
change from exciton radiation recombination to non-radiation
recombination due to thermal disturbance, the intensities of
neutral and charged exciton peaks appear at low temperature
gradually decrease with temperature increasing, and almost
disappear at 150 K. When the temperature exceeds 60 K, it
mainly comes from neutral exciton luminescence, for the bind-
ing energy of neutral exciton is larger than that of charged

exciton.?”) From the difference in energy between the exciton

peak and trion peak, we can calculate the trion binding energy
(Figs. 4(c) and 4(d)). The binding energy values of the mono-
layer and bilayer charged exciton of 2H-MoTe, are 21 meV
and 19 meV, respectively. The binding energy of charged ex-
citon in other ultra-thin 2D semiconductors have also been re-
ported, such as 30 meV for monolayer MoSe;, 18 meV for
monolayer MoS,, and 30 meV for bilayer WSe;.37=°1 In
addition, with the increase of temperature, all peaks of 2H-
MoTe; in monolayer and bilayer are red-shifted, mainly be-
cause the band gap decreases with the increase of tempera-
ture. The relationship between band gap and temperature is
as follows: "1 E, (T) = E, (0) — S(ho) [ coth ((hw) /2ksT)].
Here E(0) is the bandgap at T = 0 K, S is the dimension-
less constant, (i) represents the average acoustic phonon
energy involved in the electron-phonon interaction, and kg is
the Boltzmann constant. As the temperature increases, Eq(T')
decreases gradually, so the PL peak exhibits the red shift.
Exciton—phonon interaction has an important influence on the
movement of exciton peak. When the exciton moves in the
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lattice, it will interact with the phonon through the scatter-
ing. With the increase of temperature, the scattering increases.

Therefore, the exciton energy changes due to the exciton—
phonon interaction.
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Fig. 4. PL spectra of (a) 1L and (b) 2L 2H-MoTe, versus temperature, exciton and trion peak positions of mono (c) and bilayer (d) 2H-MoTe; as a function
of temperature.
a b i ; nE —
(w) 100 L oo (m) 100 T onor this equation, we obtain E = 185 meV and 20 meV (179 meV
B = and 18 meV) for the exciton and trion in monolayer (bilayer)
T ® 10- (Fig. 5), respectively. This result is reasonable compared with
Qo Qo
5] 2 that from similar TMDs like monolayer WSe, (210 meV). 4!
= = 10-2
102
0 100 200 0 100 200 .
Temperature/K Temperature/K 4. Conclusions
d . . . .
iC) 100 o omeiior i ) 100 oL triom In this work, we study the optical properties of atomically
= 5 thin 2H-MoTe, to identify the layers directly. This identifica-
= 10! = o1 tion utilizes the layer-dependence of the optical contrast, and
< < ; ;
2 8 Raman spectra of 2H-MoTe; will provide a fast, nondestruc-
~ -2 . . .
10 = 10-2 tive, easy-to-use, and accurate method to identify the number
0 100 200 0 100 200 .
Temperature,/K Temperature/K of 2H-MoTe, layers. By analyzing the temperature-dependent

Fig. 5. Plots of exciton and trion intensities versus temperature, where solid
lines are fits to data by using thermal dissociation model.

Figure 4 shows that the PL intensity of neutral and
charged exciton decrease with temperature increasing. In the
case of steady state, we can consider that the change of ex-
citon intensity with temperature is mainly a reflection of the
exciton population, and the excitons are in complete thermal
equilibrium. The process of thermal dissociation can be used
to describe the change of exciton population (V) with temper-
ature T:" N (T) = No /(1 + (t/10) e “Ea/%8T) where Ny is the
population of excitons at 0 K (i.e., peak intensity), 7 is the life-
time of excitons, T is the effective scattering time, and Ejp is
the activation energy. E describes the necessary energy for the
thermal quenching of exciton luminescence. Fitting the data of
PL peak intensity versus temperature (Figs. 4(a) and 4(b)) with

PL spectra, the excitonic states and exciton binding energy
values of single-layer and double-layer) 2H-MoTe, are inves-
tigated. The exploration of the excitonic state in 2H-MoTe; is
an important step towards materials optimization for the near-
infrared photodetection.
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