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A B S T R A C T   

Understanding the physical origin of temperature and thickness dependent optical properties of 2D MoTe2 is 
essential and vital for their applications in nanoelectronics and optoelectronics. Here, we investigate the 
dielectric functions of 5–25 nm MoTe2 thin films over temperatures from 100 K to 450 K and energy range of 
0.75–5.91 eV by spectroscopic ellipsometry. Six critical points (CPs) A–F are observed in the dielectric functions, 
and their center energies and strengths exhibit novel thickness dependencies due to thickness scaling effects. 
Optical transition positions of CPs A–D are pointed out in bandstructure and partial density of states (PDOS). 
Besides, by tuning temperature from 100 K to 450 K, the amplitude of CPs decreases, the broadening of CPs 
increases, and center energies of CPs shows a Bose-Einstein attenuation trend. The difference ΔE between center 
energies of CPs A and B indicates the spin-orbit splitting value in MoTe2, which is found to remain around 320 
meV and is independent to temperature and thickness. Results demonstrate that the strengths of electron-phonon 
interactions in CPs A and B show “V” evolution trend with thickness increasing, which could be assigned to the 
alternating effects of thickness scaling effects and increase of surface roughness.   

1. Introduction 

Two-dimensional (2D) materials, such as semimetallic graphene, 
semiconducting transition-metal dichalcogenides (TMDCs), insulating 
hexagonal boron nitride (hBN), have been a hot spot over the past 
decade due to their novel physical properties [1–5]. Particularly, TMDCs 
with a layered MX2 structure process a wide range of remarkable elec-
tronic/optical properties, such as high carrier mobility [6], tunable 
bandgap [7], large excitonic binding energies [8], and valley selective 
circular dichroism [9]. Besides, TMDCs are widely used in different 
kinds of optoelectronic devices, including the field effect transistors 
[10], supercapacitor [11], ultra-broadband photodetectors [12], satu-
rable absorbers [13], and photovoltaic devices [14]. Thus, accurate 
characterization and understanding the optical/electronic properties of 
TMDCs is vital for accurate modeling and design of the TMDCs-based 
optoelectronic devices. 

Among various TMDCs materials, MoTe2 has been a very interesting 

subject [15–17]. The 2H phase MoTe2 with trigonal prismatic coordi-
nation is semiconducting, while the 1T’ phase monolayer MoTe2 is a 2D 
topological insulator, and the bulk 1T’ phase MoTe2 is expected to be a 
Weyl semimetal [18]. In 2H phase, the bandgap of MoTe2 varies from 
1.1 eV (monolayer) to 0.8 eV (bulk) as the thickness increases, and it 
exhibits a bandgap crossover from direct to indirect [19,20]. Monolayer 
2H phase MoTe2 exists strong excitons and trions which can be modu-
lated by electrostatic doping in MoTe2-based electronic devices [20]. Its 
carrier mobility can reach 200 cm2V-1s− 1 at room temperature, and has 
stronger spin-orbit coupling effects than other Mo-based TMDCs due to 
the heavier Te element [21–23]. With these unique properties, 2D 2H- 
MoTe2 has broad and promising application in the areas of optoelec-
tronics, catalysis, flexible electronics, and memristor, etc. [24–26]. In 
order to guide the design and optimization of MoTe2-based optoelec-
tronic devices, it is critical to obtain the accurate and quantitative op-
tical properties of 2D 2H-MoTe2 and to study the evolution of its optical 
properties induced by other factors. 
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In recent years, the optical properties of 2D 2H-MoTe2 have been 
studied by some typical experimental techniques, such as Raman spec-
troscopy, photoluminescence (PL) spectroscopy, absorption/trans-
mission/reflection spectroscopy, and terahertz (THz) spectroscopy 
[19,27–29]. Zhang et al. studied the temperature effects on the Raman 
spectra of monolayer, few-layer and bulk MoTe2 at the temperature 
range from 300 K to 500 K and found linear frequency redshifts of the 
Raman modes with the increasing temperature, which was induced by 
the anharmonic effects of interatomic energy [27]. Ruppert et al. 
measured different optical spectra of exfoliated single- and few-layer 2H 
MoTe2 by PL, Raman, and optical absorption, and observed the strong PL 
absorption of monolayer 2H MoTe2. Based on these optical results, they 
demonstrated monolayer 2H MoTe2 is a direct-gap semiconductor with a 
1.10 eV optical bandgap [28]. Lezama et al. systematically studied the 
bandgap structure and optical spectra of few-layer MoTe2 by low- 
temperature microreflectance (MR) and temperature-dependent PL. 
They noticed the integrated PL intensity is equal for mono and bilayer, 
gradually decreased for trilayer, and the intensity was remarkably 
attenuated for tetralayer, showing the cross over from direct to indirect 
bandgap in 2D MoTe2 [19]. With the help of THz spectroscopy, Zheng 
et al. reported efficient photocurrent multiplication occurs in few-layer 
MoTe2 due to the efficient step-like carrier multiplication and 
extremely high carrier mobility, demonstrating free carriers were 
involved in multiplication process [29]. However, the intrinsic dielectric 
functions cannot be derived from these optical techniques directly, but 
can be accurate and quantitative obtained by spectroscopic ellipsometry 
(SE) [30]. Only a few reports focus on the dielectric functions of 2H 
phase 2D MoTe2 [31,32], and the systematic study of the thickness and 
temperature dependent dielectric functions of 2H phase 2D MoTe2 by SE 
is not available yet. 

In this work, we investigate the dielectric functions of 5–25 nm 2H 
phase MoTe2 thin films over temperature range from 100 K to 450 K and 
energy range of 0.75–5.91 eV by spectroscopic ellipsometry (SE), and 
the physical essentials behind these tunable optical properties are 
revealed with the help of first-principles calculations. By using critical 
analysis, six critical points (CPs) A–F are observed in the dielectric 
function spectra. At room temperature (approximately 293 K), CPs’ 
center energies and strengths exhibit novel thickness dependencies due 
to the thickness scaling effects, and optical transition positions of CPs 
A–D are pointed out in bandstructure and partial density of states 
(PDOS). Besides, while the temperature evolves from 100 K to 450 K, 
center energies of A–D CPs shows a Bose-Einstein attenuation trend, the 
CPs’ amplitude decreases and the CPs’ broadening increases, due to the 
enhancement of thermal noise, lattice thermal expansions and electron- 
phonon interactions. The temperature effects on the CPs’ center en-
ergies, amplitudes and broadenings have different thickness dependent. 
The strengths of electron-phonon interactions in CPs A and B show “V” 
evolution trend with thickness increasing, which could be attributed to 
the alternating effects of the thickness scaling effects and the increase of 
surface roughness. 

2. Experiment details 

2.1. Sample preparation and characterization 

Large area (10 mm × 10 mm) polycrystalline 2H phase MoTe2 films 
with variable thickness (5, 10, 15, 20, 25 nm) on the sapphire (Al2O3) 
substrate were provided by Six Carbon Technology Shenzhen. The 2H 
phase MoTe2 films were prepared by the chemical vapor deposition 
(CVD) process. The film quality was confirmed by Raman spectroscopy 
and UV–Vis-NIR Spectrophotometer under ambient conditions. Raman 
measurements were performed by a commercial micro-Raman setup 
(Renishaw In-Via Reflex), and a 50 × objective and 532 nm laser was 
used to collect the scattered photons. UV–Vis-NIR Spectrophotometer 
(SolidSpec-3700) was used to measure the reflection spectra at the 
reflection angle of 5◦ The surface conditions and roughness of MoTe2 

films were checked by scanning electron microscope (SEM) (Zeiss 
GeminiSEM 300) and atomic force microscopy (AFM) (Bruker Dimen-
sion Icon). Besides, the thicknesses of MoTe2 films were also examined 
by AFM. 

2.2. Temperature-dependent ellipsometry measurements 

2H phase 5–25 nm MoTe2 films were investigated by a measurement 
system based on dual rotating-compensator spectroscopic ellipsometer 
(ME-L Muller matrix ellipsometer, Wuhan Eoptics Technology Co.) and a 
precision thermal control stages (HCP621G-ELP, Instec Co.) [33]. MoTe2 
films were mounted on a temperature-controlled sample holder and 
enclosed in a vacuum chamber of the heating and cooling stages. The 
temperature down to 100 K was provided by the liquid nitrogen cooling 
device, and temperature was monitored by the mk2000 device (Instec 
Co.). During the measurement, base pressure was maintained under 50 
Pa to minimize artifacts resulting from condensation at low tempera-
tures. The ellipsometric spectra was gather over an ultra-broad energy 
range of 0.75–5.91 eV, and temperature from 100 K to 450 K. The 
diameter of the probing spot was approximately 200 μm with a focusing- 
probe, and the angles-of-incidence was set at 55◦. 

2.3. First-principles calculations 

The band structures and partial density of states (PDOS) were ob-
tained with the help of the Vienna ab initio package (VASP) [34]. The 
Perdew-Burke-Ernzerhopf (PBE) functional based on projector- 
augmented-wave (PAW) pseudopotentials was employed in the geom-
etry optimization [35]. 18 Å of vacuum was added to eliminate the 
interaction between two adjacent layers in MoTe2, and the van der 
Waals interactions was taken into consideration via the optB86b-VdW 
method [36,37]. PBE and HSE06 [38] were applied in the band struc-
tures and PDOS calculations. The convergence criterions of forces and 
total energy of internal atomic positions were set to 5 × 10-3 eV/Å and 
10-5 eV. A kinetic energy cut-off of 550 eV was applied and a Monkhorst- 
Pack grid of 14 × 14 × 1 was sufficient to get the converged band 
structures. A denser k-point grid of 20 × 20 × 1 was used in the PDOS 
calculations. The spin-orbit coupling (SOC) was included in all 
calculations. 

3. Results and discussion 

MoTe2 is a representative yet unique TMDCs, and 2H phase (trigonal 
prismatic structure) is the most stable phase under the ambient condi-
tions [18]. Fig. 1(a) shows the crystalline structures of 2H-MoTe2, the 
structure is in-plane isotropic, and one Mo atomic layer is sandwiched by 
two Te atomic layers. The reflectivity contrast spectra RC = (RMoTe+S −

RS)/RS of 5–25 nm 2H MoTe2 are presented in Fig. 1(b), Where RMoTe+S 
and RS denote the reflectance of MoTe2 on the sapphire substrate and of 
the bare sapphire substrate, respectively. With the thickness increasing, 
the center energy of reflection peak shows a red-shift tendency from 
1.07 eV to 1.01 eV, and the intensity of reflectivity contrast presents an 
enhanced trend, consistent with previous study [28]. Fig. 1(c) shows the 
Raman spectra of 5–25 nm 2H MoTe2, and three characteristic phonon 
modes (A1g, E1

2g, B1
2g) have been observed around 172.1 cm− 1, 233.7 

cm− 1, 289.0 cm− 1 respectively, suggesting the high purity of our 2H 
MoTe2 samples [19,27]. The B1

2g, a bulk-inactive mode, is only observed 
in 5 nm sample while absent in 10–25 nm samples [27]. Besides, the 
surface conditions and thicknesses are determined by SEM and AFM, as 
shown in Fig. 1(d–f), Fig. S1 and Fig. S2. The flat surface shown in Fig. 1 
(d) and the low roughness values (Rq = 1.98 nm) presented in Fig. 1(f) 
demonstrate our 2H MoTe2 samples is relatively flat, but some small 
crystal grains exist in the surface. As the thickness increases, the crystal 
grains become larger and their number increases, which results in the 
lager Rq value. The AFM images in Fig. 1(e) and Fig. S1 also show the 
thicknesses of our 2H MoTe2 samples are 6.36 nm, 9.48 nm, 15.30 nm, 
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21.07 nm and 25.78 nm, respectively. All these characterizations 
demonstrate that our 2H MoTe2 samples are high-quality, thickness- 
controlled and relatively flat, which will be of great benefit to our 
further ellipsometry investigation. 

In order to determine the thicknesses and dielectric functions of 2H 

MoTe2 samples, an optical model and a dielectric function model should 
be established in the ellipsometric analysis. The optical model of 2H 
MoTe2 is a four-layer stacking model, including the ambient air, the 
surface roughness, the MoTe2, and the c-sapphire substrate, as shown in 
Fig. S3(a). The surface roughness layer is described by effective medium 

Fig. 1. (a) Schematic diagram of the 2H phase MoTe2. (b) Reflectivity contrast spectra of 5–25 nm MoTe2. (c) Raman spectra results of 5–25 nm MoTe2. (d)The SEM 
picture of 5 nm MoTe2. (e, f) Surface roughness and thickness of 5 nm MoTe2 obtained by AFM. 

Fig. 2. (a) Real and (b) imaginary part of dielectric functions of 5–25 nm MoTe2. (c) Evolution for the center energy of CPs A–F in the dielectric functions. (d) 
Evolution for the magnitudes of ε2 of CPs A–F in the dielectric functions. 
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approximation (EMA) [39]. The dielectric function model of 2H MoTe2 
is composed of eight classical oscillator models, including three Tauc- 
Lorentz oscillators, four Lorentz oscillators and one Gaussian oscillator 
[40,41]. The detailed ellipsometric analysis is presented in Supple-
mentary Material (Ellipsometric Analysis section). Besides, the thick-
nesses and surface roughness acquired in the ellipsometric analysis 
process are consistent with the results acquired in AFM, as shown in 
Table S1, indicating the reliability of the ellipsometric analysis and the 
surface roughness gradually increases with thickness. 

Fig. 2(a, b) shows the dielectric functions ε = ε1 – iε2 of the 5–25 nm 
MoTe2 over the energy range of 0.75–5.91 eV at room temperature 
(approximately 293 K) extracted from the ellipsometric analysis. 
Compared to the optical conductivity of 2–10 nm MoTe2 extracted by 
Jung et al. [42], our results exist some inconsistences, which can be 
attributed to the different sample qualities. The 2D MoTe2 prepared by 
different growth processes may have different qualities, which will also 
affect the optical properties. Both the real part (ε1) and imaginary part 
(ε2) of the dielectric functions in Fig. 2(a, b) present novel thickness- 
dependencies. It is obvious that a negative region is existed in the ε1 
spectrum shown in Fig. 2(a), which is mainly induced by the surface 
plasma resonance [43–45]. The ε1 becomes negative when the photon 
energy is over the energy value of zero-cross point (Ezc), so the Ezc point 
could be regarded as a guidance for the surface plasma resonance. As the 
thickness of MoTe2 gradually increases, the Ezc point roughly presents a 
red-shift tendency, demonstrating that the frequency of surface plasma 
could shift to lower energy and the surface plasma resonance area is 
getting wider. Therefore, the dielectric response of surface plasma in 2D 
MoTe2 can be tuned by varying the thickness, and the MoTe2-based 
plasmonic nanodevices can be accurate modeled and designed based on 
this characteristic. Besides, up to six feature peaks labeled with upper-
case letters A–F are observed in ε2, as illustrated in Fig. 2(b). As the 
thickness increases, the magnitude of low energy region of ε2 gradually 
increases, but the high energy region presents an attenuated trend. In 
order to precisely obtain the center energies and characteristics of these 
feature peaks, critical point (CP) analysis is introduced, and the detailed 
CP analysis process is presented in Supplementary Material (CP analysis 
section). The line shape of second derivatives of the dielectric functions 
are best fitted with the n = − 1 CP model, indicating these feature peaks 
are n = − 1 CPs which exhibits excitonic behavior [46]. Fig. 2(c) shows 
the evolvements of center energies of CPs A–F in the dielectric function 
spectra. With the thickness increasing from 5 nm to 25 nm, majority of 
the CPs (A–E) show a decreasing trend, which can be attributed to the 
band renormalization caused by the decreasing bandgap [28]. Our first- 
principles calculations presented in Supplementary Material (first- 
principles calculations section) also show that the bandgap is gradually 
decreasing and crossover from direct to indirect with thickness 

increasing. Fig. 2(d) presents the evolutions of the magnitudes of ε2 at 
CPs A–F. When the thickness increases, the magnitudes of ε2 of CPs A–C 
gradually increase, but the magnitudes of ε2 of CPs D–F first decrease, 
then increase, and finally decrease. We infer that, the monotonic in-
crease at CPs A–C is mainly due to the increase of the joint density of 
states (JDOS) [30,43], and the evolution at CPs D–F is caused by the 
alternating effects of the increasing JDOS and the weakening of the 
absorption intensity at high-energy CPs. 

In general, the imaginary part (ε2) of the dielectric function repre-
sents the loss in materials, is responsible for the damping of electro-
magnetic waves and dissipation of energy. Besides, the CPs in ε2 arise 
from different optical transitions from filled valance bands to empty 
conduction bands in the bandstructure [47–49]. Taking 5 nm MoTe2 as 
an example, Fig. 3 shows the bandstructure and partial density of states 
(PDOS) of 7 L (4.9 nm) MoTe2, and the optical transition positions of CPs 
A–D are identified in the bandstructure and PDOS. In Fig. 3(a), Vi and Ci 
represent the i-th highest valance band group and the i-th lowest con-
duction band group (5 nm MoTe2 contains 7 L MoTe2, a band group 
consists of seven bands), and schematic diagrams of exciton energy 
levels and exciton binding energy Eexction are marked. Precisely, The CP 
A and B exist strong excitonic effects, are related to the single and direct 
inter-band transitions from V1 to C1 and V2 to C1 at the K points, which 
are consistent with the transition positions of A and B exciton peaks of 
other TMDCs [30,47,49]. The origins of CPs C and D may be attributed 
to multiple transitions from V1 to C1, whose transition positions may 
around the 0.66 Г–K and the 0.69 M–Г in Brillouin zone. The transitions 
occurring at CPs C and D may include multiple inter-band electron 
transition and excitonic transitions, so the broadening of feature peaks 
corresponding to CPs C and D is larger than that of CPs A and B. The 
transition positions are also tagged in PDOS, as shown in Fig. 3(b). Re-
sults shows that the valance and conduction bands have mostly the Mo- 
4d and Te-5p character, but also contain the Mo-4p and Te-5 s states. 
Therefore, the transitions corresponding to CPs A–D are mainly related 
with Mo-4d and Te-5p states. Based on previous studies [30,47], the 
thickness has negligible influences on the optical transition positions of 
CPs of TMDCs, so the optical transition positions of CPs A–D of the 
10–25 nm MoTe2 are basically the same as those of the 5 nm MoTe2. 

Then, we focus on the temperature effects on the dielectric functions 
of the 5–25 nm MoTe2 thin films. Fig. 4(a, b) and Fig. S5 show the 
dielectric functions of 5–25 nm MoTe2 thin films over temperatures from 
100 K to 450 K. Since the temperature effects are comparatively obvious 
at CPs A–D, the energy range is focus on 1.0–3.0 eV. Taking 20 nm 
MoTe2 thin film as an example, Fig. 4(a, b) illustrates that the center 
energies of CPs A–D represent a red-shift trend with temperature 
increasing. In addition, as the temperature increases, the shape of CPs 
A–D becomes broaden, the amplitude of CPs A–D decreases, and the 

Fig. 3. (a) The bandstructure of 7L MoTe2 based on PBE functional, schematic diagrams of exciton energy levels and exciton binding energy Eexction are marked in the 
bandstructure. (b) The PDOS of 7L MoTe2 based on PBE functional. The transition positions at CPs A–D are marked with arrows. 
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Fig. 4. (a, b) The dielectric functions of 20 nm MoTe2 in the energy range 1.0–3.0 eV over temperatures from 100 K to 450 K. (c, d) The variation of amplitude and 
broadening of CPs A–D with temperature. (e, f) The temperature dependence of center energies (black solid points) and the best fitting lines (red lines) of CPs A–D. 

Fig. 5. (a, b) The variation of amplitude and broadening of CP A with temperature and thickness, the values at 100 K are normalized to 1. (c) The energy difference 
ΔE between CP A and B over the temperature range of 100 – 450 K and thickness range of 5–25 nm. (d) The evolution of the aB fitting values of CPs A and B in 5–25 
nm MoTe2 thin films. 
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broadening of CPs A–D increases, as shown in Fig. 4(c, d). Similarly, The 
CPs in dielectric functions of 5 nm, 10 nm, 15 nm and 25 nm MoTe2 have 
the same evolution tendency. These evolutions can be attributed to the 
enhancement of thermal noise, lattice thermal expansions and the 
increasing electron-phonon interactions at high temperature. Fig. 4(e, f) 
shows the relationship between the center energies of CPs A–D and the 
temperature, which can be fitted by the Bose-Einstein model [50,51]: 

E(T) = EB(0) −
2aB

[exp(ΘB/T) − 1 ]
(1)  

where EB(0) is the center energy of the CP at 0 K (zero temperature), aB 
describes the electron-phonon interaction strength, and ΘB represents 
the average phonon temperature. The best fitted parameters of CPs A–D 
of all MoTe2 samples are listed in Table S4. The electron-phonon 
interaction strength aB is the most important parameter, and the aB 
fitting values of CPs A–D of 20 nm MoTe2 are 73 meV, 123 meV, 117 
meV, and 278 meV, respectively. The results show that the CP D has the 
strongest electron-phonon interaction, and the CP A has the weakest 
electron-phonon interaction. With the temperature decreasing, the en-
ergy difference ΔE between CP A and B remains nearly the constant (≈
310 meV), demonstrating the spin-orbit splitting values of the highest 
valance band at K valley (energy difference of V1 and V2 at K point in 
Fig. 3(a)) are independent to temperature. Equally, the aB fitting values 
of CPs A–D and the energy difference ΔE between CP A and B of other 
MoTe2 samples have a similar evolution trend. 

Next, the temperature effects of different thickness MoTe2 thin films 
are compared, as shown in Fig. 5. Taking CP A for example, in order to 
conduct clear contrastive study, the amplitude and broadening of CP A 
at the temperature of 100 K are normalized to 1, as presented in Fig. 5(a, 
b). It is clear that for all MoTe2 samples, the amplitude gradually de-
creases, but the broadening gradually increases with the temperature 
increasing. In Fig. 5(a), when the temperature varies from 100 K to 450 
K, as the thickness increases, the amplitude difference ΔA (Amp100K – 
Amp450K) presents a “V”-shape evolution trend. The ΔA value increases 
from 0.224 for 5 nm MoTe2 to 0.483 for 15 nm MoTe2, and then de-
creases to 0.141 for 25 nm MoTe2. In Fig. 5(b), when the temperature 
varies from 100 K to 450 K, as the thickness increases, the broadening 
difference ΔB (Br100K – Br450K) presents a monotonically increasing 
trend. The ΔB value increases from 0.174 for 5 nm MoTe2 to 0.753 for 25 
nm MoTe2. Therefore, the temperature effects on the amplitude and 
broadening of CP A have different thickness dependencies. 

Fig. 5(c) shows the evolution of the energy difference ΔE between CP 
A and B over the temperature range of 100–450 K and thickness range of 
5–25 nm. Results show that for 10–25 nm MoTe2, the ΔE remains nearly 
the constant around 320 meV and is independent to temperature and 
thickness. In 5 nm MoTe2, the weak spectral feature of CP B in dielectric 
function makes the oscillator fitting in CP B is not particularly accurate, 
resulting in the lower ΔE (≈ 275 meV). The evolution of ΔE also dem-
onstrates the spin-orbit splitting value at K-point is independent to 
temperature and thickness, and the spin-orbit splitting value is around 
320 meV in MoTe2, consistent with previous studies [36,42].The optical 
transitions corresponding to CPs A and B shown in Fig. 3 is simple and 
clear, so we focus on the evolution of the aB fitting values in CP A and B. 
Fig. 5(d) summarizes the evolution of the aB fitting values of CPs A and B 
in 5–25 nm MoTe2 thin films. Results shows that the as the thickness 
increases, the electron-phonon interaction strength (aB value) presents a 
“V”-shape variation trend, and 15 nm MoTe2 has the lowest electron- 
phonon interaction strength. To ensure the reliability of variation 
trend, repeatability tests of the temperature-dependent dielectric func-
tions of 5–25 nm MoTe2 have been performed. In the repeatability tests, 
the Bose-Einstein fitting of CPs A–D of 5–25 nm MoTe2, evolution of 
electron-phonon coupling strengths aB with thickness are shown in 
Fig. S11–S13, and the fitting parameters of Bose-Einstein fitting are 
listed in Table S5. In Table S4 and S5, the fitting parameters ΘB of CP A 
and B also show the “V”-shape trend. Actually, the fitting parameter ΘB 

describes the average phonon temperature, and is related to the Debye 
temperature ΘD via 0.5 < ΘB/ΘD < 0.7 for semiconductors [52]. In 
general, the highest frequency among the possible vibrational phonon 
modes is known as the Debye frequency ωD, the Debye temperature ΘD is 
defined as ΘD = (h/2π) ωD/kB, h is the Planck constant, and kB is the 
Boltzmann constant. So, the “V” evolution trend of ΘB indicates that the 
highest frequency of the phonon modes may also present a V-shaped 
evolution trend, and the evolvement of frequencies of the phonon modes 
may further affect the electron-phonon coupling strengths aB in MoTe2, 
leading to the “V” evolution trend of aB. Essentially, the “V” evolution 
trend of aB and ΘB could be attributed to alternating effects of thickness 
scaling effects and surface roughness. In the thin film materials, the 
electron-phonon interactions gradually decrease with increasing thick-
ness [53–55]. In Ref [55], J. He et al. studied the electron-phonon 
coupling in layered PtSe2, which is another kind of transition metal 
chalcogenide, and found that the strength of electron-phonon in-
teractions and the average phonon energy decline with the increasement 
of layer number. Therefore, when the thickness of MoTe2 increases from 
5 nm to 15 nm, the dielectric shielding effects are strengthened, which 
further soft the electron-phonon interactions and reduce the average 
phonon energy, resulting in a decrease in aB and ΘB fitting values. When 
the MoTe2 thickness is over 15 nm, the aB and ΘB turns to increase, 
which could be induced by the increase of surface roughness. The above 
AFM, SEM and SE results illustrate that as the thickness increases, the 
crystal grains presented on the surface of MoTe2 thin film become larger 
and their number increases, and its surface roughness gradually in-
creases. The surface roughness gives raise to some fluctuations in the 
shape and area of the crystal lattice, which will enhance the phonon 
scattering and the average phonon energy, and further increase pho-
nons’ interaction with electrons [56,57]. So, the “V”-shape variation 
trend of electron-phonon coupling strengths aB could be essentially 
caused by the alternating effects of the thickness scaling effects and the 
increase of surface roughness. 

4. Conclusions 

In conclusions, we investigate the dielectric functions of 5–25 nm 2H 
phase MoTe2 thin films over temperatures from 100 K to 450 K and 
energy range of 0.75–5.91 eV by spectroscopic ellipsometry. By using 
critical analysis, six CPs A–F are observed in the dielectric function 
spectra. As the thickness increases, the center energies of majority of CPs 
show a decreasing trend, which can be attributed to the band renorm-
alization caused by the decreasing bandgap. The evolution of magni-
tudes of ε2 at CPs is caused by the increasing joint density of states 
(JDOS) and the weakening of the absorption intensity at high-energy 
CPs. With the help of first-principles calculations, optical transition 
positions of CPs A–D are pointed out in bandstructure and partial density 
of states (PDOS). Besides, while temperature evolve from 100 K to 450 
K, the amplitude of CPs A–D decreases, the broadening of CPs A–D in-
creases, due to the enhancement of thermal noise, lattice thermal ex-
pansions and electron-phonon interactions. Besides, the fluctuation of 
CPs’ amplitude and broadening have different thickness dependent. The 
energy differences ΔE of CPs A and B, which demonstrates the spin-orbit 
splitting value at K-point, is independent to temperature and thickness, 
and the spin-orbit splitting value is around 320 meV in MoTe2. By tuning 
the temperature from 100 K to 450 K, center energies of A–D CPs shows 
a Bose-Einstein attenuation trend. The strengths of electron-phonon 
interactions in CPs A and B show “V” evolution trend with thickness 
increasing, and 15 nm MoTe2 have the smallest electron-phonon in-
teractions, which could be assigned to the alternating effects of the 
thickness scaling effects and the increase of surface roughness. The ef-
fects of temperature and thickness on the dielectric functions of 2D 
MoTe2 revealed in this study will help to understand and control the 
fundamental optical/electronic properties of 2D TMDCs, and also pro-
vide information for the optimal design and performance improvement 
of nanoscale electronic devices and photoelectronic devices based on 2D 
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MoTe2. 
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Appendix A. Supplementary data 

Additional sample characterizations, ellipsometric analysis process, 
CP analysis of 5–25 nm MoTe2 thin films over the temperature from 100 
K to 450 K, first-principles calculated HSE06 band structure of mono-
layer MoTe2, PBE band structure and partial density of states (PDOS) of 
monolayer, 7-L and 14-L MoTe2, the Bose-Einstein fitting results of 5–25 
nm MoTe2 thin films, and extra repeatability tests of AFM and 
temperature-dependent dielectric functions of 5–25 nm MoTe2 can be 
found in Supplementary Material. Supplementary data to this article can 
be found online at https://doi.org/10.1016/j.apsusc.2022.154813. 
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N. Owschimikow, Exciton–phonon coupling in mono- and bilayer MoTe2, 2D 
Mater. 5 (2018), 045007. 

[53] S. Golovynskyi, I. Irfan, M. Bosi, L. Seravalli, O.I. Datsenko, I. Golovynska, B. Li, 
D. Lin, J. Qu, Exciton and trion in few-layer MoS2: Thickness- and temperature- 
dependent photoluminescence, Appl. Surf. Sci. 515 (2020), 146033. 

[54] Y. Liu, Z. Yang, X. Long, X. Zhang, M. Yan, D. Huang, I.T. Ferguson, Z.C. Feng, 
Effects of thickness and interlayer on optical properties of AlN films at room and 
high temperature, J. Vac. Sci. Technol. A 39 (2021), 043402. 

[55] J. He, X. Zhu, W. Liu, E. Hu, J. Wang, R. Zhang, Versatile band structure and 
electron–phonon coupling in layered PtSe2 with strong interlayer interaction, Nano 
Res. 15 (2022) 6613–6619. 

[56] D.K. Ferry, Semiconductors, IOP Publishing, Macmillan, New York, 1991. 
[57] C.I. Medel-Ruiz, J.R. Molina-Contreras, C. Frausto-Reyes, J.R. Sevilla-Escoboza, H. 

P. Ladrón de Guevara, Influence of the surface roughness on electron-phonon 
interaction in an intrinsic CdTe single crystal, Physica B Condens. Matter 603 
(2021), 412785. 

M. Fang et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0169-4332(22)02341-8/h0220
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0220
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0225
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0225
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0230
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0230
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0230
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0235
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0235
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0235
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0240
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0240
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0240
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0240
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0245
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0245
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0245
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0250
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0250
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0255
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0255
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0255
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0260
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0260
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0260
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0260
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0265
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0265
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0265
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0270
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0270
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0270
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0275
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0275
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0275
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0280
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0285
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0285
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0285
http://refhub.elsevier.com/S0169-4332(22)02341-8/h0285


1 
 

Supplementary Material 

Temperature and thickness dependent dielectric functions of 

MoTe2 thin films investigated by spectroscopic ellipsometry 

Mingsheng Fang1, Honggang Gu1,4,*, Zhengfeng Guo2,3, Jiamin Liu1, Liusheng Huang2, 

Shiyuan Liu1,2,4,* 

1 State Key Laboratory of Digital Manufacturing Equipment and Technology, Huazhong 
University of Science & Technology, Wuhan 430074, China 

2 School of Optical and Electronic Information, Huazhong University of Science and 
Technology, Wuhan, Hubei 430074, China 

3 Innovation Institute, Huazhong University of Science and Technology, Wuhan, Hubei 
430074, China 

4 Optics Valley Laboratory, Hubei 430074, China  

*Corresponding authors: hongganggu@hust.edu.cn; shyliu@hust.edu.cn 

  

mailto:hongganggu@hust.edu.cn
mailto:shyliu@hust.edu.cn


2 
 

Characterization Results 

The other characterization results of Scanning Electron Microscope (SEM) and Atomic Force 
Microscope (AFM) are shown in Fig. S1–S2. 

 

Fig. S1. The AFM pictures of the 10–25 nm MoTe2 thin films. 

 
Fig. S2. The SEM pictures of the 5 nm and 15 nm MoTe2 thin films. 

Ellipsometric Analysis 

In the ellipsometric fitting process of MoTe2 thin films, a four-layer model (ambient/surface 
roughness/MoTe2/substrate) is constructed to describe the optical structure of the MoTe2 thin films 
on sapphire substrate, the surface roughness is described by effective medium approximation (EMA) 
layer, as presented in the inset of Fig. S3(a). The EMA model can be expressed as [1]: 

 p q
p p

p q

(1 ) 0
2 2

f f
ε ε ε ε
ε ε ε ε

− −
+ − =

+ +
 (S1) 
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where fp and (1-fp) represents the probabilities of finding εp and εq in the EMA layer. In the surface 
roughness fitting process, fp is assumed as 0.5, εp and εq represent the dielectric functions of ambient 
air (voids) and MoTe2 layer.  

Fig. S3(a) also presents the fitted dielectric function of sapphire substrate, which is described by 
a Cauchy model. Fig. S3(b–f) shows that three Tauc-Lorentz oscillators, four Lorentz oscillators and 
one Gaussian oscillator [1] are used to describe the dielectric functions of MoTe2 layer of the 5–25 
nm samples. With the constructed optical model and dielectric function model, the theoretical 
ellipsometric spectra (Ψ(E), Δ(E)) of graphene films can be calculated by the transfer matrix method 
[1]. Fig. S4(a, b) illustrate the measured (open circles) and best-fitting (solid lines) ellipsometric 
spectra of the 5–25 nm MoTe2 samples at room temperature (approximately 293 K). For the 
temperature-dependent ellipsometric spectra, 20 nm MoTe2 is taken as an example and its 
ellipsometric spectra of 100–450 K is presented in the Fig. S4(c, d). The thickness and surface 
roughness of MoTe2 thin films obtained by AFM and SE are summarized in Table S1. 

 
Fig. S3. (a) The dielectric function of sapphire substrate is described by a Cauchy model, and the 
four-layer optical model of MoTe2 samples is shown in the inset. (b–f) Dielectric function models of 
MoTe2 layer of the 5–25 nm samples in ellipsometric analysis process. 
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Fig. S4. (a, b) Measured and best fitted Psi (Ψ) and Delta (Δ) spectra of the 5–25 nm MoTe2 thin films 
of room temperature (≈ 293 K) at 55° incident angle. (c, d) The Psi (Ψ) and Delta (Δ) spectra of 20 
nm MoTe2 over temperatures from 100 K to 450 K at 55° incident angle. 

The dielectric functions of 5nm, 10nm, 15nm, 25nm MoTe2 thin films over temperatures from 
100 K to 450K and energy range of 1.00–3.00 eV are extracted from the ellipsometric analysis, as 
shown in Fig. S5. 
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Fig. S5. The dielectric functions of 5 nm, 10 nm, 15 nm, 25 nm MoTe2 thin films over temperatures 
from 100 K to 450K and energy range of 1.00–3.00 eV. 
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Table S1. The thickness and roughness of MoTe2 thin films obtained by AFM and SE 

Value 
5 nm 

MoTe2 
10 nm 
MoTe2 

15 nm 
MoTe2 

20 nm 
MoTe2 

25 nm 
MoTe2 

Thickness 
Layer 

AFM 
(nm) 

6.36 9.48 15.30 21.07 25.78 

SE 
(nm) 

5.21±0.25 10.06±0.76 15.13±0.74 20.32±0.28 24.84±0.58 

Roughness 
Layer 

AFM 
(nm) 

1.98 3.43 3.62 4.82 4.96 

SE 
(nm) 

1.27±0.79 2.87±0.34 3.05±1.24 3.68±0.63 4.31±0.47 

Critical Points Analysis  

In the critical point (CP) analysis, the second derivative of dielectric functions with respect to 
photon energy can be fitting by the following formula [2]: 

 
22

0
2 2

0

( 1) ( ) ,     0
( ) ,                  0

i n
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n n Ae E E i nd
dE Ae E E i n

φ

φ

ε −
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 (S2) 

where A is the amplitude, 𝜙𝜙 is phase angle, E0 is the center energy, Г is the broadening of the peak. 
n is the dimensionality of the CPs depending on the band structure, three-dimensional CP corresponds 
to n = 1/2, n = 0 for two-dimensional CP, n = −1/2 for one-dimensional CP and −1 for excitonic CP. 
The d2ε/dE2 of MoTe2 thin films were best fit by CPs corresponding to excitonic ones (n = −1). At 
room temperature (293 K), The fitting curves of 5–25 nm MoTe2 were presented in Fig. S6 and the 
parameters corresponding to the fitting results are shown in Table S2. 
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Fig. S6. The measured and the best fitting d2ε/dE2 spectra of 5–25 nm MoTe2 thin films at room 
temperature. The experimental data is represented by the solid points, while the best fitting data is 
represented by the solid lines. 

Table S2. The fitting center energies of CPs at 293 K for 5–25 nm MoTe2 thin films 

CP A (eV) B (eV) C (eV) D (eV) E (eV) F (eV) 
5 nm 1.087 1.381 1.733 2.417 3.571 4.76 
10 nm 1.068 1.381 1.685 2.448 3.518 4.602 
15 nm 1.064 1.387 1.658 2.402 3.512 4.701 
20 nm 1.059 1.379 1.673 2.396 3.485 4.798 
25 nm 1.052 1.371 1.591 2.366 3.506 4.795 
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The fitting curves of 20 nm MoTe2 over temperatures from 100 K to 450K were presented in Fig. 
S7, and the center energies of A–D CPs corresponding to the fitting results of all 5–25 nm MoTe2 thin 
films were shown in Table S3. 

 

Fig. S7. The measured and the best fitting d2ε/dE2 spectra of 20 nm MoTe2 over temperatures from 
100 K to 450K  

Table S3. The fitting center energies of CPs at 100–450 K for 5–25 nm MoTe2 thin films 

Thickness CPs 450 K 400 K 350 K 300 K 250 K 200 K 150 K 100 K 
5 nm A (eV) 1.071 1.079 1.099 1.108 1.117 1.122 1.124 1.126 
5 nm B (eV) 1.346 1.351 1.370 1.381 1.392 1.399 1.400 1.403 
5 nm C (eV) 1.710 1.715 1.727 1.736 1.745 1.745 1.747 1.748 
5 nm D (eV) 2.403 2.409 2.421 2.429 2.440 2.442 2.444 2.446 
10 nm A (eV) 1.040 1.045 1.058 1.068 1.075 1.082 1.088 1.093 
10 nm B (eV) 1.353 1.359 1.371 1.380 1.388 1.395 1.400 1.407 
10 nm C (eV) 1.657 1.663 1.670 1.675 1.681 1.687 1.691 1.695 
10 nm D (eV) 2.429 2.433 2.444 2.448 2.453 2.455 2.457 2.458 
15 nm A (eV) 1.029 1.039 1.052 1.067 1.068 1.081 1.091 1.102 
15 nm B (eV) 1.365 1.375 1.385 1.397 1.396 1.404 1.410 1.418 
15 nm C (eV) 1.628 1.636 1.646 1.654 1.656 1.664 1.669 1.675 
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15 nm D (eV) 2.352 2.358 2.374 2.385 2.387 2.394 2.393 2.393 
20 nm A (eV) 1.035 1.041 1.054 1.063 1.071 1.075 1.080 1.084 
20 nm B (eV) 1.342 1.350 1.367 1.379 1.388 1.394 1.398 1.403 
20 nm C (eV) 1.652 1.653 1.667 1.680 1.688 1.692 1.695 1.694 
20 nm D (eV) 2.394 2.398 2.413 2.419 2.423 2.426 2.426 2.424 
25 nm A (eV) 1.009 1.020 1.037 1.048 1.060 1.067 1.074 1.075 
25 nm B (eV) 1.341 1.353 1.362 1.370 1.377 1.381 1.387 1.386 
25 nm C (eV) 1.569 1.573 1.584 1.594 1.605 1.610 1.615 1.615 
25 nm D (eV) 2.330 2.344 2.368 2.380 2.382 2.386 2.387 2.386 

First-principles calculations 

In the calculations, the initial lattice constant values of MoTe2 adopts experimental lattice 
parameters: the space group is P63/mmc, the lattice constants of a and b are 3.519 Å, and the lattice 
constant of c is 13.964 Å [3]. Fig. S8(a, b) shows the HSE06 and PBE bandstructure of monolayer 
MoTe2, Fig. S8(c) shows the PBE bandstructure of 7 L (4.9 nm) MoTe2, Fig. S8(d) shows the PBE 
bandstructure of 14 L (9.8 nm) MoTe2. The bandgap of MoTe2 is gradually decreasing and crossover 
from direct to indirect with thickness increasing. 

 

Fig. S8. (a) The HSE06 and (b) PBE bandstructure of monolayer MoTe2. (c) The PBE bandstructure 
of 7 L (4.9 nm) MoTe2. (d) The PBE bandstructure of 14 L (9.8 nm) MoTe2. 
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Bose-Einstein fitting results 

The Bose-Einstein fitting [4] of 5nm, 10nm, 15nm and 25 nm MoTe2 thin films are shown in 
Fig. S9 and Fig. S10, and the fitting parameters are listed in Table S4. 

 

Fig. S9. The temperature dependence of center energies (black solid points) and the best fitting lines 
(red lines) of CPs A–D in 5 nm MoTe2. (b) The temperature dependence of center energies (black 
solid points) and the best fitting lines (red lines) of CPs A–D in 10 nm MoTe2. 
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Fig. S10. The temperature dependence of center energies (black solid points) and the best fitting lines 
(red lines) of CPs A–D in 15 nm MoTe2. (b) The temperature dependence of center energies (black 
solid points) and the best fitting lines (red lines) of CPs A–D in 25 nm MoTe2. 

Table S4. The fitting parameters of CPs A–D in Bose-Einstein fitting 

Thickness CPs EB(0) (eV) aB (meV) ΘB (K) 
5 nm A 1.126±0.002 215±76 967±141 
5 nm B 1.403±0.002 174±60 855±127 
5 nm C 1.748±0.002 157±73 978±186 
5 nm D 2.446±0.002 117±42 822±137 
10 nm A 1.094±0.002 48±12 453±76 
10 nm B 1.407±0.002 39±10 395±75 
10 nm C 1.696±0.001 23±3 347±33 
10 nm D 2.458±0.001 105±41 940±157 
15 nm A 1.111±0.002 15±25 145±229 
15 nm B 1.419±0.005 28±22 336±206 
15 nm C 1.675±0.003 29±14 366±140 
15 nm D 2.394±0.001 261±122 1145±193 
20 nm A 1.083±0.002 73±20 618±98 
20 nm B 1.402±0.002 123±34 725±101 
20 nm C 1.696±0.003 117±69 795±224 
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20 nm D 2.426±0.002 278±186 1284±282 
25 nm A 1.076±0.001 125±20 695±58 
25 nm B 1.386±0.001 108±20 794±74 
25 nm C 1.617±0.002 71±27 602±133 
25 nm D 2.387±0.001 980±526 1590±233 

Repeatability test 

The surface condition of 5–25 nm MoTe2 was tested again by AFM, the repeatability results are 
shown in Fig. S11. As the thickness increases, roughness values (Rq) gradually increase from 2.37 
nm to 5.23 nm. The surface condition presented in Fig. S11 is similar to the results shown in Fig. 1 
and Fig. S1. 

 

Fig. S11. The surface condition of 5–25 nm MoTe2 tested by AFM. 

We have measured the temperature-dependent dielectric functions of 5–25 nm MoTe2 again, and 
Bose-Einstein fitting of the center energies of CPs A–D, evolution of electron-phonon coupling 
strengths aB are shown in Fig. S12–S14. Besides, the fitting parameters are listed in Table S5. 
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Fig. S12. The temperature dependence of center energies (black solid points) and the best fitting lines 
(red lines) of CPs A–D in (a) 5 nm MoTe2 and (b) 10 nm MoTe2. 

 

Fig. S13. The temperature dependence of center energies (black solid points) and the best fitting lines 
(red lines) of CPs A–D in (a) 15 nm MoTe2 and (b) 20 nm MoTe2. 
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Fig. S14. (a) The temperature dependence of center energies (black solid points) and the best fitting 
lines (red lines) of CPs A–D in 25 nm MoTe2, (b, c) The evolution of the aB fitting values of CPs A 
and B in 5–25 nm MoTe2 thin films in repeatability tests. 
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Table S5. The Bose-Einstein fitting parameters of CPs A–D in repeatability tests 

Thickness CPs EB(0) (eV) aB (meV) ΘB (K) 
5 nm A 1.131±0.001 89±19 661±73 
5 nm B 1.405±0.001 131±22 746±59 
5 nm C 1.746±0.001 99±28 987±111 
5 nm D 2.486±0.001 85±17 852±76 
10 nm A 1.109±0.001 41±8 426±61 
10 nm B 1.428±0.002 37±9 410±67 
10 nm C 1.703±0.001 94±29 882±117 
10 nm D 2.454±0.001 157±58 927±143 
15 nm A 1.105±0.003 25±11 272±99 
15 nm B 1.414±0.002 30±5 301±46 
15 nm C 1.698±0.001 43±16 663±138 
15 nm D 2.392±0.001 127±20 944±62 
20 nm A 1.075±0.002 56±19 614±120 
20 nm B 1.395±0.002 81±31 696±144 
20 nm C 1.677±0.001 40±18 783±172 
20 nm D 2.415±0.001 140±73 1200±223 
25 nm A 1.075±0.001 126±21 701±61 
25 nm B 1.381±0.001 96±24 846±98 
25 nm C 1.622±0.001 62±23 861±144 
25 nm D 2.382±0.001 115±28 1033±101 
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