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Molybdenum ditelluride (MoTe,) has received considerable attention as a two-dimensional material due to
its intriguing physical properties and potential for applications in a variety of devices. The optical properties
of 2H- and 1T'-MoTe, single crystals are investigated in this study using spectroscopic ellipsometry over the
spectra range 0.73-6.42 eV and at temperatures of 4.2-500 K. According to the optical absorption spectra at
4.2 K, 2H-MoTe; has an indirect band gap of 1.06 £ 0.01 eV, whereas 1T'-MoTe, exhibits semimetal behavior.
Furthermore, 2H-MoTe, has three distinct intralayer A, A,s, and B} excitons, and one interlayer Ay, exciton at
1.136 £ 0.002, 1.181 £ 0.001, 1.469 £ 0.006, and 1.21 &£ 0.01 eV, respectively. The spin-orbit coupling energy
of 2H-MoTe; is 333 meV and is independent of temperature. By contrast, 1T’-MoTe, has two low-energy
optical transitions at 0.78 = 0.01 and 1.45 £ 0.01 eV, which are redshifted and broadened upon an increase
in temperature, indicating the increased electron-phonon interaction. We characterize the optical transitions of
both phases of MoTe, by comparing experimental data with the results of first-principles calculations.
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I. INTRODUCTION

Spectroscopic ellipsometry is an important optical tech-
nique used to obtain the complex dielectric function of
materials for a wide range of photon energies. Compared with
other techniques, such as approaches based on the reflectance
contrast or photoluminescence [1], spectroscopic ellipsometry
can be employed to directly derive the complex optical con-
stants of materials; these constants are derived from the two
independent ellipsometric parameters of W and A [2], which
are the amplitude ratio and phase difference, respectively, of
p- and s-polarized light upon its reflection by the surface of
materials [3]. An advantage of spectroscopic ellipsometry is
that the consistency between the real and imaginary parts of
the dielectric function can be determined using the Kramers-
Kronig transformation. Standard spectroscopic ellipsometry
is typically used to characterize isotropic materials, which
have the same optical properties for light polarized in any
direction. Furthermore, Mueller matrix spectroscopic ellip-
sometry [4] can determine the different optical properties
for different polarization directions in anisotropic materials.
Additionally, Mueller matrix spectroscopic ellipsometry can
be used to address the linear and circular anisotropic ef-
fects in chirality materials. In recent years, spectroscopic
ellipsometry has become popular and thus, its importance
has been recognized as a method for measuring the op-
tical properties of materials. In this paper, we report the
temperature-dependent complex dielectric function for the
semiconducting and semimetallic transition-metal dichalco-
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genides (TMDs) of «-phase MoTe, (2H-MoTe;) and S-phase
MoTe, (1T'-MoTe,), respectively. Furthermore, we compare
the experimental results with first-principles calculations to
identify the origin of optical transitions. The present paper
aims to obtain the precise optical parameters of 2H-MoTe,
and 1T'-MoTe, materials as a function of temperature.

TMD materials have recently attracted much attention be-
cause of the diversity of their structural phases and potential
in practical applications [5,6]. The typical polymorphisms
of TMD materials can generally be classified into trigonal
prismatic and octahedral structures [7,8]. The 1H, 2H, and
3R phases are characterized by trigonal prismatic structures,
whereas the 1T and 1T’ phases are characterized by octahedral
structures [9-11]. The structural phases of TMD materials
strongly influence their electronic and optical properties. For
example, 2H-TMD materials are semiconducting, whereas
IT-TMD materials exhibit semimetal properties [12]. The
optical absorption spectra of 2H-TMD materials contain sharp
peaks, whereas the spectra of 1T'-TMD materials are feature-
less in the infrared to the ultraviolet region [13—15]. Thus,
2H-TMD materials are promising for use as photodetectors,
light emitters, and biosensors [16-20]. Furthermore, TMD
materials reveal the anisotropic dielectric properties along the
in- and out-of-plane directions [21]. The theoretical calcula-
tions predict the out-of-plane dielectric constant of the TMD
materials increases as the number of layers is increased from
monolayer to bulk, whereas the in-plane component remains
unchanged [22]. Additionally, because spin-orbit interactions
induce small band-gap inversion in metallic TMD materials,
1T-TMD materials are predicted to have topological prop-
erties, and such properties are useful for superconducting
and multifunctional-electrode applications [23,24]. Because
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TMD-based devices have much potential in practical appli-
cations, the temperature-dependent complex optical constants
must be determined if the effects of self-heating on perfor-
mance are to be overcome. This study thus investigates the
frequency- and temperature-dependent optical properties of
2H- and 1T’-MoTe; single crystals. The results aid the devel-
opment of optoelectronic and photonic devices for use over
wide photon-energy and temperature ranges.

The MoTe, material has been of particular interest among
TMDs. 2H-MoTe,; is semiconducting and has a hexagonal
crystal structure [25]. Bulk 2H-MoTe; has a smaller indirect
band-gap energy of 0.88 eV [26] than other TMD mate-
rials [27]. When it is in monolayer form, 2H-MoTe, has
a direct band-gap energy of 1.01 eV [28]. Because of its
semiconducting nature, bulk 2H-MoTe, has highly efficient
carrier multiplication [29]. Monolayer 2H-MoTe, has a rel-
atively large external quantum efficiency (EQE) of 9.5% at
83 K, which is the highest EQE value among monolayer
TMDs [30]. Therefore, 2H-MoTe, has important applications
in lasers [31], solar cells [32], and sensors [33]. Conversely,
1T’-MoTe; is metallic and has a monoclinic crystal struc-
ture at room temperature [34]. 1T’-MoTe; transitions to the
orthorhombic y phase (1T4-MoTe,) at temperatures below
250 K [35]. Bulk 1T'-MoTe; is metallic and exhibits large
magnetoresistance [36]. When it has a thickness of only a
few layers, 1T'-MoTe, exhibits a metal-insulator transition
due to strengthening of the carrier localization effect [37].
Hence, 1T'-MoTe, is promising for applications involving
quantum spin Hall insulators [38], topological quantum com-
putation [39], and superconductivity [40]. Our motivation is
to investigate both the semiconducting and the semimetal-
lic properties of MoTe, material from the frequency- and
temperature-dependent complex dielectric function.

The optical properties of 2H- and 1T'-MoTe; single crys-
tals have been investigated at room temperature through
spectroscopic ellipsometry over the spectra range 0.59-4.13
eV [41]. Six optical absorption peaks in the spectrum of
2H-MoTe, are identified as corresponding to A, B, A, B/,
C, and D excitons. These excitonic transitions occur at the
K point (A,B), T point (A’, B’), and parallel near the I" point
(C,D) in the hexagonal Brillouin zone. The existence of these
excitonic features has been confirmed using other techniques,
such as reflectance contrast, photoluminescence, photore-
flectance, and ultraviolet-visible measurements [1,42,43] and
theoretical calculations [44]. By contrast, the optical transi-
tions in 1T’-MoTe; have not yet been assigned as far as we
are aware. The temperature-dependent optical properties of
2H- and 1T’-MoTe; single crystals have been investigated
over a spectral range of 0.5-3.8 eV by using transmission
[45,46]. Davey and Evans [45] discovered a small shoulder
absorption peak slightly above the location corresponding to
the A exciton of 2H-MoTe, when performing the measure-
ments at 77 K. They assigned this peak to a second transition
(n = 2) from the A exciton. Furthermore, Beal er al. [46]
obtained the transmission spectra of 2H- and 1T’-MoTe,
single crystals at temperatures between 5 and 77 K and com-
bined their findings with theoretical calculations. However,
the low-frequency optical absorption peaks below 1.0 eV in
the spectrum of 1T'-MoTe, were not assigned. Kimura et al.
[47] measured the temperature-dependent reflectance spectra

of 1T’-MoTe; single crystals over a spectra range of 8 meV
to 1.5 eV. They discovered that 1T'-MoTe, exhibited type-II
Weyl semimetal behavior. More recently, Kopaczek et al. [48]
explored the optical transitions of 2H-MoTe; single crystals at
temperatures between 20 and 300 K by using reflectance and
photoacoustic spectroscopies over a spectra range of 0.8-3
eV. They reported that the band nesting in 2H-MoTe, was
correlated with the strength of electron-phonon coupling.

Most optical measurements of 2H- and 1T'-MoTe; single
crystals have been limited to relatively narrow frequency and
temperature ranges. In this paper, we present a comprehen-
sive characterization of the optical properties of 2H- and
1T’-MoTe; single crystals, and our characterization covers a
wide photon-energy range from 0.73 to 6.42 eV and a wide
temperature range from 4.2 to 500 K. Results covering a
broad frequency range will open new potential applications
not only in the near-infrared to visible range, but also in the
deep ultraviolet range. In this paper, we report several distinct
optical transitions from near infrared to deep ultraviolet at 4.2
K. Furthermore, we perform a band-gap analysis of the optical
absorption coefficient to verify that 2H-MoTe, has an indi-
rect band gap and 1T'-MoTe, exhibits semimetal behavior.
At the lower-energy range, the optical absorption coefficient
of 2H-MoTe, at 4.2 K reveals intralayer Ajs, Ay, and By
excitonic transitions and one interlayer Ay excitonic tran-
sition at 1.136 £ 0.002, 1.181 +0.001, 1.469 £ 0.006, and
1.21 £ 0.01 eV, respectively. The spin-orbit coupling (SOC)
energy of 2H-MoTe; is found to be 333 meV at all temper-
atures. By contrast, at 4.2 K, 1T'-MoTe, exhibits two broad
optical absorption bands at 0.78 £ 0.01 and 1.45 £ 0.01 eV.
We assign these two optical absorptions to interband tran-
sitions between the d orbitals of Mo atoms near the Fermi
energy. These two interband absorptions are shifted to lower
energy with increasing temperature, indicating the increased
electron-phonon interaction.

II. METHODS

A. Experiment

The chemical vapor transport method is used to synthesize
2H- and 1T’-MoTe, single crystals. Br,, the source of which
is TeBry, acts as the transport agent and enables effective
and rapid vapor transport to produce MoTe, single crystals.
The prereaction temperature of the materials used to grow
2H- and 1T’-MoTe, single crystals is 800 and 1050° C, re-
spectively. During growth, the temperature is kept at 750 ° C
for 2H-MoTe, and 950 °C for 1T-MoTe,. The 2H- and
1T’-MoTe; single crystals can be grown within 1 week. The
procedures used to synthesize the MoTe, single crystals are
identical to those of a previous study [49]. The dimensions of
the 2H- and 1T’-MoTe, single crystals are 0.5 x 3 x 6 mm?
and 0.5 x 10 x 10 mm?3, respectively, as shown in the inset of
Supplemental Material Fig. 1 [50]. X-ray powder diffraction
is performed at room temperature to determine the quality
of the single crystals; the spectra are shown in Supplemental
Material Figs. 1(a) and 1(b) [50]. For both single crystals, the
platelike pieces are measured in the preferred (00/) orienta-
tion [49]. All diffraction peaks of the 2H- and 1T’-MoTe,
single crystals can be indexed, and no impurity is apparent
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FIG. 1. (a) The schematic of the spectroscopic ellipsometry
setup. The real () and imaginary (g;) parts of the complex dielectric
function of (b) 2H- and (c) 1T’-MoTe;, for the sample’s azimuthal
angle orientation ®; of 0°, 45°, and 90°.

above the background level, indicating the high quality of
the two samples. The lattice constants of 2H- and 1T-MoTe,
single crystals were determined in a previous study [49].

We obtain room temperature micro-Raman spectra in the
backscattering geometry by using a SENTERRA spectrome-
ter [51]. The laser excitation wavelengths are 488, 532, and
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785 nm, respectively. The linearly polarized light is incident
on the surface of the 2H- and 1T'-MoTe, samples and has a
diameter spot size of 3 um. The scattered light is collected us-
ing a 1024-pixel-wide charge-coupled detector with a spectral
resolution of less than 0.5cm™!. The laser power is kept at
less than 1.0 mW to prevent any heating effects. The Raman
spectra of the 2H- and 1T-MoTe, single crystals, obtained
using 488-, 532-, and 785-nm laser excitation, are presented
in Supplemental Material Fig. 2 [50]. The Raman spectra of
2H-MoTe, show that the E21g mode is more prominent under
488- and 532-nm laser excitation, whereas the A;; mode is
dominant under 785-nm laser excitation. By contrast, the Ra-
man spectra of 1T'-MoTe, reveal that the *A, mode is strong
for excitation at all wavelengths. Our Raman spectra obtained
under laser excitation at 532 nm are consistent with those
published previously [52,53].

We measure the optical properties of 2H- and 1T'-MoTe;
single crystals by using an ellipsometer (J. A. Woollam Co.;
M-2000U) that covers a spectra range of 0.73—6.42 eV [51].
Figure 1(a) displays the experimental setup used to perform
spectroscopic ellipsometry. 6; is the angle of incidence. We
carry out an experiment with multiple incident angles from
55° to 75° to maximize the different reflected light intensities
between the p wave and the s wave. ®; is the azimuthal
orientation on the basal plane of 2H- and 1T'-MoTe,, which
is 0°, 45°, or 90°. Spectroscopic ellipsometry measures the
change of polarization upon the reflection from the sample
surface. The raw ellipsometric data W and A are related to the
complex Fresnel reflection coefficients as follows [3]:

tan We'® = "2 ¢))
s
40 T 1 T T T T
1T-MoTe, (C)
30 — 42K T
— 100K
_ 20F —— 200K T
w
&

o 1t 2 3 4 5 6
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FIG. 2. Temperature-dependent complex dielectric function of (a),(b) 2H- and (c),(d) 1T'-MoTe,.
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FIG. 3. The optical absorption coefficient spectra of (a) 2H-
and (b) 1T'-MoTe, at 4.2 K with the best fit using the Lorentzian
function. The inset of (a) presents the illustration of intralayer and
interlayer excitons in 2H-MoTe,.

where r, and r, are the amplitude of the reflection coeffi-
cient for the p wave and s wave, respectively. The complex
dielectric function can be determined from fitting the raw
ellipsometric data by building a three medium optical model
consisting of single crystal/surface roughness/air ambient. In
this study, we take the effects of surface roughness into ac-
count through Bruggeman’s effective medium approximation
[54]. Supplemental Material Figs. 3(a)-3(d) [50] depict the
measured W and A spectra of 2H- and 1T-MoTe, single
crystals using variable incident angles 6; of 55°, 60°, 65°,
70°, and 75°. The experimental data (empty circles) and the
fitted model (black dashed lines) agree reasonably well. The
surface-roughness values of 2H- and 1T'-MoTe; are estimated
to be 0.78 and 0.87 nm, respectively. Figures 1(b) and 1(c)
illustrate the real and imaginary parts of the complex dielectric
function at room temperature and at the azimuthal orientation
®; of 0°, 45°, and 90°. These spectra are almost identical,
indicating that the optical properties of 2H- and 1T’-MoTe,
are isotropic. To perform temperature-dependent spectro-
scopic ellipsometry measurements between 4.2 and 500 K,
we mount 2H- and 1T'-MoTe, single crystals inside a Janis
ST-400 ultrahigh-vacuum, continuous-flow-helium cryostat.
All temperature-dependent spectra are measured at 6; = 70°
and at a base pressure of 10~% torr.

B. Theoretical model

To obtain the complex dielectric function of 2H- and
1T'-MoTe,, we calculate the electronic structure by using the
QUANTUM ESPRESSO package [55]. To describe the spin-orbit
interaction, we employ the fully relativistic pseudopotentials
for Mo and Te atoms from the Optimized Norm-Conserving
Vanderbilt Pseudopotential library [56]. A cutoff energy of
60 Ry (816.34 eV) is employed for the plane-wave conver-

gence. The k -point grids are 30 x 30 x 4and 32 x 16 x 4 in
the non-self-consistent calculations for 2H- and 1T’-MoTe,,
respectively. All atomic positions and lattice constants are
optimized through van der Waals (vdW) correction by using
the nonlocal vdW-DF2 functionals [57] for which we select
the convergent energy and force thresholds of 0.00001 Ry and
0.0001 Ry/au, respectively.

The real and imaginary parts of complex dielectric func-
tions (1 and &, respectively) as a function of photon energy
up to 7 eV are calculated using the YAMBO code [58] and the
independent particle approximation (IPA). To obtain the com-
plex dielectric function of the excitonic states, we use YAMBO
[59] to solve the Bethe-Salpeter equation (BSE) only for the
lower photon-energy region: 0.8-1.6 eV for 2H-MoTe, and
0.7-2.2 eV for 1T'-MoTe,. In the BSE calculation, we adopt
four valence bands and eight (ten) conduction bands near the
Fermi energy, with the energy range from —1 (—0.3) to 3 (2.5)
eV, as shown in Fig. 10, for 2H-MoTe, (1T'-MoTe,). These
energy ranges are sufficient to enable discussion of the exciton
effect in the experimental data presented in Fig. 6(a). In all
calculations, the energy band gap of 2H-MoTe, is corrected
on the basis of the experimental data by shifting the energy
of the conduction band by 0.433 eV. The optical absorption
coefficient o (w) is given by ¢; and &, as follows [60]:

3 172
a(w) = Q[\/E%(w) + &3 (w) — 81(w)] ; 2)

where c is the speed of light in vacuum and o is the angular
frequency of light.

III. RESULTS AND DISCUSSION

Figure 2 displays the temperature-dependent real (¢;) and
imaginary (g;) parts of the complex dielectric function of
2H- and 1T'-MoTe; through ellipsometric analysis. At room
temperature, the & spectra of 2H- and 1T'-MoTe, comprise
positive values up to approximately 3.0 eV and negative
values between 3.0 and 6.0 eV. The optical transitions are
identified in the spectra according to resonance and antires-
onance features that appeared at the same energy in € and &,
respectively. The &, spectra of 2H- and 1T’-MoTe, contain
several sharp peaks in the range from near-infrared to visible
frequency. These absorption peaks are blueshifted with a de-
crease in temperature.

Figure 3 presents the optical absorption coefficient spectra
of 2H- and 1T'-MoTe; at 4.2 K. We fit the optical absorption
peaks and a background using the Lorentzian function. The
peak energy of optical absorptions and the corresponding
assignments are summarized in Table I. The observed high
optical absorption coefficient in the order of 10® cm~! is desir-
able for efficient optical absorbers, such as photodetectors and
photocatalysts. For 2H-MoTe,, the literatures [1,42—44] indi-
cate that A;; and Bj can be assigned to intralayer excitonic
transitions at the K point, A’ and B’ are associated with the
intralayer excitonic transitions at the I point, and C and D are
connected to parallel bands near the H point of the Brillouin
zone. Notably, within Ay and B, excitons, we can assign
two weak absorption peaks to Ays and Ay, at 1.181 4 0.001
and 1.21 £ 0.01 eV, respectively. The Ay exciton corresponds
to the first excited state transition, whereas the Ay, exciton
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TABLE I. The peak energy of optical absorptions in 2H- and

1T'-MoTe; at 4.2 K with their corresponding assignments.

Peak energy
MoTe, Transition Position (eV) Assignment
2H Ay 1.136 £+ 0.002 K—>K
Ao 1.181 £ 0.001 K—> K
AL 1.21 £0.01 K—>K
By 1.469 £+ 0.006 K—>K
Bx 1.701 £ 0.001 H—>H
A 1.798 £ 0.002 r—->r
B 2.06 £ 0.03 r—-r
d 2.295 £ 0.006 r—-r
C 2.54 +0.04 H—>H
D 2.94 £0.01 H—H
E 3.63 £0.01 M—M
F 4.03 £0.01 M—->M
G 4.70 £ 0.07 K—> K
H 5.32£0.01 K—> K
1 6.04 +£0.02 K—>K
1T E, 0.78 £ 0.01 r—-r
E, 1.45£0.01 Z—>Z
E; 2.30 £0.01 Y —>Y
E, 2.88 +0.01 R— R
Es 3.30 £ 0.04 T—T
Es 4.14 £ 0.08 U—->U
E; 5.33£0.10 S-S

corresponds to the interlayer excitonic transition. The Aj
and Ay, peak energies are consistent with those observed in
micromagneto reflectance measurements [61]. Furthermore, d
is associated with the optical transition caused by the d- and
p-orbital mixing induced by increased covalency [46]. E and
F excitons are formed in a higher energy range, which con-
tributes to single-particle excitation, the joint density of states
of which has a peak [62]. The G, H, and [ absorptions are
associated with m-electron excitations [63]. For 1T'-MoTe;,
E, and E, are associated with interband transitions at the I"
and Z points [64].

04 T T T T
—42
— 100K

2H-MoTe, (a)

a (108 cm™)

10 11 12 13 14
Photon Energy (eV)

15 16

0.0 L
0.8 0.9

The temperature-dependent optical absorption coefficient
spectra of 2H- and 1T'-MoTe, are presented in Fig. 4. The
intensity of optical absorption decreases with increasing tem-
perature for both samples. The positions of the absorption
peaks in the spectra of 2H- and 1T'-MoTe, are redshifted
with an increase in temperature. Figure 5 illustrates the en-
ergy gap of 2H- and 1T’-MoTe,, respectively, as a function
of temperature. The contributions of both direct and indirect
band-gap transitions to the optical absorption coefficients can
be described by the following expression [65]:

A B
a(E) = 2 (E - Eg i)’ + 7E —Eoina F En)’.  (3)

where A and B are constants; E, gi; and E, j,q represent the
direct and indirect band gaps, respectively; and E,y is the
phonon energy. The function «(E) enables us to extract
the direct and indirect band-gap energies by plotting (« E )?
and (« E)'/? against the photon energy. The temperature-
dependent direct band-gap energy of 2H-MoTe, is presented
in Supplemental Material Fig. 4 [50]. At room temperature,
the direct band gap at the K point is approximately 1.01 eV,
which agrees well with the 1.02-1.10 eV reported in previ-
ous experimental studies [26,66,67]. At room temperature,
the indirect band-gap energy of 2H-MoTe, is 0.89 &£ 0.01
eV, close to that reported from previous experimental stud-
ies [26,36,68,69]. The analysis of the band-gap energy of
1T'-MoTe, indicates semimetal behavior at all temperatures.
In the band structure calculations, the indirect band gap of
2H-MoTe; is found to occur at I'-K points of the first Brillouin
zone [70], whereas 1T'-MoTe, exhibits semimetal behavior
along the I'-Y line in the first Brillouin zone [71]. The indi-
rect band gap of 2H-MoTe; is 0.76 £ 0.01 eV at 500 K and
1.06 £ 0.01 eV at 4.2 K. The temperature-dependent analysis
of the indirect band gap in 2H-MoTe; is plotted in Fig. 5(c).
The observed blueshift of the band-gap energy of 2H-MoTe,
with decreasing temperature can be explained using the Bose-
Einstein model as follows [72]:

2613

= 0 _—
ET) = Ex0) — gy

“

0.5 T T T T T T T
42K 1T-MoTe, (b)
—— 100 K
04 — 200K .
~ — 400K
c 03F ]
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S N\
< 02 ]
01k ]
0 1 1 1 L L 1 L
08 10 12 14 16 18 20 22

Photon Energy (eV)

FIG. 4. Temperature-dependent optical absorption coefficient spectra of (a) 2H- and (b) 1T'-MoTe, at the lower photon-energy range.
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FIG. 5. The extraction of the band gap of (a) 2H- and (b) 1T’-MoTe, as a function of temperature. (c) Temperature-dependent indirect
band gap of 2H-MoTe,. The thin solid line describes the fitting result using the Bose-Einstein model [Eq. (4)].

where E,(0) is the extrapolated value of the band gap at 0
K, ap is the strength of the electron-phonon interactions, and
®p is the average temperature of phonons. The fitted analyses
of E,(0), ag, and Op are 1.057 £0.002 eV, 82 £ 8 meV,
and 222 + 19 K, respectively. These values are in reasonable
agreement with those for other semiconducting TMD materi-
als, such as 2H-MoS,, 2H-MoSe,, 2H-WS,, and 2H-WSe,
single crystals [48]. The comparison of the Bose-Einstein
parameters with those of other TMD materials is presented
in Supplemental Material Table I [50]. The strength of the
electron-phonon interaction discovered herein for 2H-MoTe,
is higher than that in a previous report [48], which may be due
to different sample preparation procedures.

The optical absorption coefficient spectra of 2H- and
1T'-MoTe, at 4.2 K for the lower photon-energy range are
displayed in Fig. 6. Other optical absorption coefficient spec-
tra of 2H- and 1T’-MoTe;, obtained at temperatures of 100
to 500 K, are presented in Supplemental Material Figs. 5 and

04 T T T T T T T
— Data 2H-MoTe, (a)
----- Fit
----- Background
0.3H
~ VZ) A, exciton
€ W77 A, exciton
o 0.2} -
[=)
Z T=42K
3
0.1} T / -
. /// e ' )

0.0
0.8 0.9 1.0 1.1 12 13 14 15 16
Photon Energy (eV)

6 [50]. Four peaks in the spectrum of 2H-MoTe, are related
to the intralayer Ajs, Ass, and By, excitons and the interlayer
Ay exciton [Fig. 6(a)]. For 2H-MoTe,, the peak energy of the
Ap exciton is higher than that of the A,¢ exciton, which is the
opposite of that found for bulk 2H-MoS, [73]. This may be
due to 2H-MoS, having a larger interlayer exciton binding
energy than 2H-MoTe, [74]. By contrast, we observe two
peaks in the spectrum of 1T’-MoTe,, which can be assigned
to interband transitions between d orbitals of Mo atoms near
the Fermi levels [75] [Fig. 6(b)]. The high density of states is
caused by the band crossing near the I'-Y symmetry for typical
Weyl semimetals [75]. We further analyze the valence-band
SOC energy of 2H-MoTe, at the K point. This energy can be
determined by considering the energetic separation between
the A} and Bj, excitons. Supplemental Material Table II
presents SOC energies of 2H-MoTe,, which are comparable
to those of other bulk and monolayer TMD materials [50] (see
also Refs. [1,76-83] therein). The energy difference between

0.5 — - T T T ' '
— Data 1T-MoTe, (b)
----- Fit
04F..... Background i
€ 03F 1=-42k |
S : P
Z 02t ' |
0.1}k '

0.8 1.0 12 14 16 18 20 22

Photon Energy (eV)

FIG. 6. The optical absorption coefficient spectra of (a) 2H- and (b) 1T’-MoTe, at 4.2 K for the lower photon-energy range. The dashed

lines are the fitting results using the Lorentzian model.
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TABLE II. Fitting parameters of the peak energy of the optical
transitions in 2H- and 1T’-MoTe, using the average Bose-Einstein
statistical factor [Eq. (5)].

MoTe, Transition a(eV) b (meV) O (K)

2H Ay 1.212 £ 0.005 75.660 + 0.005 138.09 +12.36
Apg 1.219 +£0.002 37.410+£0.003 198.27 £12.35
A 1.28+0.01 14.924+0.01 185.79+12.95
B 1.489 +£0.001 20.090 +0.001 115.36 &+ 6.34
1T E, 0.803 £ 0.003 18.270 £ 0.004 255.43 £ 49.86
E, 1.460 +0.002 10.410 £ 0.003 164.13 £ 41.66

the Ay and Ay excitons in 2H-MoTe, is approximately 50
meV, whereas that between the A and Ay, excitons is approx-
imately 70 meV. These values are larger than those mentioned
in a previous experimental report [63].

Figures 7 and 8 compare the temperature-dependent peak
position and linewidth of the A5, Ay, A, and Bjs exci-

1.56 T
1.50 |
1.44
1.38
1.32

1.3 I f f ; f

2H-MoTe, (a) ]

1.2 -

1.1F

1.0 i f f f f
1.20 | .
1.15
1.10
1.05
1.00 } f f ; f

Peak Position (eV)

1.04

0 100 200 300 400 500

0.96

Temperature (K)

tons in 2H-MoTe, and the E; and E; interband transitions
in 1T-MoTe,, respectively. For the excitonic transitions in
2H-MoTe,, the peak energy is redshifted and the linewidth
broadens with an increase in temperature. Furthermore, the E|
and E» interband transitions in 1T’-MoTe, are redshifted and
the linewidth broadens with an increase in temperature due
to the increased electron-phonon interaction [84]. Since we
cannot evaluate the electron-phonon interaction theoretically,
we adopt a phenomenological expression of the peak shift
and linewidth as a function of temperature as shown below.
Notably, the structural phase transition from 2H to 1T occurs
above 600° C [85,86]. The structural phase transition from
1T to 1Ty occurs below 250 K [49,87]. We detect no optical
signatures of a structural phase transition in 1T-MoTe, at
low temperatures because the electronic excitations change
only a small amount in response to a change in temperature
[47]. Thus, we expect that the temperature-dependent behav-
ior reflects an interaction between electrons and phonons.
Furthermore, under increasing temperature, the nonlinearity
of the peak position and linewidth for the two MoTe, samples

0.3

0.2

0.1

0.0
0.12
0.08

0.04
0.09

Linewidth (eV)

0.06 + .

0.03 .

0.00 t f t ; t

0.06

0.04

0.02

1 1 1 1

0 100 200 300 400 50

0.00

Temperature (K)

FIG. 7. Temperature-dependent (a) peak position and (b) linewidth of the excitonic transitions in 2H-MoTe,. The thin solid lines denote
the fitting results using the Bose-Einstein statistical factor [Egs. (5) and (6)].
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FIG. 8. Temperature-dependent (a) peak position and (b) linewidth of interband transitions in 1T’-MoTe,. The thin solid lines denote the

fitting results using the Bose-Einstein statistical factor [Egs. (5) and (6)].

can be analyzed using the average Bose-Einstein statistical
factor [84]:

w(T):a—b|:1 + )

/) 1]

and
( ) o (©®/T) 1 1> ( )

where a and I'| are the peak energy and linewidth of opti-
cal transitions at 0 K, respectively; b and I', represent the
strength of the electron-phonon interaction; and ® is the mean
phonon temperature. The thin solid lines in Figs. 7(a), 7(b),
8(a), and 8(b) represent the fitting obtained using Egs. (5)
and (6). The results of the fitting analyses using the average
Bose-Einstein statistical factor are summarized in Tables II
and III. The values of b and I', describe the energy peak’s
shift and broadening in the optical absorption spectra with
increasing temperature. The energy shift may correspond

TABLE III. Fitting parameters of the linewidth of the optical
transitions in 2H- and 1T’-MoTe, using the average Bose-Einstein
statistical factor [Eq. (6)].

MoTe, Transition Iy (eV) I’y (meV) 0 (K)

2H Ay 0.105 £ 0.009 60.021 £ 0.004 261.64 +20.33
Ap 0.079 £0.004 50.565 £ 0.002 310.26 +22.39
An 0.086 £0.002 45.521 £0.002 239.88 4 18.29
B 0.201 £ 0.006 122.320 £ 0.003 273.85 £ 17.53
1T E, 0.22+0.05 222.334+0.05 392.52+34.74
E, 0.062 £0.001 311.32+£0.05 355.41 +£39.31

to a change in the electronic band structure due to the
thermal properties of the lattice [85]. The result of a broad-
ening linewidth implies that lifetime of the electronic state
decreases with increasing temperature [84]. Moreover, the
I, value of 1T-MoTe, is larger than that of 2H-MoTe,,
which is due to strong free-carrier scattering near the Fermi
level [47].

The calculated electronic band structure of 2H- and
1T'-MoTe; is displayed in Figs. 9(a) and 9(b), respectively.
The calculated valence bands are in agreement with the
results of angle-resolved photoemission spectroscopic mea-
surements for 2H- and 1T'-MoTe, [88,89]. For 2H-MoTe,,
AEso =285 meV is found at the K point; this value is
close to the experimental value of AEso = 333 meV. By
contrast, AEgo = 65 meV is found near the I' point for
1T'-MoTe,. In addition, the electronic band structures show
that 2H-MoTe, is a semiconductor with an indirect band
gap of 0.627 eV, whereas 1T-MoTe, is a semimetal. No-
tably, 1T'-MoTe, has a small gap of approximately 40
meV near the I' point. For 2H-MoTe,, the theoretical
value of the indirect band gap of 0.627 eV is smaller
than the experimental value of 1.06 eV [Fig. 5(c)] be-
cause the BSE functional often underestimates band-gap
values. Therefore, we employ a band-gap correction of ap-
proximately 0.433 eV for calculating the optical properties
of 2H-MoTe,.

To confirm the accuracy of the complex dielectric function
(e1 and &) and optical absorption coefficient spectra «(w)
in Figs. 2 and 3, respectively, we first calculate ¢, &, and
a(w) for 2H- and 1T'-MoTe;, by using IPA, as shown in
Figs. 9(c) and 9(d). Within the IPA method, we calculate
the optical properties for photon energy up to 6.5 eV. For
photon energy larger than 2 eV, the exciton effect is discov-
ered to be absent in the observed optical absorption spectra.
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FIG. 9. The calculated electronic band structures of (a) 2H- and (b) 1T'-MoTe, (b), respectively. The complex dielectric function (¢, and
€,) and the optical absorption coefficient spectra o(w) of (c) 2H- and (d) 1T’-MoTe, with the independent particle approximation.

Therefore, the IPA is suitable for reproducing the experiment
involving high photon energy. For 2H-MoTe,, the theoret-
ical values [e; =0, &, = 18, and a(w) = 0.85 x 10°cm™!
at 3.5 eV] agree well with the experimental values [g; =
0, &, = 17, and a(w) = 0.9 x 10°cm~" at 3.5 eV]. This is
also the case for the theoretical values [¢; = 0, &, = 20, and
a(w) = 0.80 x 10°cm~" at 2.6 eV] and experimental values
[e1 =0, & =15, and a(w) =0.80 x 10°cm™" at 2.9 eV]
for 1T'-MoTe,.

To reproduce the exciton peaks at low photon energy
shown in Figs. 6(a) and 6(b), we calculate a(w) using the
BSE, as depicted in Figs. 10(a) and 10(b). The BSE method
is an expensive calculation compared with the IPA method.
Therefore, the BSE method is suitable only for low photon
energy, in which case only a few low-energy bands need to
be considered. For 2H-MoTe,, the BSE method reveals two
exciton peaks (Ajs: 0.24 x 10° and Bjs: 0.37 x 10°cm™') at
1.15 and 1.4 eV, which are comparable with the experimental
peaks (A;: 0.27 x 10 and Bjs: 0.37 x 10°cm™!) at 1.14
and 1.47 eV. We note that the A,s and Ay excitons are not
reproduced in our calculations because the energy splitting
between these peaks is small at approximately 50 meV and
a large number of k points would thus be required. For
1T’-MoTe;, the difference between the BSE and IPA findings

is slight. Therefore, the exciton effect in 1T’-MoTe, is weaker
than that in 2H-MoTe,.

IV. SUMMARY

The temperature-dependent complex dielectric function
and optical absorption coefficient spectra of 2H- and
1T'-MoTe, single crystals are investigated herein using spec-
troscopic ellipsometry and first-principles calculations. The
optical absorption spectra obtained at 4.2 K confirm that
2H-MoTe, has an indirect band gap of 1.06 +0.01 eV,
whereas 1T'-MoTe, exhibits semimetal behavior. Further-
more, we find three distinct intralayer A, Ay, and By exci-
tons and one interlayer Ay, exciton at 1.136 £+ 0.002, 1.181 +
0.001, 1.469 £+ 0.006, and 1.21 4+ 0.01 eV in 2H-MoTe;. The
SOC energy of 2H-MoTe, is 333 meV. By contrast, we
discover two broad interband transitions at 0.78 & 0.01 and
1.45 £ 0.01 eV in 1T'-MoTe;. These two optical absorptions
shift to lower energy with an increase in temperature, indicat-
ing the increased electron-phonon interaction. These results
provide insight into the complex nature of optical transitions
in 2H- and 1T-MoTe; and can be utilized in technological
applications for MoTe,-based optoelectronic and photonic de-
vices.
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FIG. 10. The calculated optical absorption coefficient o(w) of (a) 2H- and (b) 1T’-MoTe, with the Bethe-Salpeter equation (BSE, red solid
line) and independent particle approximation (IPA, blue solid line). The experiment data at 4.2 K is also shown as a green dashed line for

comparison.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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