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its further application in next-generation 
electronics and optoelectronics.[1–4] As a 
typically semimetal 2D TMDs, the dis-
torted 1T′ MoTe2 crystal has shown sev-
eral remarkable properties, such as phase 
transition,[5] superconductivity,[6] magne-
toresistance,[7] lager-gap quantum spin 
Hall insulators, and Weyl semimetals,[8,9] 
all of which make it greatly attractive for 
high-efficiency thermoelectric devices, 
novel switching devices, and topological 
field effect transistors. What is more 
interesting is that the 1T′ MoTe2 crystal 
shows obvious anisotropic optical absorp-
tion properties with the metallic phase,[10] 
which means it has great advantages for 
the potential application in polarized wide 
spectrum detectors,[11] polarized surface 
plasmonics, and nonlinear optics. How-
ever, the intrinsic anisotropic complex 
refractive indices of the zero-bandgap 1T′ 
MoTe2 crystal have not been explored yet, 
while there still have some block of prob-
lems on the road. First, the synthesis of 

1T′ MoTe2 single crystal with controlled phase, morphology, 
and layer numbers remains a great challenge.[12–15] Second, the 
air and chemical unstable of 1T′ MoTe2 crystal especially few-
layer structure requires rigorous experimental condition for its 
micromeasurement.[14,16]

Semimetal 1T′ MoTe2 crystals have attracted tremendous attention owing to 
their anisotropic optical properties, Weyl semimetal, phase transition, and so 
on. However, the complex refractive indices (n-ik) of the anisotropic semi-
metal 1T′ MoTe2 still are not revealed yet, which is important to applications 
such as polarized wide spectrum detectors, polarized surface plasmonics, and 
nonlinear optics. Here, the linear dichroism of as-grown trilayer 1T′ MoTe2 
single crystals is investigated. Trilayer 1T′ MoTe2 shows obvious anisotropic 
optical absorption due to the intraband transition of dz

2 orbits for Mo atoms 
and px orbits for Te atoms. The anisotropic complex refractive indices of 
few-layer 1T′ MoTe2 are experimentally obtained for the first time by using 
the Pinier equation analysis. Based on the linear dichroism of 1T′ MoTe2, 
angle-resolved polarized optical microscopy is developed to visualize the grain 
boundary and identify the crystal orientation of 1T′ MoTe2 crystals, which is 
also an excellent tool toward the investigation of the optical absorption prop-
erties in the visible range for anisotropic 2D transition metal chalcogenides. 
This work provides a universal and nondestructive method to identify the 
crystal orientation of anisotropic 2D materials, which opens up an opportunity 
to investigate the optical application of anisotropic semimetal 2D materials.
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1. Introduction

Due to the zero-bandgap and spatial symmetry, the metallic 2D 
transition metal chalcogenides (TMDs) show abundant novel 
physical properties and have attracted tremendous attention for 
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Linear dichroism is a phenomenon of anisotropic absorption 
of light for materials. The absorption intensity is proportional 
to the square of the scalar product between the electric field 
vector of the light and a crystal-characteristic transition moment 
vector, the absorption being maximum when the light vector is 
polarized parallel or perpendicular to the transition moment, 
respectively.[17] Thus, it is the basic to measuring the intrinsic 
polarized complex refractive indices of crystal and can also 
provide the information on crystal orientation.[16] Recently, the 
unique anisotropic properties of 1T′ MoTe2 crystal have been 
investigated with the aspects of optical absorption,[10] polar-
ized second harmonic generation (SHG), and polarized Raman 
scattering.[18] The optical absorption of monolayer 1T′ MoTe2 
crystal was shown an angle-dependent evolution by micro-
absorption spectroscopy from 0° to 90°. Unfortunately, the 
anisotropic complex refractive indices and the periodic optical 
absorption were not explored yet, which also encouraged us to 
dig into the linear dichroism of 1T′ MoTe2 crystal. The SHG 
and the polarized Raman Spectra can be used to characterize 
the grain boundary and crystal orientation, which is the excel-
lent tool to investigating the absence of inversion symmetry 
and the information of lattice vibration.[19,20] Hence, it is neces-
sary to develop a microzone imaging method based on linear 
dichroism of materials to identify the crystal orientation of ani-
sotropic TMDs. Meantime, it would be good to the design and 
fabrication of microfunctional device if it can also fast imaging 
the grain boundaries of anisotropic TMDs in large scale.[21,22]

Here we investigated the linear dichroism of 1T′ MoTe2 
crystal by angle resolution polarized contrast spectra (ARPCS). 
The intrinsic real part and imaginary part of complex refractive 
indices of few layer 1T′ MoTe2 single crystal have been shown 
by Pinier equation. The results demonstrated that few-layer 1T′ 
MoTe2 crystal would be the promising materials for the genera-
tion of anisotropic surface plasmonic. According to the linear 
dichroism of 1T′ MoTe2 crystal, the angle-resolved polarized 
optical microscopy (ARPOM) has been developed to directly 
visualize the grain boundaries and identify the crystalline ori-
entation of as-synthesized multidomain 1T′ MoTe2, which can 
also use to determine the anisotropic complex refractive indices 
and the optical absorption properties of anisotropic 1T′ MoTe2 
crystal. This work not only provides a convenient approach to 
image and identify the grain boundary and crystal orientation 
of anisotropic 2D materials but also contributes to its further 
fundamental investigate in polarized optics, condensed matter 
physics, and new concept devices.

2. Results and Discussion

The characterization of crystal structure of 1T′ MoTe2 single 
crystal is shown in Figure 1. The atomic structure of monolayer 
1T′ MoTe2 crystal is shown in Figure 1a, it shows an obvious 
anisotropic structure, we defined that the Mo chain direction 
is (010) orientation and another one is (100) orientation. The 
optical microscopy (OM) image of chemical vapor deposition 
(CVD)-grown 1T′ MoTe2 single crystal shows a ribbon-shape 
with the domain size up to 60 µm as shown in Figure 1b (for the 
details of growth method see the Support Information). Atomic 
force microscopy (AFM) image of as-grown 1T′ MoTe2 crystals 

is shown in Figure 1c with the height of 2.1 nm, corresponding 
to a thickness of three layers. Figure 1d shows a low-magnifica-
tion transmission electron microscopy (TEM) image of trilayer 
1T′ MoTe2 crystals. The high resolution transmission electron 
microscopy (HRTEM) image in Figure 1e shows (100) lines with 
spacing of 0.612 nm and (010) lines with spacing of 0.344 nm. 
The selected area electron diffraction (SAED) pattern (Figure 1f) 
shows only one set of monoclinic spots, demonstrated the fine 
structure of  as-synthesized 1T′ MoTe2 was single crystal with a 
natural A–B–A stacking model (Figure S1, Supporting Informa-
tion). Figure 1g is the Raman spectra of as-obtained 1T′ MoTe2 
crystals on SiO2/Si and fused silica, respectively. The peaks 
around at 108.36, 128.58, 163.02, 191.42, and 261.38 cm−1 are 
corresponding to the Raman mode of Au, Ag, Ag, Bg, and Ag of 
1T′ MoTe2 crystal, respectively. The angle resolution polarized 
Raman spectra (ARPRS) were used to confirmed the crystalline 
orientation of as-obtained 1T′ MoTe2 crystals. The polar plots 
of Raman intensity as a function of polarization angle for the 
Raman mode at 127 and 269 cm−1 are shown Figure 1h,i. And 
the intensity of other typical Raman peaks at 163 and 254 cm−1 
were shown in Figure S2a,b in the Supporting Information, 
respectively. The maximum of those Raman modes were similar 
with the 127 cm−1 in Figure 1h. Those results demonstrated that 
the maximum of Raman intensity was parallel to the long-axis 
of the ribbon-shape single crystal 1T′ MoTe2 flake, which means 
the (010) orientation was along with the long-axis of as-synthe-
sized single crystal 1T′ MoTe2 crystals.[23]

The ARPRS and ARPCS were adopted to characterize the 
anisotropic optical absorption properties of as-grown 1T′ MoTe2 
single crystal. The scheme of light path is shown in Figure 2a. 
We defined that the (010) orientation was the 0° polarized direc-
tion. The ARPCS of as-obtained 1T′ MoTe2 crystal with the 
polarized angle of 0° to 90° on SiO2/Si substrate are shown 
in Figure 2b. The integrated area against the rotation angle at 
blue (450–500 nm), green (525–575 nm), and red (600–650 nm) 
region is shown in Figure 2c. And the integrated area against 
the rotation angle at 650–700, 700–750, and 750–800 nm regions 
was shown in Figure S5d in the Supporting Information. The 
results demonstrated that the 1T′ MoTe2 single crystal has 
the strongest anisotropic absorption in the green region, and 
the blue region followed, while the red region has no obvious 
absorption.[10] The ARPCS of as-obtained 1T′ MoTe2 crystal 
with the polarized angle of 0° and 90° on fused silica substrate 
were also shown in Figure 2d. The X-ray photo electron spectros-
copy (XPS) data of trilayer 1T′ MoTe2 single crystal on SiO2/Si 
substrate after ARPOM and ARPCS measurement are shown 
in Figure S3 in the Supporting Information. And the results 
confirmed that the 1T′ MoTe2 films were not oxidized after 
the ARPCS and ARPOM measurement. The result shows an 
obvious angle dependent intensity evolution when the polarized 
angle changed at 0° and 90°. Figure 2e shows the atomic model, 
the morphology for the anisotropic optical absorption properties 
of monoclinic 1T′ MoTe2 crystal. As mentioned before, the (010) 
orientation (Mo chains) shows the strongest anisotropic absorp-
tion, while the (100)  orientation shows the opposite situation. 
The first-principles calculations were used to obtain the total 
density of states and  partial density of states of trilayer 1T′ MoTe2 
crystal and to explore the specific intraband transition process 
in the visible region in Figure 3. The Hyed–Scuseria–Ernzerhof 
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(HSE06)[24] method was used to obtain accurate electronic 
 properties. The van der Waals (vdW) interaction was considered 
by zero damping D3 Dispersion Correction to Density Func-
tional Theory (DFT-D3) method of Grimme.[25] The structures 
of MoTe2 were fully relaxed until all components of forces were 
less than 0.001 Ry Å−1, the calculated in-plane lattice constants of 
few-layer MoTe2 are about 6.35 and 3.40 Å along (100) and (010) 
direction, and a 6.85 Å for interlayer spacing, which are con-
sistent with experimental results. The total and partial density 
of states for monolayer, bilayer, and trilayer 1T′ MoTe2 crystal are 
shown in Figure 3a–c. We revealed for the first time that the ani-
sotropic optical absorption around 550 nm in the visible region 
was mainly contributed to the intraband transition of electrons 
in dz2 orbits of Mo atoms and px orbits of Te atoms.

The wavelength-dependent refractive indices of trilayer 
1T′ MoTe2 single crystal were calculated from the as-obtained 
ARPCS. As shown in Figure 4a,b, the samples can be regarded 
as a multilayer photonic structure consisting of the few-layer 
1T′ MoTe2 crystal on SiO2/Si (or fused silica) substrate.[26] For 
the multilayer photonic structure, the reflection spectra can 
effectively be calculated by using the transfer matrix method 
(TMM) (for details of calculation see the Supporting Informa-
tion). Derived from the TMM, the light reflection from the film 
can be described as the following equation
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Figure 1. Characterization of 1T′ MoTe2 single crystal. a) Atomic structure of 1T′ MoTe2 monolayer crystal in two orientation. b) Optical images of 
as-synthesized 1T′ MoTe2 single crystal 1T′ MoTe2. c) AFM images of ribbon shape 1T′ MoTe2. d) Normal TEM image of ribbon shape 1T′ MoTe2. 
d–f) The HRTEM image and SAED pattern of as-synthesized 1T′ MoTe2 crystal, respectively. g) Raman spectra of CVD-grown 1T′ MoTe2 single crystal 
on SiO2/Si and fused silica, respectively. h,i) Polar plots of Raman intensity as a function of polarization angle with the Raman mode at 127.0 and 
269.0 cm−1, respectively.
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where rj (j = 1, 2, 3) is the reflection coefficients at the jth inter-
face when the light impinges on the samples. δj (j = 1, 2) stands 
for the factor characterizing the phase of light  propagation 
in the jth layer. By using the above equation, the reflection 
spectra could be achieved from the SiO2/Si substrate with 
and without trilayer 1T′ MoTe2 crystal. Thus, the optical con-
trast (Cλ) that describes the fractional alternation of reflection 
can be expressed as Cλ = (Rsub − Rfilm+sub)/Rsub. However, the 

exact values of refractive indices of trilayer 1T′ MoTe2 crystal 
along the (100) and (010) directions could not been confirm. 
Here, the optical contrasts of reflection spectra from the fused 
silica (0.50 mm thickness) were introduced with and without 
trilayer 1T′ MoTe2 crystal by CVD-grown. The optical contrast 
can be measured as Cλ = (Rfilm+sub − Rsub)/Rsub. On the condi-
tions of the two experimental curves, the refractive indices of 
trilayer 1T′ MoTe2 crystal along the specific direction ((100) or 
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Figure 3. Density of States of 1T′ MoTe2 crystal with different layers. a–c) Density of states (DOS) and partial density of states (PDOS) of monolayer, 
bilayer, and trilayer 1T′ MoTe2 crystal. Note that the perpendicular dashed line at 0 eV denotes the Fermi level.

Figure 2. Characterize the linear dichroism of trilayer 1T′ MoTe2 single crystals. a) The schematic of light path for the ARPCS of trilayer 1T′ MoTe2 crystal. 
b) The reflective contrast spectra of ARPCS of trilayer 1T′ MoTe2 single crystal on SiO2/Si substrate from 0° to 90°. c) The integrated area as a function 
of the rotation angle at blue (450–500 nm), green (525–575 nm), and red (600–650 nm) region. d) The reflective contrast spectra of ARPCS of trilayer 
1T′ MoTe2 single crystal on fused silica at 0° and 90°. e) The illustrated schematic of the corresponding relation between the crystalline orientation, 
the geometric structure of morphology and the intensity distribution of optical absorption.
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(010)) can be exactly calculated by solving the two equations. 
Figure 4c depicts the calculated refractive indices of trilayer 1T′ 
MoTe2 crystal along the (100) and (010) directions,  respectively. 
It is found that the refractive indices in the (100) and (010) 
directions are distinctly different in the visible range, which 
confirms the anisotropy of trilayer 1T′ MoTe2 crystal. The 
results demonstrated that the extinction coefficient k is larger 
than refractive indices n in the wavelengths around 550 nm, 
which confirms the metallic state of the 1T′ MoTe2 crystal. This 
property will make this crystal promising for the generation of 
anisotropic surface plasmonic in the visible regions.[27,28] With 
increasing wavelength, n becomes smaller than k, illustrating 
the dominance of insulating state at the longer wavelengths. 
This response is similar to the properties of topological insula-
tors.[29] As shown in Figure 4d, the reflection contrasts theoreti-
cally calculated (lines) using the refractive indices of trilayer 1T′ 
MoTe2 crystal on SiO2/Si and fused silica were both consistent 
with the experimental results. The reflection contrasts (dots) 
were obtained by the finite-difference time-domain simulations 
(details see the Supporting Information) further verify correc-
tion of the calculation results. For the bilayer 1T′ MoTe2 crys-
tals, the ARPRS of the selected 1T′ MoTe2 crystals were shown 
in Figure 5. The polar plots of Raman intensity as a function 
of polarization angle for the Raman mode at 127, 163, and  
254 cm−1 are shown Figure 5b–d. The ARPRS of other bilayer 
1T′ MoTe2 were shown in Figure S4a–e in the Supporting Infor-
mation, respectively. The maximum of peak intensity around 
127, 163, and 254 cm−1 were parallel with the marked black 
arrow in Figure 5a. Those results demonstrated that the (010) 

orientation was along with the long-axis of the selected 1T′ 
MoTe2 crystals. And the ARPCSs of bilayer 1T′ MoTe2 crystal 
were also shown in Figure S5a–c in the Supporting Information, 
and it shows the similar anisotropic optical absorption proper-
ties with the trilayer structure. Those results were consisted well 
with the first-principles calculation of total and partial density 
of states for bilayer and trilayer 1T′ MoTe2 crystal in Figure 3. 
Hence, we could suppose that the monolayer 1T′ MoTe2 should 
show the similar wavelength-dependent refractive indices.

Furthermore, the ARPOM was used to characterize the 
grain boundary and crystallize orientation of as-synthesized 1T′ 
MoTe2 crystal. The normal OM image of a selected star-shaped 
1T′ MoTe2 crystals is shown in Figure 6a with uniform bilayer. 
The schematic of light path for ARPOM was shown in Figure S6  
in the Supporting Information. The ARPOM images of 1T′ 
MoTe2 with the angle of polarized at 0° are shown in the top 
left corner of Figure 6b. The intensity information of three- 
primary colors for ARPOM images of 1T′ MoTe2 were extracted 
as shown in the other three images of Figure 6b, which are 
the imaging of G values, R values, and B values, respectively. 
Due to the unique anisotropic optical absorption properties of 
1T′ MoTe2, the imaging of G values shows the most obvious 
angle dependent intensity evolution properties for crystal ori-
entation than the B values, while the R values show basically 
no obvious changes. The imaging of G values with different 
polarized angle of 30°, 60°, 90°, 120°, 150°, and 180° are shown 
in Figure 6c. The imaging of R values and B values with dif-
ferent polarized angle of 30°, 60°, 90°, 120°, 150°, and 180° 
were both shown in Figure S7 in the Supporting Information. 
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Figure 4. Schematic diagrams of multilayer photonic structures with a) SiO2/Si and b) fused silica substrates. c) Refractive indices n and extinction 
coefficients k of 2.1 nm trilayer 1T′ MoTe2 single crystals along the (100) and (010) directions in the visible region. d) Calculated (lines) and simulated 
(dots) reflection contrast spectra along the (100) and (010) crystalline directions of trilayer 1T′ MoTe2 single crystals on the SiO2/Si and fused silica 
substrates.
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The intensity of selected position shows a regular evolution 
when the polarized angle increases, such as position 1. Due 
to the anisotropic crystal structure of 1T′ MoTe2, the single 
crystal domains at two sides of the grain boundary would 
show different angle-dependent evolution of optical absorption 
 properties. As a result, we could directly realize the imaging 
of the grain boundary of the polycrystalline 1T′ MoTe2 crystals 
simply by ARPOM in a large scale (Figure 6d).

The intensity of G value, B value, and R value as a function 
of polarization angle increasing are all shown in Figure 6e. The 
ARPOM images of G values were also shown a sine function 
curves with a clear periodicity, and the B also shows a similar 
but weaker regular evolution. Similar with the ARPCS of 1T′ 
MoTe2, the R values show no obvious change when the polar-
ized angle changes. In Figure 6f, the statistical data of optical 
contrast for marked positions 5 under normal visible light 
show no obvious change, which confirms the angle dependent 
anisotropic properties of single crystal 1T′ MoTe2. The peak 
intensity evolution of A1g mode around at 163 cm−1 for posi-
tion 1 was shown in Figure 6g, and the maximum direction 
was also along the (010) orientation of the crystal structure. In 
Figure 6h, compared with the maximum of Raman spectra, 
the maximum of G values for single crystal domain 1T′ MoTe2 
was parallel with the (010) orientation. The optical images of R 
channel and B channel by ARPOM, the polar plots of Raman 
mode at 127 cm−1, and the polar plots of B channel intensity 
as a function of polarization angle were all shown in Figure S6  
in the Supporting Information. As a result, we have built a 
relationship between the intensity of G values and the crystal  
orientation in Figure 6i, the maximum of G values is the (010) 
orientation (Mo chains direction) and the minimum of G values 

is the (100) orientation. Different from the SHG and dark field 
transmission electron microscopy,[20,30,31] the ARPOM is still 
a typically photographing technique, which means that it is a 
fast,  nondestructive, and also inexpensive imaging method. 
The ARPOM images of other morphology of 1T′ MoTe2 crystals 
were shown in Figures S8 and S9 in the Supporting Informa-
tion, and the results were all strongly supported this method.

3. Conclusion

In conclusion, we successfully achieved the intrinsic real part 
and imaginary part of complex refractive indices of few-layer 
1T′ MoTe2 crystal in the visible region. The ARPOM was devel-
oped to imaging the grain boundary and identify the lattice ori-
entation of as-synthesized multidomain 1T′ MoTe2 films with 
nondestructive and fast. Our findings not only provide a con-
venient and undamaged approach to imaging and identify the 
crystal structure of anisotropic 2D materials simply by ARPOM 
but also will encourage other groups to take the study of the 
anisotropic optical properties for those 2D semimetal materials, 
such as WTe2,[32] TaS2,[33] NbSe2,[34] and VSe2.[35]

4. Experimental Section
CVD Growth of 1T′ MoTe2: The few-layer 1T′ MoTe2 crystals are grown 

by using a homemade CVD system with solid powder precursors. 
The MoO3 and tellurium powder are used as the Mo and Te sources, 
respectively. The silicon (Si) coated with a 280 nm thick oxide layer 
(SiO2) and the silica were both used as the substrate. The samples were 
synthesized in quartz tube with temperature from 650 to 800 °C. The 
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Figure 5. Characterization of anisotropic crystal structure of bilayer 1T′ MoTe2 by ARPRS. a) Normal optical microscopy image of selected star shaped 
1T′ MoTe2 obtained at 750 °C. b–d) Polar plots of Raman intensity as a function of polarization angle with the Raman mode at 127, 163, and 254 cm−1, 
respectively. e) The original ARPRS data of 1T′ MoTe2 dependent on the polarized angle from 0° to 360°.
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mixed MoO3 (10 mg) and molecular sieves are placed in a ceramic boat 
in the center of a tube furnace. About 100 mg of tellurium powder is 
placed 10 cm upstream from the center of the tube furnace to supply the 
Te precursor. The mixed hydrogen (H2, 10 sccm) and argon (Ar, 20 sccm) 
are used as carrier gas. Heating the temperature to 800 °C within 25 min 
(Bilayer crystal was 750 °C) and maintaining the growth temperature for 
10 min. Finally, the furnace cools down to room temperature naturally.

Structure and Composition Characterization: Optical images are taken 
on an Olympus BX51 microscope. AFM is done on a Bruker ICON 
microscope. XPS analysis is done on an Axis Ultra system. TEM imaging 
was performed on a probe aberration-corrected JEM-2100F operated at 
200 kV. Raman spectra are measured on a Renishaw in Via micro-Raman 
spectroscope with 532 nm laser. Angle-resolved polarization Raman 
spectra are achieved with a half-wave being used to turn the polarization 
angle of excitation laser. The angular optical contrast spectrum is 
obtained using a Witec RSA300+ confocal optical microscope equipped 
with a 100 × objective (N.A. = 0.9). The angle-resolved optical contrast is 

performed with polarized light from a KL 1500 halogen lamp (Zeiss) by 
rotating the samples. Angle-resolved polarized optical image is captured 
by adding a polarizer in the light path of the optical microscope.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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