
Supporting information for:

Characterization of Few-Layer 1T′ MoTe2 by

Polarization-Resolved Second Harmonic

Generation and Raman Scattering

Ryan Beams,† Luiz Gustavo Cançado,‡ Sergiy Krylyuk,†,¶ Irina Kalish,† Berç

Kalanyan,† Arunima K. Singh,† Kamal Choudhary,† Alina Bruma,† Patrick M.

Vora,§ Francesca Tavazza,† Albert V. Davydov,† and Stephan J. Stranick∗,†

†Material Measurement Laboratory, National Institute of Standards and Technology,

Gaithersburg, MD 20899, U.S.A.

‡Departamento de Física, Universidade Federal de Minas Gerais, Belo Horizonte, MG

30123-970, Brazil

¶Theiss Research, La Jolla, CA, 92037 USA

§Department of Physics and Astronomy, George Mason University, VA, USA

E-mail: stephan.stranick@nist.gov

S1



Character tables

Table S1: Character table for the C2h point group, corresponding to the N -layer 1T′ MoTe2
with N odd (C2

2h, or P21/m space group symmetry). E is the identity, C2y is a two-fold
rotation axis along y, σxz is an horizontal plane mirror (parallel to xz), and i is the inversion.
These symmetry elements, as well as the Cartesian coordinates are de�ned in Figs. 1 a,b.
The �rst column indicates the irreducible representations, and the last column gives the
corresponding basis functions.S1

E C2y σxz i
Ag 1 1 1 1 x2, y2, z2, xz
Bg 1 1 -1 -1 y
Au 1 -1 -1 1 xy, yz
Bu 1 -1 1 -1 x, z

Table S2: Character table for the Cs point group, corresponding to the N -layer 1T′ MoTe2
withN even (C1

s , or Pm space group symmetry). Same geometrical de�nitions as for Table S1
apply.S1

E σxz
A′ 1 1 x, z, x2, y2, z2, xz
A′′ 1 -1 y, xy, yz

Tables S1 and S2 using the coordinate system de�ned in Figure 1 of the main text, which

is rotated compared to many reference books. Similarly, the Raman tensors in Eqs.6 and 7

are rotated to keep the coordinate system consistent throughout the work.

Density-functional theory simulations of Raman modes

Table S3 shows the lattice constants, a, b and β, and symmetry of 1T ′-MoTe2 as a function of

number of layers. The lattice parameters change minimally as the number of layers increases

with the most noticeable change in the b-lattice parameter, the b-lattice parameter of 1-layer

1T ′-MoTe2 being 1.36% smaller than that of the bulk 1T ′-MoTe2. The lattice parameters

computed from the DFT simulations have an excellent agreement with the experimentally
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measured values, di�ering by < 2%. The 1-layer, 3-layer and bulk structures are found to

have a C2
2h space group and the 2-layer and 4-layer structures have the C1

s space group.

Table S3: Lattice vectors, a, b and c in Å, angle β in ◦ and the symmetry of of N -layer
1T ′-MoTe2 as computed from DFT simulations.

a b β Symmetry
Bulk 6.361 3.526 92.18 C1

2h (P21/m, #11)
c = 14.137

1-layer 6.356 3.478 92.15 C1
2h (P21/m, #11)

2-layer 6.352 3.496 92.15 C1
s (Pm, #6)

3-layer 6.353 3.504 92.15 C1
2h (P21/m, #11)

4-layer 6.354 3.511 92.15 C1
s (Pm, #6)

Substrate e�ects and experimental validation using MoS2

The second order susceptibility, χ(2), of 1T′ MoTe2 was calibrated by measuring monolayer

MoS2 under the same measurement conditions. Since the MoTe2 samples were prepared

on an SiO2/Si substrate, there was an additional contribution to the SHG signal due to

the cavity created by the SiO2/Si. While this term has been shown to be negligible,S2�S4

we prepared monolayer MoS2 samples on glass and SiO2/Si to experimentally measure the

cavity contribution. In Figure S1 the top and bottom rows show the samples on glass and

SiO2/Si, respectively. Figure S1 a,b show the white light images of the MoS2 samples with

the monolayer regions labeled. The single layer regions were veri�ed using photoluminescence

(PL) and Raman spectroscopy. The PL of the monolayer regions with the A and B excitons

labeled are shown in Figure S1 b,c. Figure S1 d,e shows the Raman spectra. The PLS5

and RamanS5,S6 con�rmed that the regions of interest are monolayer. Finally, SHG images

on the same intensity scale of both regions are shown in Figure S1 f,g with linecuts shown

in the insets. In this case no analyzer was used to remove the polarization dependence.

These images show that the SHG signals are equivalent within our measurement accuracy.

Therefore the signal enhancement from the cavity is negligible, as expected. Finally the

SHG polar maps of the monolayer �ake with the polarizer and analyzer parallel (black) and
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crossed (red) are shown in Figure S1.
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Figure S1: Characterization of monolayer MoS2 samples. The top (bottom) row is a sample
exfoliated on glass (SiO2/Si). (a),(b) White light images of the MoS2 samples with the
monolayer sections labeled. (b),(c) Photoluminescence spectra of the two monolayer samples.
(d),(e) Raman spectra of the two monolayer samples. (g),(h) SHG images of the two samples
on the same intensity scale. (i) SHG polar maps of the monolayer �ake with the polarizer
and analyzer parallel (black) and crossed (red).

Laser damage and Raman measurement of additional �ake

Figure S2 shows the Raman polarization dependence of the N = 4 sample from Figure 3

in the main text. The top set of plots is the raw data and a signi�cant signal decrease is

observed due to laser damage. The open circle data points were used for the damage plots

in Figure S4. These points show the exponential decrease in the signal level. In order to plot

the modes with Ag on the same scale as the modes with Bg symmetry, the �rst maximum

for the Ag modes was scaled by the fractional signal decrease of the Bg by that time in

the acquisition. The lower set of plots was corrected by dividing each data point by the �t

from the exponential decay. After this correction, the Raman polarization equations from

the main text were used to �t this data. There are a few di�erences from the polarization

dependence for the N = 12 region in the main text. First, only one Lorentzian was used
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to �t the peak at ≈260 cm−1 since a high energy tail was not observed. Also, an additional

Lorentzian centered at 156 cm−1 was used to �t the laser damage induced broad shoulder

that developed on the ≈160 cm−1 peak. The amplitude of that peak increases during the

polarization measurements as expected for laser damage. From the Raman measurements,

θ0 = -54◦, which is in excellent agreement with the SHG images once the sample mounting

angle is taken into account (see below).

The �nal aspect of the Raman measurements that we will discuss is the low damage

threshold for this material. For the 2H phase, oxidationS7 and laser induced phase changes

have been reported;S8 however, damage and oxidation have not been reported for 1T′. Our

sample was stored in an N2 environment except for during measurements to try to minimize

oxidation. As mentioned in the main text, the samples were measured using 350µW with

a 0.75NA objective, which is between a factor 5 to 10 lower power than is commonly used

for other TMDs and graphene. This power was chosen because higher powers showed laser

damage over several hour exposures for bulk crystals, which manifested as a decrease in the

Raman signal. At 350µW no appreciable laser damage was observed for the N = 12 region,

as can be seen by the constant amplitudes in Figure 4 of the main text. However, for the

N = 4 and N = 3 regions an exponential decrease in the Raman signal was observed, as

shown in the raw data in Figure S3.

Figure S4 a,b shows the initial Raman spectra of the N = 4 region and after 80min

of laser exposure, both of them on the same intensity scale. The Raman signal decreased

for all the modes and a high and low energy shoulder developed on the mode at ≈ 80 cm−1

and ≈ 160 cm−1, respectively. To better illustrate the shoulders, a di�erence spectra of

Figure S4 a and b after re-scaling is shown in blue. The absence of Raman peaks from 300-

500 cm−1 suggests that the shoulders are not caused by TeO2
S9 or MoO2.S10,S11 MoO3 has

peaks at ≈ 89 cm−1 and ≈ 160 cm−1 in agreement with the spectral location of the shoulders.

However, MoO3 also has a peak at ≈ 285 cm−1 and the amplitude of the slight peak at that
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Figure S2: Normalized Raman amplitudes for parallel (red) and crossed (black) polarizations
for the N = 4 region for Sample 1. The symmetry and position for each mode are labeled.
The top set is the raw data and the bottom set is after correcting for the signal decrease.
The �ts using the complex Raman tensors (solid lines) are shown.

spectral location does not increase. Amorphous tellurium also has peaks at approximately

the same spectral locations,S12 which is in agreement with a tellurium evaporation mecha-

nism. Tellurium evaporation and oxidation are both candidates for the decrease in the MoTe2

Raman signal. The time dependent decrease in the Raman signal is plotted in Figure S4 c,d

for the N = 4 region in Figure 1 d as well as an additional N = 4 region. Each mode is
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Figure S3: Raw normalized Raman amplitudes for parallel (red) and crossed (black) polar-
izations for the N = 4 and N = 3 region of Sample 2 from the main text. The symmetry and
position for each mode are labeled. Signal decrease with time is attributed to laser damage.

normalized by its initial signal. The Ag/A′ and Bg/A′′ modes are shown in blue and red, re-

spectively. These data were taken from the polarization dependence plots and therefore only

the polarization angles that gave a maximum for each mode are shown. For these two di�er-

ent samples a similar signal decrease is observed and the empirical exponential �ts are shown
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as solid lines. Additional SHG images were taken afterwards and a decreased SHG signal in

the damage area was observed. Figure S4 e shows an scanning electron microscopy (SEM)

image of the sample in the main text and the laser damage sites are labeled. This shows that

the N = 4 is still present, which suggests that the signal decrease is likely due to laser in-

duced depletion of the tellurium.S13,S14 Note that no laser damage from SHG measurements

was observed. This suggests that there is either less absorption for lower energy photons

or the damage is due to heating, which is more signi�cant for continuous wave lasers. Re-

gardless of the mechanism, great care is required when taking Raman spectra of this material.
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Figure S4: Raman spectra obtained during laser damage on N = 4 sample in Figure 1 d (a)
initially and (b) after 80min of laser exposure (black). Di�erence spectra of the initial and
laser damaged spectra after scaling the amplitude is shown in blue to illustrate the shoulder
peaks from the laser damage. (c),(d) Normalized amplitude of various Raman bands versus
time for N = 4 sample in Figure 1 d and another N = 4 �ake. (e) SEM image of sample in
Figure 1 d after laser damage.

Sample orientation for SHG and Raman measurements

Figure S5(a),(b) shows the orientation of sample 2 on the SHG and Raman instrument,

respectively. The dashed and solid white lines in Figure S5(a),(b) indicate the [010] crys-

tal plane (y axis), respectively. This shows that there is a ≈ −10◦ angle di�erence in the

sample mounting for the two measurements. Figure S5(c),(d) shows an SHG image and

an optical image of sample 1 on the SHG and Raman instrument, respectively. The white
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and black lines in Figure S5(a),(b) indicate the [100] crystal plane (x axis), respectively.

This shows that there is a ≈ −16◦ angle di�erence in the sample mounting for the two

measurements. The sample alignment for the two Raman images is almost identical with

respect to the crystal axis, as expected from the polarized Raman measurements Figs. S2-S3.

a b

y,
 [0

10
]

y,
 [
01
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-10o

-16o

x, [100]

x, [100]

c d

Figure S5: Optical image of sample 2 on the (a) SHG and (b) Raman instruments. The
[010] crystal plane (y axis) is labeled in dashed and solid white lines, respectively. The angle
di�erence in the sample mounting of ≈ −10◦ for the two measurements is indicated. (c)
SHG and (d) optical images of sample 1. The [100] crystal plane (x axis) is labeled in dashed
and solid white lines, respectively. The angle di�erence in the sample mounting of ≈ −16◦
for the two measurements is indicated.

Thickness veri�cation using white light and Raman spec-

tra

The thickness of the samples was veri�ed using white light contrast and Raman spectra. The

white light image of sample 1 from the main manuscript is shown in Figure S6 a. Linecuts

along the 3L (red dashed line) and 4L (blue dashed line) for the blue, green, and red channels
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of the camera are shown in Figure S6 b-d, respectively. The contrast was normalized using

(I − I0)/I0. These cross sections show that contrast is better using green and red channels.

The normalized contrast for the 4L region in the red and green channel is -0.4 and -0.3 in

the green channel for the 3L region. The green channel indicates that the contrast is 33%

higher for the 4L region in agreement with the AFM thickness measurements.

The thickness was also characterized using the Raman spectra. Figure S6 e shows the

spectra of the ≈160 cm−1 peak from the 3L (black) and 4L (red) regions. Generally the

Raman signal scales with the volume of the sample. For two-dimensional materials, this

means that the Raman signal should scale linearly with the number of layers. The ratio of

the amplitudes and areas are 0.75 and 0.80, respectively, which is in good agreement with

the AFM thickness assignments.

White light contrast for sample 2 are shown in Figure S7 a and the linecuts along the 4L

(yellow line), 5L region (red line), and 6L (black line) are shown in Figure S7 b-d, respectively

for the red and green camera channels. The laser damage from the Raman measurements is

also labeled. The red channel for the 6L region does not have as much contrast as expected,

which is likely due to the small size of the �ake.
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SHG from additional �akes

Figure S8 show SHG measurements for four additional �akes with the thicknesses determined

by AFM, white light, or both. The �rst column shows the SHG images with the topographic

outlines and step edges shown as white lines. Figure S8 d-f shows a large 3L region with

no SHG signal, whereas Figure S8 g-i shows strong SHG from the 4L region and the SHG

image is in good agreement with the shape of the region from the white light region. Finally

Figure S8 j-l shows a �ake with a large number of step edges and the SHG image is again in

good agreement with the step edges. These images provide additional evidence for the SHG

only being present on thin even layer �akes.

Figure S9 shows the white light, topographic, and SHG images of the 10L crystal shown

in green in Figure 4 f of the main text. The black square in Figure S9 a indicates the SHG

scan area for Figure S9 c. Figure S9 b shows the topography with the 10L region near the

bottom of the image.
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Topographic images

Figure S10 shows the AFM images for Figure 4 of the main text.
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