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Character tables

Table S1: Character table for the Cy, point group, corresponding to the N-layer 1T MoTe,
with N odd (C3,, or P2;/m space group symmetry). E is the identity, C5, is a two-fold
rotation axis along y, 0., is an horizontal plane mirror (parallel to 2z), and i is the inversion.
These symmetry elements, as well as the Cartesian coordinates are defined in Figs. 1a,b.
The first column indicates the irreducible representations, and the last column gives the
corresponding basis functions.S!

E Cyy Ors 1
A, 1 1 1 1 2, y?, 2%, xz
B, 1 1 1 1 y
Ay 1 -1 -1 1 Y, Yz
B 1 -1 1 -1 T,z

=1

Table S2: Character table for the C, point group, corresponding to the N-layer 1T MoTe,
with N even (C!, or Pm space group symmetry). Same geometrical definitions as for Table S1
apply. St

E Oxz
A’ 1 1 x, 2,02, y% 22w
A" 1 -1 Y, LY, Yz

Tables ST and S2 using the coordinate system defined 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 S, and symmetry of 17"-MoTe, 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
17"-MoTey being 1.36% smaller than that of the bulk 17"-MoTey. The lattice parameters

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

have a C3%, space group and the 2-layer and 4-layer structures have the C! space group.

o

Table S3: Lattice vectors, a, b and ¢ in A, angle 8 in ° and the symmetry of of N-layer

17T"-MoTe, as computed from DFT simulations.

a b 15} Symmetry
Bulk  6.361 3.526 92.18 C, (P2,/m, #11)
c = 14.137

l-layer 6.356 3.478 92.15 Cl, (P2,/m, #11)
2-layer 6.352 3.496 92.15  C! (Pm, #6)
3-layer 6.353 3.504 92.15 CL, (P2;/m, #11)
dlayer 6.354 3.511 9215  C! (Pm, #6)

Substrate effects and experimental validation using MoS,

The second order susceptibility, x(?, of 11" MoTe, was calibrated by measuring monolayer
MoS, under the same measurement conditions. Since the MoTe, samples were prepared
on an SiO,/Si substrate, there was an additional contribution to the SHG signal due to
the cavity created by the SiO,/Si. While this term has been shown to be negligible,5% 54
we prepared monolayer MoS, samples on glass and SiO5/Si to experimentally measure the
cavity contribution. In Figure S1 the top and bottom rows show the samples on glass and
SiO4/Si, respectively. Figure S1a,b show the white light images of the MoS, samples with
the monolayer regions labeled. The single layer regions were verified using photoluminescence
(PL) and Raman spectroscopy. The PL of the monolayer regions with the A and B excitons
labeled are shown in Figure Slb,c. Figure S1d,e shows the Raman spectra. The PLS?

and Raman 5556

confirmed that the regions of interest are monolayer. Finally, SHG images
on the same intensity scale of both regions are shown in Figure S1f,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 flake with the polarizer and analyzer parallel (black) and

53



crossed (red) are shown in Figure S1.
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Figure S1: Characterization of monolayer MoS, samples. The top (bottom) row is a sample
exfoliated on glass (SiOy/Si). (a),(b) White light images of the MoS,; 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 flake with the polarizer
and analyzer parallel (black) and crossed (red).

Laser damage and Raman measurement of additional flake

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 significant 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 A, on the same scale as the modes with B, symmetry, the first maximum
for the A, modes was scaled by the fractional signal decrease of the B, by that time in
the acquisition. The lower set of plots was corrected by dividing each data point by the fit
from the exponential decay. After this correction, the Raman polarization equations from
the main text were used to fit this data. There are a few differences from the polarization

dependence for the N = 12 region in the main text. First, only one Lorentzian was used
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to fit the peak at ~260 cm™! since a high energy tail was not observed. Also, an additional

Lorentzian centered at 156 cm™!

was used to fit the laser damage induced broad shoulder
that developed on the ~160cm™! peak. The amplitude of that peak increases during the
polarization measurements as expected for laser damage. From the Raman measurements,

6y = -54°, which is in excellent agreement with the SHG images once the sample mounting

angle is taken into account (see below).

The final aspect of the Raman measurements that we will discuss is the low damage
threshold for this material. For the 2H phase, oxidation®” and laser induced phase changes
have been reported;>® however, damage and oxidation have not been reported for 1T’. Our
sample was stored in an Ny environment except for during measurements to try to minimize
oxidation. As mentioned in the main text, the samples were measured using 350 uW 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 350 uW 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 S4a,b shows the initial Raman spectra of the N = 4 region and after 80 min
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 ~80cm™!
and ~160cm™!, respectively. To better illustrate the shoulders, a difference spectra of
Figure S4a and b after re-scaling is shown in blue. The absence of Raman peaks from 300-
500cm ™! suggests that the shoulders are not caused by TeO%? or MoQ,.51%511 MoOs has

1

peaks at ~89cm~! and ~ 160 cm~! in agreement with the spectral location of the shoulders.

However, MoOs3 also has a peak at ~285cm™! and the amplitude of the slight peak at that
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Sample 1: N = 4 Raw Signal
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Sample 1: N = 4 Corrected Signal

v
. 1 ", 1 ", -1 . R . _

° a A:80.1cm? | p A" 925cm” | ¢ A”":1025em™ | d A:1122cm? | e A’:126.6 cm”

=10 LS

TEl 0.8 ~

< Ad

E 0.6 | e e ‘.o

.f_; 0.4 -~ e Para

IS ® Cross

5 0.2 E o o

S AAAMNS

3 f A’:156.00 cm” A":189.1 cm’!

= ° e

= .

E o,

S

<

o

O

N

©

g o

[} o °

=z

0
0 100 200 300 0 100 200 300 0 100 200 300 0 100 ZOg 300 0 100 200 300
O 0 O
0+0,() 0+0,() 0+0,() 0+0,() 0+0,()

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 fits 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,'? which is in agreement with a tellurium evaporation mecha-
nism. Tellurium evaporation and oxidation are both candidates for the decrease in the MoTe,
Raman signal. The time dependent decrease in the Raman signal is plotted in Figure S4c¢,d

for the N = 4 region in Figure 1d as well as an additional N = 4 region. Each mode is
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Sample 2: N = 4 Raw Signal
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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 A, /A’ and B,/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 differ-

ent samples a similar signal decrease is observed and the empirical exponential fits 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 S4e 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.5*514 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 significant 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 1d (a)
initially and (b) after 80 min of laser exposure (black). Difference 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 1d and another N = 4 flake. (¢) SEM image of sample in
Figure 1d 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 difference 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 (z axis), respectively.
This shows that there is a &~ —16° angle difference 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.

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
difference 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 (z axis) is labeled in dashed
and solid white lines, respectively. The angle difference in the sample mounting of ~ —16°
for the two measurements is indicated.

Thickness verification using white light and Raman spec-
tra

The thickness of the samples was verified using white light contrast and Raman spectra. The
white light image of sample 1 from the main manuscript is shown in Figure S6a. 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 — Iy)/Iy. 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 S6e shows the
spectra of the ~160cm™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 S7a 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 flake.
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Figure S6: Sample thickness using white light contrast and Raman scattering (a) White light
image of the flake taken using an RGB camera. The linecuts across the 3L (dashed red) and
4L (dashed blue) regions are shown. Linecuts from the (b) Blue, (c¢) green, and (d) red
channels from the RGB camera with the 3L and 4L regions indicated. (e) Raman spectra of
the ~160 cm™1 peak for the 3. and 4L regions. The area and amplitudes are labeled.
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Figure S7: Sample thickness using white light contrast. (a) White light image of the flake
taken using an RGB camera. The linecuts across the (b) 4L (yellow line), (¢) 5L (red line),
(d) 6L (black line) regions are shown. The green and red camera channels are shown.

S13



SHG from additional flakes

Figure S8 show SHG measurements for four additional flakes with the thicknesses determined
by AFM, white light, or both. The first 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 S8j-1 shows a flake 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 flakes.

Figure S9 shows the white light, topographic, and SHG images of the 10L crystal shown
in green in Figure 4f of the main text. The black square in Figure S9a indicates the SHG
scan area for Figure S9c. Figure S9b shows the topography with the 10L region near the

bottom of the image.
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Figure S8: SHG images of additional flakes. First column shows the SHG images. The other
two columns show AFM and white light images with linecuts to show the thicknesses. The
red (red lines) and green (green lines) channels from the white light camera are shown.
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Figure S9: Images of the 10L crystal whose SHG polarization is shown in green in Figure 4 f
of the main text. (a) White light image and the black square shows the SHG scan window.
(b) Topography image with part of the 10L region shown near the bottom. (¢) SHG image
of the 10L region.
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Topographic images

Figure S10 shows the AFM images for Figure 4 of the main text.
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Figure S10: Topography of the regions in Figure 4 of the main text.
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