ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/343783549

Nonlinear Optical Imaging, Precise Layer Thinning, and Phase Engineering in
MoTe 2 with Femtosecond Laser

Article in ACS Nano - August 2020

DOI: 10.1021/acsnano.0c02649

CITATIONS READS
16 299

6 authors, including:

4 Mengmeng Wang A Dawei Li
gti' University of Nebraska at Lincoln J  Dalian University of Technology

31 PUBLICATIONS 809 CITATIONS 67 PUBLICATIONS 1,071 CITATIONS
SEE PROFILE SEE PROFILE

Kun Liu 3 Xin Li

Dalian University of Technology J Seoul National University

121 PUBLICATIONS 1,091 CITATIONS 200 PUBLICATIONS 2,544 CITATIONS
SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

roiect 2D materials View project

roject  Generation and transmission of a High-bit-rate optical millimeter wave View project

All content following this page was uploaded by Dawei Li on 27 August 2020.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/343783549_Nonlinear_Optical_Imaging_Precise_Layer_Thinning_and_Phase_Engineering_in_MoTe_2_with_Femtosecond_Laser?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/343783549_Nonlinear_Optical_Imaging_Precise_Layer_Thinning_and_Phase_Engineering_in_MoTe_2_with_Femtosecond_Laser?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/2D-materials-3?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Generation-and-transmission-of-a-High-bit-rate-optical-millimeter-wave-2?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mengmeng-Wang-14?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mengmeng-Wang-14?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University-of-Nebraska-at-Lincoln?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mengmeng-Wang-14?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dawei-Li-24?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dawei-Li-24?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Dalian_University_of_Technology?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dawei-Li-24?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kun-Liu-79?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kun-Liu-79?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Dalian_University_of_Technology?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kun-Liu-79?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Xin-Li-163?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Xin-Li-163?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Seoul-National-University?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Xin-Li-163?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dawei-Li-24?enrichId=rgreq-f852eb516219b91a735d8cd795056922-XXX&enrichSource=Y292ZXJQYWdlOzM0Mzc4MzU0OTtBUzo5MjkyNjMxMTcxNTYzNTJAMTU5ODU2NTAwMDQyNw%3D%3D&el=1_x_10&_esc=publicationCoverPdf

Downloaded viaDawei Li on August 27, 2020 at 21:41:52 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

www.acsnano.org

Nonlinear Optical Imaging, Precise Layer
Thinning, and Phase Engineering in MoTe,
with Femtosecond Laser
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ABSTRACT: The control of layer thickness and phase
structure in two-dimensional transition metal dichalcogenides
(2D TMDCs) like MoTe, has recently gained much attention
due to their broad applications in nanoelectronics and
nanophotonics. Continuous-wave laser-based thermal treatment
has been demonstrated to realize layer thinning and phase
engineering in MoTe,, but requires long heating time and is
largely influenced by the thermal dissipation of the substrate.
The ultrafast laser produces a different response but is yet to be
explored. In this work, we report the nonlinear optical
interactions between MoTe, crystals and femtosecond (fs)
laser, where we have realized the nonlinear optical character-
ization, precise layer thinning, and phase transition in MoTe,
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using a single fs laser platform. By using the fs laser with a low fluence as an excitation light source, we observe the strong
nonlinear optical signals of second-harmonic generation and four-wave mixing in MoTe,, which can be used to identify the
odd—even layers and layer numbers, respectively. With increasing the laser fluence to the ablation threshold (F,,), we achieve
layer-by-layer removal of MoTe,, while 2H-to-1T’ phase transition occurs with a higher laser fluence (2F, to 3F,,). Moreover,
we obtain highly ordered subwavelength nanoripples on both the thick and few-layer MoTe, with a controlled fluence, which
can be attributed to the fs laser-induced reorganization of the molten plasma. Our study provides a simple and eflicient
ultrafast laser-based approach capable of characterizing the structures and modifying the physical properties of 2D TMDCs.

KEYWORDS: MoTe,, femtosecond laser, nonlinear optical response, phase transition, layer thinning, laser-induced periodic nanostructures

wo-dimensional transition metal dichalcogenides (2D

TMDCs) have gained extensive attention due to their

diverse structure and excellent optical and electronic
properties. ~* For example, the inversion asymmetry and
strong spin—orbital coupling in TMDCs may induce the
valley-polarized emission, which leads to the emergence of
valleytronics.” The strong nonlinear optical (NLO) responses
in TMDCs advance potential applications in 2D photonic and
optoelectronic devices." ® Recently, molybdenum ditelluride
(MoTe,) has arisen as an appealing TMDC because it can be
easily phase engineered, due to its extremely small energy
difference AE between semiconducting 2H phase and
semimetallic 1T’ phase (AE < 50 meV).” Laser irradiations,”’
strain engineering,'’~'> hydrogen plasma etching,"’ ozone
treatment,'* electrostatic doping,15 and controlled chemical
vapor deposition (CVD)”'*™'® have been employed to achieve
phase transition in MoTe, crystals. Among these methods,
continuous-wave (CW) laser irradiation is considered as a
direct and clean approach to realize both layer control and
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phase engineering by heating and evaporating the MoTe, on
top layers.*”"” However, a long irradiation time of heating up
2D layers may cause residual stress in crystals after cooling.
Besides, the CW laser processing parameters used are highly
dependent on the thermal conductivity of the substrate.'”

As mentioned above, the CW-laser treatment is dominated
by the thermal effect, which requires accumulated heating time
to affect the lattice structure.”® Differently, an ultrafast laser
pulse has a strong peak power, which enables the processing of
a lattice structure within very short time scales and the heat
affected zone was reduced.”’ ~** Previously, ultrafast lasers with
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a pulse duration of tens of femtoseconds (fs) were applied to
remove graphene layer-by-layer through raster scanning the
top surfaces.”””° In addition, the fs laser has been utilized to
exfoliate TMDCs in solutions.”” These studies have demon-
strated the feasibility of an ultrafast laser as a powerful tool to
realize layer thinning and exfoliation, while the possibility of
achieving phase transition and periodic nanostructures in 2D
TMDC:s, especially for MoTe, crystals, using fs laser irradiation
is yet to be explored. Recently, it has been reported that the
spontaneous periodic micro/nanostructures can be generated
in bulk or thick MoS, crystals by a fs laser.”*** However, it
remains unclear whether the laser-induced periodic surface
structure (LIPSS) formation, a universal phenomenon during
ultrafast laser ablation in normal bulk materials,*® can occur in
the atomically thin 2D materials.

In this work, we report the interactions between the
exfoliated MoTe, flakes and the fs laser (Figure 1), where

Laser fluence

Nonlinear optical
imaging thinning

Layer-by-layer

Phase engineering
& laser thinning

Figure 1. Schematic view showing different interactions between
MoTe, layers and fs laser by varying the laser fluence: nonlinear
optical characterization (left panel), precise layer thinning with no
phase change (middle panel), and phase engineering and laser
thinning (right panel).

the nonlinear optical imaging, precise laser thinning, and phase
engineering in MoTe, have been realized by controlling the fs
laser fluence. By using the fs laser at a low fluence as the
excitation light source, we investigated the NLO properties of
MoTe, and established the relationship between the second-
order and third-order NLO signals and 2D layer numbers.
With increasing the laser fluence to the ablation threshold
(Fy), a single-layer thinning in MoTe, has been achieved,
while 2H-to-1T" phase transition in MoTe, occurs by fs laser
irradiation with a high fluence ranging from 2Fy, to 3F,. More
interestingly, we find that fs laser irradiation with a high fluence
can be applied to generate highly ordered nanoripple structures
in MoTe, thin films. Our work demonstrates the versatility of
the ultrafast laser in optical characterization, phase engineering,
and nanomanufacturing, pointing to an easy and efficient
strategy for functional design of 2D nanoelectronic and
nanophotonic devices.

RESULTS AND DISCUSSION

Nonlinear Optical Responses in MoTe,. Two-dimen-
sional layered TMDCs such as MoS, and ReS, have been
shown to exhibit strong nonlinear optical responses under the
intense ultrafast laser irradiation without damaging the sample
[e.g., second-harmonic generation (SHG),*"** third-harmonic
generation (THG),” and four-wave mixing (FWM)®]. Very
recently, researchers have observed strong SHG in 2H-MoTe,

with odd numbers of layers”® and 1T’-MoTe, with even
numbers of layers,” both owing to the broken inversion
symmetry.'> So far, other nonlinear optical properties of
MoTe, have not been studied (Figure 2a). Here, few-layer and
thick flakes of MoTe, were exfoliated from bulk crystals, and
the layer numbers were determined by optical microscopy and
atomic force microscopy (AFM). Figure 2b shows the optical
image of a MoTe, flake transferred on a silicon substrate with
layer numbers ranging from bilayer (2L) to eight layers (8L).
The phase structure of MoTe, was identified using Raman
spectroscopy (Figure 2b inset). The presence of two
characteristic Raman peaks at 174 cm™' (out-of-plane Aqg
mode) and 235 cm™' (in-plane E;, mode) confirms the 2H
phase crystalline structure. Next, we used multiphoton
nonlinear optical microscopy to detect the nonlinear optical
responses of 2H MoTe, by focusing the pump (w;)—probe
(w,) laser beams with a low fluence of about 9 mJ/cm? onto
the sample. It should be noted that the entire fs laser
experiments were conducted in air (see Methods). We
observed two strong peaks from the nonlinear optical spectrum
in a 3L MoTe, (not shown): one is at about 400 nm and the
other is at about 650 nm. The peak frequency at 400 nm is
equal to 2w, and the peak signal at 650 nm is equal to 2w, —
®,, indicating that these two peak signals are originated from
SHG and FWM processes, respectively. We also performed the
laser power dependent SHG study of a 3L MoTe, (Figure 2¢
inset), further confirming its intrinsic second-order nonlinear
character.

Figure 2¢ and d display the SHG and FWM imaging of the
same sample in Figure 2b. It can be seen in Figure 2c that the
SHG signal for odd-layer 2H-MoTe, is much stronger than
that with even numbers of layers. Theoretically, the SHG signal
only appears at odd-numbered layers with inversion
asymmetry, but is negligible at even-numbered layers.** In
our case, the presence of a weak SHG signal in even layers is
probably caused by the local dielectric environment and the
enhanced susceptibility due to the increased density of
electronic state at the I point.”” The layer number dependent
SHG measurement (Figure 2e) shows that the signal gradually
decreases for odd-layer MoTe, (blue curve), while there is a
slight SHG signal increase for even-layer MoTe, (red curve).
However, different behaviors were observed by Song et al., who
reported that the SHG signal in odd-layered 2H-MoTe,
increases (decreases) with layer numbers less than (more
than) five, which was attributed to the optical absorption of the
SHG signal by MoTe,.”* In our case, the attenuation of the
SHG signal for odd-layer MoTe, can be explained by the wave
propagation effect and absorption effect of the fundamental
and SH fields.”’ We also performed the SHG measurements on
other TMDCs like MoS, for comparison (Figure Slc,
Supporting Information). The results show that the SHG
behavior in MoTe, and MoS, obeys the same layer number
dependence. For a fixed layer number, the SHG intensity of
MoTe, is comparable with that of MoS,. Figure 2f shows the
FWM intensity as a function of MoTe, layer thickness, clearly
exhibiting a linear relationship. This observation is similar to
the behavior of FWM in other 2D materials, such as MoS,°
and graphene,” which can be explained by the constructive
interference of radiated fields from different layers.”® Figure
S1d compares the FWM response between MoTe, and MoS,.
The FWM intensity in MoTe, is stronger, which is about 4
times that in MoS, with the same layer number. Overall, 2D
MoTe, as a nonlinear photonic crystal shows the great
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Figure 2. Nonlinear optical imaging characterization. (a) Schematic of the multiphoton nonlinear optical responses in MoTe,. (b) Optical
image, (c) SHG mapping, and (d) FWM mapping of an exfoliated MoTe, sample with different layer numbers. The excitation fs laser fluence
is 9 mJ/cm?. Inset in (b): Raman spectrum of a MoTe,, showing a 2H-phase crystal structure. Inset in (c): SHG intensity of a 3L MoTe, as a
function of excitation laser power. The scale bars in (b)—(d) are 10 gm. (e) SHG and (f) FWM intensity as a function of MoTe, layer

number.

39,40
such as frequency

potential for NLO applications,
converters.

Layer Thinning and Phase Engineering in Thick
MoTe,. A thick flake of MoTe, (~18 nm) transferred on a
silicon substrate (Figure S2, Supporting Information) was
employed to investigate the morphological control and phase
transition with fs laser irradiation. An ablation threshold Fy, of
18.4 mJ/cm* was confirmed, where Fy, is defined as the
minimum energy required to remove one layer from the
MoTe, top surfaces. Figure 3a shows the layer thinning results
through scanning a square of 10 X 10 ym® by a fs laser at a
fluence of Fy, for one and three scans. Note that one scanning
process takes about 35 s, corresponding to a scanning rate of
~3 pm?/s, which is much faster than the previously reported
values via CW-laser treatment.*”"'® The thickness decrease for
one scan is around 1 nm (upper panel, Figure 3b), which is
close to the monolayer thickness of MoTe, (~0.7 nm),*
indicating a single layer thinning from 2D surfaces. The
thickness decrease after three scans is nearly 3 times of that of

one scan (lower panel, Figure 3b), revealing a linear
relationship between the thickness decrease and the scan
times. The ablated areas after fs laser thinning have a surface
roughness of about 0.67 and 0.60 nm, respectively, for one and
three scans (Figure 3c and Figure S3a, Supporting
Information). The phase structure of MoTe, before and after
fs laser thinning was investigated via Raman measurement. The
thinned areas only feature the A, and Eig peaks of 2H-MoTe,
(Figure 3d and Figure S4, Supporting Information), consistent
with the pristine layers. Thus, layer-by-layer thinning without
phase transition or oxidation is achieved with a relatively low fs
laser fluence of Fy,.

Figure 4a shows an optical image of the same MoTe, sample
in Figure S2 after scanning by a fs laser at higher fluences of
2F,, (upper) and 3F,, (lower) for one and three scans. The
squares for three scans are smoother than those scanned once,
as confirmed by surface roughness statistics (Figure S3a—c,
Supporting Information), indicating the smoothing effect with
more fs laser scans. In addition, we find that the thickness
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Figure 3. Layer-by-layer thinning in thick MoTe, with a fs laser. (a) Optical image of a thick flake of MoTe, (~18 nm) after fs laser scanning
with a fluence of 18.4 mJ/cm? (Fy, ablation threshold) for one time (left square region) and three times (right square region). The scale bar
is § pm. (b) Corresponding thickness profiles along the red and blue lines in (a). (c) AFM topography images of ablated areas in (a) after
one scan (left panel) and three scans (right panel). The scale bars are 200 nm. (d) Raman spectra of the pristine MoTe, (black) and MoTe,
after irradiation with F, for one scan (red) and three scans (blue).
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Figure 4. Phase engineering in thick MoTe, with a fs laser. (a) Optical image of a thick flake of MoTe, (~18 nm) after fs laser irradiation
with fluences of 2F,;, (upper panel) and 3F,, (lower panel) for one and three scans. The scale bars are $ gm. (b) Thickness decrease (At) of
MoTe, as a function of fs laser fluence. Inset: Schematic showing the interaction between MoTe, and fs laser. (c) Typical Raman spectra of
thick MoTe, after fs laser irradiation with fluences of 2Fy, and 3F, for different scans. (d) Raman mapping of the intensity ratio of Alg(lT') /
E,l_g for the same sample in (a). The scale bars are 5 ym. (e, f) AFM topography images of the irradiated MoTe, with a laser fluence of (e)
2Fy, and (f) 3F, for one scan. The scale bars are 200 nm. The yellow arrows mark the fs laser polarization. Inset in (f) shows the height
profile along the white dotted line.

decrease at a high fluence of 2F, or 3Fy, (~4 nm or ~5 nm) nm), which can be explained by the effectively affected
for one scan is much larger than that with a fluence of Fy, (~1 thickness (EAT, see yellow region in Figure 4b inset). In our
D https://dx.doi.org/10.1021/acsnano.0c02649
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Figure 5. Effect of fs laser fluence on atomically thin MoTe,. (a, b) Optical images of a few-layer MoTe, sample consisting of a 4L region
(top) and a 2L regions (bottom) (a) before and (b) after irradiation by a fs laser with fluences of Fy, (left square), 2F,, (middle square), and
3F,, (right square). (c, d) Raman spectra of (c) 2L and (d) 4L MoTe, after fs laser irradiation with different fluences. (e) E,I,g intensity
mapping for the same sample in (b). (f) Eig peak intensity and fwhm in 2L and 4L MoTe, as a function of fs laser fluence. (g—1) AFM
topography images of the (g, i, k) 2L region and (h, j, 1) 4L region after fs laser irradiation with a fluence of Fy, (g, h), 2Fy, (i, j), and 3F,, (k,
1). The yellow arrows in (g)—(1) mark the fs laser polarization. The scale bars are 10 ym in (a), (b), and (e) and 200 nm in (g)—(1).

experiment, the Rayleigh length (Zy) of the focused laser beam
(~3.4 pum, see Methods) for a given spot size is much larger
than the MoTe, thickness (~18 nm). Therefore, the laser
fluence varies less than 0.01% when propagating along the
whole depth of 2D layers, and the EAT is mainly determined
by the absorption of the MoTe, layers. When the propagation
distance is 2 orders of magnitude smaller than Z, the
attenuated laser fluence (F) can be estimated using the Beer—
Lambert law:**

F=Fe (1)

where Fy, @, and T are the initial laser fluence, the absorption
coefficient (0.2 nm™" for the laser wavelength centered at 800
nm™’), and the EAT, respectively. Considering the attenuated
fluence passing through one layer is just high enough for layer
removal under the laser fluence of F,;, we obtained

P;he_a(Tl) ~ Zﬁhe—“(Tz) ~ 3P;he_a(T3) (2)

Given T| = 0.7 nm for single layer removal, we extracted the
value of T, & 4 nm and T3 & 6 nm for the fluence of 2F,, and
3F,, respectively, which is in good agreement with our
experimental observation for one scan. Additionally, the
thickness decrease with a high fluence (2F; or 3F,) for
three scans is only about 1 nm larger than that for one scan
(Figure 4b). This observation is clearly different from the

linear scan—depth relationship at a low fluence of F,, which
can be explained by the fs laser-induced surface scattering
effect. The initial scan at a higher laser fluence has a “plowing”
effect, to remove certain thickness and form nanostructures on
MoTe, top layers, while the subsequent scans mainly ablate
those nanostructures on top surfaces due to the scattered laser
light, thereby leading to the reduced ablation depth with more
scans.

Next, we carried out Raman studies on the ablation areas to
monitor the phase change in thick MoTe, (Figure 4c). We
observed similar Raman spectra with 2F;—3F,, for one and
three scans. Except for the Raman peaks from the 2H phase,
two new Raman peaks at 124 and 138 cm™" originating from
the A, band of 1T" phase appear. The phase transition from
2H to 1T’ MoTe, under fs laser irradiation can be explained by
the electronic excitation that results in a structural symmetry
breaking.**”*® This phase transition occurs within sub-
picosecond time scales,* much shorter than that of
accumulated heat by a CW laser for phase transition.”” The
coexistence of 1T’ and 2H phases reveals that the top layers
have been changed to the 1T’ phase, while the bottom layers
remain the 2H phase, leading to a vertical homojunction.® A fs
laser-induced 1T’/2H heterostructure is helpful for studying
the interfacial properties of a MoTe, homojunction and the
ferroelectric properties of 1T’-phase MoTe, on top.'”*” The
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analysis of the full width at half-maximum (fwhm) for the Eég
peak of 2H phase layers (Figure S3d, Supporting Information)
reveals that defects were produced in thick MoTe, after fs laser
irradiation, which increases with the laser fluence. Interestingly,
no oxides, such as TeO,, MoO,, and MoOj;, are detected in
either top 1T’ or bottom 2H layers (Figure S4, Supporting
Information). Raman mapping of the intensity ratio of Ag(lT’)
at 124 cm™' to E%g at 235 cm™! was performed to confirm the
uniform distribution as well as the degree of phase transition in
the fs laser irradiated area (Figure 4d). The A,(1T")/E}, peak
intensity ratios with the fluences of 2Fy, and 3Fy, for one scan
are similar (~1.5), which is higher than that with three scans
(~1).

Moreover, we investigated the surface topographies of the
irradiated area (Figure 4e and f). Different from the randomly
nanoparticle structures formed on MoTe, surfaces with a laser
fluence of 2F, (Figure 4e), we clearly see highly ordered
nanoripple structures on the irradiated area at 3F,, after one
scan (Figure 4f and Figure SSa, Supporting Information). This
suggests that the nanostructure formation is very sensitive to
the laser fluence. The nanoripples represent a period (R) of
about 100 nm and a depth (D) of about 7 nm, corresponding
to a low aspect ratio (D/R) of 0.07. These ripple structures are
well aligned along the direction perpendicular to the incident
laser polarization (yellow arrows). This kind of nanostructure
is called high-spatial-frequency LIPSS, which is frequently
discovered in the fs-laser-processed bulk materials.* Research-
ers have proposed several formation mechanisms for LIPSS,
such as self-organization,*” twinning,** and plasmonic effects,’
which, however, remain in debate. In our case, we proposed a
three-stage model to explain the nanoripple formation in 2D
MoTe,. During the fs laser irradiation of MoTe, layers, the
energy of the fs pulse is first absorbed by the electrons from 2D
layers within a pulse duration and then transferred to the 2D
lattices by electron—phonon relaxation (stage I). The 2D
lattices are heated to the melting point (normally several
picoseconds), followed by the molten plasma expansion and
nanoparticle ejection (stage II). After material ejection, the 2D
lattices are rapidly cooled. During the cooling process, the
reorganization of the molten plasma takes place, which is
attributed to the surface erosion and atomic diffusion effects,*®
thereby leading to nanoripple formation in 2D layers (normally
several microseconds) (stage IIT).”"** It should be noted that
the lasting time of fs laser-induced high temperature for
nanoripple formation is much shorter than the accumulated
heating time by a CW laser to affect the lattice structure.

Effect of fs Laser Fluence on Atomically Thin MoTe,.
As discussed above, we have realized layer thinning, phase
engineering, and nanoripple formation in thick flakes of MoTe,
with controlled fs laser fluences. Can a similar tailoring effects
occur in the atomically thin MoTe,? To answer this question,
we prepared a few-layer MoTe, sample via mechanical
exfoliation from its bulk crystals and then transferring it to a
silicon substrate (Figure Sa). The layer numbers were
determined using optical microscopy and AFM measurements.
The few-layer MoTe, flake in Figure Sa consists of two parts: a
four-layer (4L) region (upper) and a bilayer (2L) region
(lower). The black curves in Figure Sc and d show the Raman
spectra for pristine 2L and 4L, where a strong out-of-plane Bég
model at 289 cm™' is observed. By examining the peak
intensity ratio of B%% to Eég, the number of layers of MoTe, was
further confirmed.

Figure Sb shows optical image of the same sample in Figure
Sa after scanning once with fs laser fluences of Fy, (left square),
2Fy, (middle square), and 3Fy, (right square). Different optical
contrasts observed in three irradiated areas suggest different
thickness change by varying the fs laser fluence. A slight change
in optical contrast is observed in both 2L and 4L regions with
Fy, and 2F,. As the laser fluence is increased to 3F, the
thickness of the 4L region obviously becomes thinner. Now the
optical contrast of 4L is very close to that of pristine 2L, which
indicates that 4L has been thinned to 2L. The similar layer
thinning behavior occurs in the 2L region. According to the
optical contrast, 2L is thinned to be a monolayer after 3F
laser irradiation. Note that the laser fluence required for layer
thinning of few-layer MoTe, (~3Fy) is much higher than that
for a thick flake (~Fy,), revealing a strong thickness-dependent
ablation threshold for layer thinning of layered structures.”

We next performed the Raman studies of few-layer MoTe,
with different fs laser fluences. Figure Sc—e show that all
Raman peaks of the pristine 2L and 4L MoTe, are slightly
decreased with Fy, and 2F,, laser irradiation, but significantly
decreased with a higher fluence of 3Fy,. It has been reported
that the Raman intensity is proportional to the layer thickness
of few-layer MoTe,.”> Thus, the nonlinear decrement of Eég
peak intensity with laser fluence (Figure Sf, left-axis plot)
indicates that the layer removal (or thinning) highly depends
on the laser fluence, consistent with our optical contrast
analysis. We observed the weak Raman signal in the 2L region
even after laser irradiation with a high fluence of 3Fy. This
further confirms that an ultrathin MoTe, layer remains on the
substrate. Different from that occurring in the thick flake, no
Raman peaks of the 1T’ phase appear in the few-layer sample
after 2F, and 3F, laser irradiation (Figure Sc and d). This
suggests that only layer thinning but no phase transition has
been achieved in the few-layer MoTe, with a laser fluence of
no more than 3F,,

As mentioned above, there is a laser threshold that is
required for layer thinning (TH; 1) in MoTe,. It is reasonable
to deduce that there also exists a laser threshold for phase
transition (THpy) in MoTe,. For thick-layer MoTe,, the value
of THpy is about 2F,,, higher than the value of TH; 1 (~Fy). A
similar rule may be applied for the few-layer MoTe,. The value
of THy is increased to ~3Fy, for few-layer MoTe, Thus, it
can be predicted that the value of THpy for few-layer MoTe,
should be higher than 3F,. This explains why no phase change
occurs in few-layer MoTe, with a fluence of 3Fy,. The strong
layer thickness dependence of THpp and THyr can be
attributed to the varying band gap>* and/or nonlinear optical
absorption®® with layer numbers. The fs laser-induced phase
transition process in MoTe, is accompanied with layer
thinning. Assuming we use a fs laser fluence that is higher
than its THpy, it is possible that the layer thinning is
dominated in the few-layer MoTe,. This means that most of
the MoTe, layers could be thinned (or ablated) during the
phase transition, thus making it difficult to realize the phase
transition in a few-layer sample.

Figure Sf (right-axis plot) shows the fwhm of the Eég peak as
a function of laser fluence. The fwhm is slightly increased after
irradiation with a fluence of Fy, and 2F,, which suggests that
the crystallinity is preserved and a few defects on the top layer
start to appear. A sharp increase in fwhm with a fluence of 3Fy,
clearly demonstrates that more defects are generated in
MoTe,. The fs laser-induced defects and layer thinning in
few-layer MoTe, could be correlated to its nonlinear optical
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responses (Figure S6, Supporting Information). Figure S6a
shows the SHG mapping for the same sample in Figure Sb.
After laser irradiation with fluences of Fy and 2F,, an
enhanced SHG signal is observed at some local areas from
both 2L and 4L regions. This reveals that some defects have
been created on 2L and 4L top layers, resulting in crystal
symmetry breaking. The SHG enhancement is more obvious at
the square boundaries (see white arrows in Figure S6a), which
is due to the velocity decrease of the galvanometer scanner
during steering back, leading to laser ablation of more MoTe,
top layers. With increasing the laser fluence to 3Fy, the SHG
signal of the 4L area is strongly suppressed, similar to that of
the pristine 2L area. This indicates that a two-layer thinning is
completed, consistent with optical observation in Figure 5b. In
contrast, the SHG signal of the 2L area after 3Fy laser
irradiation becomes stronger than that without processing. In
combination with the optical and Raman analyses above, it can
be concluded that we have obtained 1L MoTe, via fs laser
thinning. Figure S6b shows the FWM mapping for the few-
layer MoTe, in Figure Sb. It is clear that the FWM signal is
sensitive to the layer thickness change but not the defects.
Overall, the intrinsic nonlinear optical characteristics of MoTe,
have been proved to be an efficient way to identify the defect
distribution and monitor the layer thinning process, efc.

Finally, we analyzed the evolution of surface morphologies
in few-layer MoTe, by varying the fs laser fluence. As shown in
Figure Sg and h, both 2L and 4L areas are still continuous after
a fs laser scan once with a fluence of Fy. When increasing the
laser fluence to 2F, discontinuous but well aligned nano-
ripples are formed on the 2L area (Figure S5i), while the
nanoripple structure is not obvious on the 4L area (Figure 5j).
The discontinuous ripples are perpendicular to the incident
laser polarization (yellow arrows), suggesting a similar
formation mechanism to nanoripples generated on the thick
flake. Figure Sk displays an AFM topography image of 2L
MoTe, after irradiation with a laser fluence of 3F, which
shows that the material is ablated into the randomly
distributed nanosheets. In the 4L region (Figure 5l), we
observed discontinuous but relatively long nanoripples
(marked by white dotted lines), possessing the same
orientation as those in Figure Si. Although well-ordered
nanoripples can be achieved in atomically thin 2D materials,
future work will be focused on the improvement of nanoripple
quality and uniformity by optimizing the fs laser processing
parameters, including scan speed, laser wavelength, pulse
duration, environment, etc.**>° These parameters are also
expected to have important influence on the phase transition
and layer thinning of 2D TMDCs.

CONCLUSIONS

In summary, we have realized fast optical characterization,
laser-by-layer thinning, and phase engineering in MoTe, by a fs
laser with controlled fluences in a single platform. We also have
achieved laser-induced highly ordered subwavelength (~100
nm) nanoripple structures on both thick and few-layer MoTe,.
Our work provides an efficient integration platform for the
simultaneous optical characterization, phase engineering, and
nanomanufacturing of 2D TMDCs. It is expected that this
strategy could be applied to other van der Waals materials,
providing an alternative approach to the design of high-
performance nanoelectronic and nonlinear nanophotonic
devices based on 2D materials.

METHODS

Sample Preparation. 2H-MoTe, flakes with different layer
thicknesses were fabricated by mechanical exfoliation from the bulk
single crystals (2D Semiconductors Inc.) using double-sided Scotch
tape and then transferred to the silicon substrates by a dry transfer
technique. The layer thickness of the sample was characterized by
combined optical microscopy, atomic force microscopy, and Raman
spectroscopy.

Nonlinear Optical Characterizations. A fs laser with a center
wavelength of 800 nm, a pulse duration of 50 fs, and a repetition of 80
MHz was used as the irradiation source. The output beam was split
into two parts, where one passing a combination of a half wave plate
and a polarizer acted as the pump source and the other passed a 12
cm photonic-crystal fiber to generate a white light continuum (WLC)
with a spectral range of 820—1100 nm, serving as the probe source.
The pump and probe beams were collinearly focused on the sample
surfaces by a water immersed objective (1.0S NA, 25X, 2 mm WD)
(Figure S7, Supporting Information). To avoid water contact, we
placed a 0.17 mm thick glass cover on top of the sample, which forms
a thin air gap of ~0.06 mm between MoTe, and the glass cover. The
spot size (wy = 1.22 A/NA) of the focused laser beam is about 0.93
pm in radius, and the Rayleigh length (Z, = zw,/A) is about 3.4 ym.
The nonlinear optical mapping was realized by scanning the beam
with a galvanometer scanner. The SHG and FWM nonlinear optical
signals were collected by two PMTs with different filters inserted. The
SHG signal was generated by the pump laser with a wavelength of 800
nm, where the filter used was 400 + 10 nm. The FWM signal was
generated through the 800 nm pump and the WLC probe, where the
filter of 650 + 40 nm was used. We used the same fs laser for
nonlinear optical characterization and MoTe, processing (i.e., layer
thinning and phase engineering). The scanning speed for fs laser
processing was fixed at 480 um/s, and the line pitch was fixed at 6 nm.

Other Characterizations. Raman measurements were carried out
in a micro Raman system (Renishaw InVia Plus) using a 514 nm laser
with a power of S mW as the excitation source. The Raman spectra
were collected with a 50X objective, with an accumulation time of 2 s.
An AFM (Agilent 5500, CA) system running in tapping mode was
used to measure the surface morphology and 2D layer thicknesses.
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