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ABSTRACT: Active modification and control of transition metal
dichalcogenides (TMDs) properties are highly desirable for next-
generation optoelectronic applications. In particular, controlling
one of the most important characteristics of TMDs—their crystal
structure and symmetry—may open means for manipulating their
optical nonlinearities and electrical transport properties. Here, we B
show that a monolayer ReS,, which does not have a broken § R A A QA A AR,
inversion symmetry due to its stable 1T’-distorted phase and C)W m Wm
correspondingly shows only weak second-harmonic generation

(SHG), can produce a significantly enhanced (~2 orders of

magnitude) SHG upon reversible laser patterning. This enhancement can be explained by the laser-induced transition from
centrosymmetric 1T’ to noncentrosymmetric 2H-phase. This hypothesis is confirmed by polarization-resolved SHG measurements,
which reveal a gradual change from the 2-fold to 6-fold symmetry profiles upon laser patterning. Additionally, we found that laser
patterning of the bilayer ReS, samples, contrary to the monolayers, leads to a substantially reduced SHG signal. This result
corroborates the 1T'-to-2H laser-induced phase transition. Finally, we show that the laser-induced patterning is reversible by heat.
These results open a possibility to actively and reversibly control the crystal structure of mono- and few-layer ReS, and thus its
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optical and electronic properties.
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B INTRODUCTION

Crystal structure and symmetry play an important role in
determining key material properties, such as the electrical
transport behavior and the level of optical nonlinearities.' ™
Many group VI transition metal dichalcogenides (TMDs),
including MoS,, WS,, and WSe,, follow the 2H crystalline
structure in their most stable configuration and thus possess a
broken inversion symmetry in the monolayer form. This leads
to a pronounced second-harmonic generation (SHG) signal
due to the high second-order susceptibility, )((2).5_7 In fact, the
values of ¥ nonlinear coefficient for monolayer MoS, are
among the highest reported to date—up to 107" m/V at 810
nm excitation.”® Therefore, significant research attention is
devoted to studying these nonlinear optical effects.””"”

One way to boost the optical nonlinearity in symmetric
structures, such as multilayer WS, and alike, is through using
the edges of TMD materials, where the inversion symmetry is
broken, either naturally'* or artificially.'>'® Additionally, strain
can be used to break the inversion symmetry and thus to
enhance the SHG.'”*® In a similar manner, strain can be used
to enhance the SHG from symmetric TMD structures.'”™**
Moreover, the even order optical nonlinearity, mechanical
stress, and broken inversion symmetry in monolayer TMDs are
inherently related to the piezoelectric effect, which has been
recently reported for MoS,.”*’

© 2022 The Authors. Published by
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Contrary to the common Mo- and W-containing dichalco-
genides, a monolayer ReS, has a different stable crystallo-
graphic phase, 1T’-distorted, which is centrosymmetric.”*
Thus, no substantial SHG is expected to originate from a
monolayer ReS,.”* Since Re atoms have additional valence
electrons, they form strong covalent bonds between the
neighboring Re atoms. The Re—Re chains cause the distortion
of the crystal structure and thereby provide a distinguished in-
plane anisotropy of the ReS, crystal. This unique in-plane
distortion makes the multilayer ReS, more complicated than
many other TMD materials with no distortion. This complex-
ity affects the interlayer coupling and stacking. Several previous
studies demonstrated that ReS, has a weak interlayer coupling
and a randomly stacked geometry due to in-plane dis-
tortion.”>™* In contrast, several other studies claimed the
layers are coupled and stacked in an orderly fashion as
evidenced by the appearance of interlayer shear and breathing
modes measured by ultralow frequency Raman spectrosco-
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Figure 1. (a) Schematic diagram of the experimental setup for SHG measurements and laser patterning. (b) Spatial SHG map of an unpatterned
monolayer ReS, marked with a white dotted line and an SHG intensity profile analyzed along the dashed line (left, top) and a laser-patterned
monolayer (marked with an orange box) and analyzed SHG intensity profile of the patterned area (right, top). A substantial (~2 orders of
magnitude) enhancement of the SHG is observed for the laser-patterned monolayer. All SHG images are presented in false color. (bottom)
Crystalline structure of the 1T (left) and 2H phases (right). Green dashed lines schematically illustrate formation of Re—Re bonds in ReS,. (c)
Optical microscope image of the mono- and bilayer ReS,. (inset) Gray scale contrast profile relative to the substrate along the dashed—dotted line
profile. (d) SHG spatial map of the unpatterned mono- and bilayer ReS, on a glass substrate. Notice a considerably higher SHG signal from the
bilayer region. (e) Raman spectra of ReS, mono- and bilayer measured at the positions marked with black and pink circles in ¢, respectively. Aglike
and Elike Raman modes are labeled as I and III, respectively.
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Figure 2. (a) Polarization-resolved SHG intensity for laser patterning and spontaneous healing steps that show reversible phase transition from 1T’
to 2H. Filled squares show the experimental data, and solid lines represent theoretical fits using eq 2 in the polar plots. The b-axis of the ReS,
crystal is aligned to the y-axis of the polar plots at 6, = 0. The experimental data was normalized by its maximum value. (b) Integrated SHG
intensity as a function of a number of patterning and healing steps for the ReS, monolayer, obtained from data in a. (c—e) SHG spatial maps
(recorded without a polarizer and a 1/2 plate) of unpatterned (c), laser-patterned (d), and healed (e) monolayer ReS,, respectively. The SHG
intensity was analyzed along the dashed line (the monolayer is marked with white dotted lines).

py-°~** Furthermore, each stacking order (AA and AB) has SHG signal is strongly dependent on the number of layers in a
different optical properties and carrier dynamics.** few-layer ReS, sample. The even number of layers was
To date, only a few studies reported SHG from mono- and reported to provide a much stronger SHG signal than the odd
multilayers of ReS,. Specifically, Song et al.** observed that the number of layers, due to the broken inversion symmetry of the
519 https://doi.org/10.1021/acsphotonics.1c01358
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Figure 3. (a) Polarization-resolved SHG intensity for laser patterning and spontaneous healing steps that shows reversible phase transition from
1T’ to 2H. Filled squares show the experimental data, and solid lines represent theoretical fits using eq 2 in the polar plots. The b-axis of the ReS,
crystal is aligned to the y-axis of the polar plots at 6, = 0. The experimental data was normalized by its maximum value. (b) Integrated SHG
intensity as a function of a number of patterning and healing steps for the ReS, bilayer, obtained from data in a. (c—e) SHG spatial mapping images
(recorded without a polarizer and a A/2 plate) of unpatterned (c), laser-patterned (d), and healed (e) bilayer ReS,, respectively, and the SHG
intensity is analyzed along the dash line (the laser-patterned bilayer is marked by orange lines).

corresponding multilayers.”* Contrary to that, Dhakal et al.
reported no evident even—odd number effect but instead
observed a monotonic increase of the SHG signal with
increasing number of layers.”> However, none of these works
reported a reversible laser-induced phase changes in ReS, as
we study here.

Laser-induced modifications of a TMD crystal structure and
topology were reported Opreviously, especially in relation to
MoTe, *"* and MoS,."" However, these changes were not
reversible, because of the permanent dama§e of the material
through layer-by-layer laser ablation.’*™*” Additionally, a
modification of TMDs crystal structure can be achieved by
chemical means, for instance, by electron donation from
lithium during intercalation when it is exposed to n-butyl
lithium,*'~**

Here, we show that mono- and bilayer ReS, can experience
reversible laser-induced crystal structure changes as evidenced
by the substantial boosting (~2 orders of magnitude) or
reduction (also ~2 orders of magnitude) of the SHG signal,
respectively (see Figure 1b). These changes can be explained
by transition from the 1T’-distorted to 2H-phase, which is
confirmed both by the strength of the SHG signal and the
polarization analysis of the SHG emission. These findings open
new possibilities for active control of the crystal structure of
2D materials and their heterostructures and therefore their
optical and electronic properties. As an outlook, we envision a
reversible metal-to-insulator transition induced by this process.

B RESULTS AND DISCUSSION

In our experiments, two different types of SHG detection was
used: (i) total and (ii) polarization-resolved. In both cases, the
samples were excited by a linearly polarized 1040 nm laser
beam. The difference between the measurements was that in
case ii the excitation and detection were performed through a
linear polarizer and installed between the objective and the
dichroic mirror; moreover, a half-wave (4/2) plate was
additionally installed in order to rotate the polarization of
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the incident laser beam with respect to the ReS, flake. In case i,
neither the A/2 plate nor the polarizer was used. The first type
of detection was used in experiments shown in, e.g.,, Figure
1b,d, while the second type was used in experiments shown in
Figures 2a,b and 3a,b. We thus separate the discussion of the
results into two parts, in accordance with the measurement
e.

Total SHG Intensity Measurements. We start with a
monolayer ReS, flake illuminated by a femtosecond laser beam
at a wavelength of 1040 nm. The SHG signal is collected at
520 nm, as shown in Figure la (see Methods for details of
sample preparation). To prove the signal is indeed due to
SHG, we performed several laser power-dependent measure-
ments and obtained a slope ~2 in the log—log scaled SHG
intensity vs laser power plot (Figure S1). Furthermore, we
observed almost no SHG signal from the monolayer ReS,, but
a significant SHG could be seen from the bilayer ReS, located
nearby (Figure 1d). We interpret this as being due to the
centrosymmetric and noncentrosymmetric crystal structure of
the monolayer and bilayer, respectively (Figure 1b—d). This
even—odd number effect is consistent with observations of
Song et al.**

Despite the fact the monolayer ReS, showed only a very
weak SHG signal initially, we observed that by exposing it to a
femtosecond laser beam at an elevated laser intensity and for
an extended period of time (see Methods), the SHG intensity
can be boosted nearly 2 orders of magnitude (see top panel in
Figure 1b). Such an increase in the SHG signal may be
attributed to a change in the crystal structure of the ReS,
monolayer—from the initial centrosymmetric structure to the
one with the broken inversion symmetry after the laser
exposure. A specific example of such a crystal structure change
could be a transition from the centrosymmetric 1T’ phase to
noncentrosymmetric 2H-phase (Figure 1b). For simplicity of
visualization, in Figure 1b, the phase transition is illustrated as
if it was occurring from the undistorted 1T’ to 2H phase
(instead of the more realistic distorted 1T’, which is the stable
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phase of ReS,). The formation of Re—Re bonds due to the
extra valence electrons of the Re atoms is schematically shown
by dashed green lines in the crystal structure.

Optical image of the mechanically exfoliated mono- and
bilayer ReS, flakes on a glass substrate is shown in Figure 1c
and a corresponding SHG spatial map in Figure 1d. The inset
in Figure lc presents the profile analysis of the gray scale
contrast of the flakes with respect to the substrate. This data
offers a simple means to determine the thickness through
optical contrast. The mono- and bilayer nature of the ReS,
flakes was further confirmed by Raman spectroscopy, Figure
le.*® In Raman spectra, the peak position differences between
an E,like mode (IIT) and an A,like mode (I) are increasing
with the increasing number of layers, which is consistent with
the AB-stacked (anisotropically stacked) ReS,.”” Furthermore,
the anisotropic stacking has a broken inversion symmetry for
even number of layers and hence should be SHG-active, which
agrees with our SHG data for the bilayer (see Figure 1d). An
alternative AA—(isotropic) stacking of ReS, has an inversion
symmetry for an even number of layers and hence should be
SHG-inactive. This regime is not observed in our samples, for
which reason we conclude that we deal with the AB-
(anisotropically) stacked 1T’-distorted phase of ReS,.

Polarization-Resolved Measurements. The SHG spec-
troscopy is an efficient way to investigate the crystalline
structure of a material since it features strong polarization
dependence with small alterations in the atomic lattice. To
investigate the reversible phase changes by laser patterning,
polarization-resolved SHG measurements were performed for
both mono- and bilayer ReS, (additional Raman spectra for
unpatterned and laser-patterned ReS, monolayers are shown in
the SI Figure S2). This was done by rotating the A/2 plate
installed in front of the objective lens as shown in Figure la.
The optical setup allows us to control the polarization of the
incident laser beam (1040 nm) and collect the SHG signal
(520 nm) in reflection mode through the same 4/2 plate and
polarizer (with polarization parallel to the incident laser beam).
In all polarization-resolved SHG measurements, only the
parallel-polarized SHG was collected (Ilg). The angle-
averaged polarization-resolved SHG signal (Figures 2b and
3b) was obtained by integrating the corresponding polar-
ization-dependent plots (Figures 2a and 3a) over all polar-
ization directions, which ensures averaging out any orientation-
related effects.

Polarization-resolved SHG measurements provide invaluable
information, which is directly linked to the crystalline structure
of the flake. In our case, the polarization-resolved data
indicates a laser-induced modification of the crystalline
structure of ReS, monolayer (Figure 2a). At first, the SHG
measurement was performed on an unpatterned monolayer in
polarization-resolved (Figure 2a) and subsequently integrated
SHG intensity manner (Figure 2b). It was reported previously
that a monolayer ReS, is centrosymmetric and hence SHG
inactive.”* Thus, the polar plot for the unpatterned monolayer
could not be obtained (nearly no signal detected). Second, the
flake was exposed to the focused 1040 nm laser beam at an
elevated (0.8 mW) power. The patterning was performed in a
step-like manner by scanning the beam across the sample at a
rate of S0 nm/step using a piezo stage (the beam diameter was
~1 um, each step was approximately 50 nm—much smaller
than the beam diameter). At each patterning step, the beam
was parked at a certain location for 200 ms. Overlapping of the
sequential patterning steps allows to induce a phase transition
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over a predefined area in a homogeneous manner. The
patterning parameters were optimized to ensure no permanent
damage of the sample. After each patterning of a predefined
area, a polarization-resolved SHG measurement (at low laser
power) was performed (from that predefined area) to
continuously monitor the phase transition behavior (see
Figure la). The details of measurements and analysis are
given in the Supporting Information (Figure S3).

In our measurements, a gradual evolution of polar plots from
2-fold-like to 6-fold-like symmetry profiles is observed (Figure
2a). After a three-time repetitive patterning of the same area, a
nearly perfect 6-fold symmetry profile was obtained, which is
the characteristic polarization profile of the 2H-phase. These
results show that (i) a phase modification of the monolayer
ReS, is possible by laser patterning and (ii) more interestingly
such patterning can boost the SHG intensity due to the
centrosymmetric to noncentrosymmetric structure transition.

A similar phase transition was previously observed for
multilayers of MoTe, upon laser irradiation,””*" however, in
these studies the patterning was based on an irreversible
process—a laser ablation of a top layer(s) in a multilayer flake.
Previously, a polarization-dependent SHG intensity variation
collected from a monolayer ReS, has been also reported.*® The
signal exhibited a butterfly like pattern in the polar plots,
similar to our observations in healing steps (Figure 2a).

In order to demonstrate that the phase transition is
reversible in our case, the samples have been left undisturbed
in dark at room temperature for several days. This resulted in
spontaneous “healing” of the sample, which was also
monitored by polarization-resolved SHG measurements
(Figure 2a) and by integrated SHG intensity changes (Figure
2b). The recovery of the 1T -phase pattern in the polar plots
and the integral SHG intensity reduction prove that the phase
of the patterned ReS, changes back from the 2H to the more
stable 1T’. Although this recovery process was rather slow at
room temperature (the process took several days, Figure 2), it
could be significantly accelerated by heating (see Figure S4).

Similar to the monolayer, we have also studied the effect of
laser patterning on the phase modification of a bilayer ReS,. As
mentioned above, the unpatterned bilayer has a non-
centrosymmetric structure (for AB stacking). Thus, it showed
an intense SHG signal (Figure 1d), which followed a 2-fold
symmetry in its polarization-resolved profile as expected for the
1T’-phase (Figure 3a).”**® The maximum SHG intensity was
obtained when the incident light was polarized parallel to the
b-axis of the crystal, which corresponds to the distortion along
the Re—Re chain (Figure 3a). By applying the same laser
patterning procedure as for the monolayer case, the bilayer
ReS, can also be patterned. Unlike the monolayer case,
however, the SHG intensity of the laser-patterned bilayer
decreased significantly (~2 orders of magnitude) (Figure 3b,d).
We performed three patterning steps and recorded the
corresponding polarization-resolved SHG data in each step.
The reduction of the SHG signal implies the phase
modification toward the centrosymmetric structure, which
could be a 2H-phase of an AB-stacked bilayer. This hypothesis
is in agreement with the 1T’-to-2H transition of the monolayer
discussed in Figure 2. The reversibility of the phase transition
was also monitored systematically by the polarization-resolved
SHG measurements. It is worth mentioning that the
spontaneous healing of the bilayer (back to the 1T’ phase)
is much faster than for the monolayer ReS,. While the
monolayer healing took several days at room temperature, it
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took just a few hours for the bilayer ReS,. However, it is also
worth mentioning that the healing of both the patterned
mono- and bilayer ReS, did not result in a full recovery.
Instead, only about 85% recovery (counted as total SHG
signal) was observed during the spontaneous healing process at
room temperature (Figures 2e and 3e). Heating the samples
can speed up the recovery and, additionally, lead to the
recovery of as much as ~95% of the original SHG signal. This
result was obtained by a three-step heating of the laser-
patterned ReS, flake with different temperatures 100, 150, and
200 °C (an hour for each step) (Figure S4).

Analysis of the Nonlinear Tensors. Next, we analyze the
)(,(]i) nonlinear tensor components. This is done by fitting the
measured polarization-dependent SHG intensity for each laser
patterning and healing steps for both mono- and bilayer ReS,
flakes. It is important to confirm the occurrence of crystal
structure modification by studying the relative changes of the
7? tensors, as these are directly related to the crystalline
structure and its symmetry. Therefore, the expected laser-
induced 1T'-to-2H Phase transition should be directly seen in
variation of the y'¥ tensor component(s), which can be
monitored by polarization-resolved SHG.

In our further analysis, we set x and y axes to lie in-plane,
while z axis perpendicular to the plane of the flake.
Furthermore, for simplicity we neglect any out-of-plane
contributions to the nonlinear polarization.”* The SHG
intensity for a certain in-plane orientation of the incident
linear polarization with respect to the principal axis of the
second-order nonlinear tensor (given by angle 0) is expressed
in terms of ;((2)-tensor components and trigonometric
functions of 6. The general expression is rather complicated,
but it can be substantially simplified, assuming the Kleinman’s
symmetry conditions: )(,(C,ZCJ), = )(,(;; = )(;i,)c and )(gy) = )(ﬁ,zcy) = )(f,yz,z
Kleinman’s symmetry is assumed when the excitation
frequency is smaller than the lowest absorption frequency of
the material,” implying it could be applicable in our case, since
the excitation wavelength (1040 nm) is longer than the A-
exciton resonance wavelength of ReS, (~800 nm).

The total SHG intensity is given as a sum of L and ||
channels, with orientations determined with respect to the
original laser polarization: I (0) = Iiug(0) + Ilg(6) . This
expression for the total SHG intensity can be used to describe
our observations in Figure 1. The corresponding intensity
components are given by

ISLHG(G) =|- )(x(jz cos” 6 sin 0

+ )((2)(cos3 0 — sin 20 sin 0)

XXy
+ )(nyzy)(cos fsin 20 — sin’ )

) o5 0 sin” O

t Xy (1)
and
hia(0) = '%ffﬁ cos> 0 + 3%%) cos® 0 sin 0
2) .2 ) .. 32
+ 3)(xyy cos 0 sin” @ + X,y $in ol @)

Note that the polarization-resolved SHG intensities,
recorded in Figures 2a and 3a, were fitted by eq 2. The fits
are shown as continuous lines in both figures and are in good
agreement with the experimental data. The corresponding P
tensor components and their evolution with patterning and
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healing steps are shown in the SI (see Supplementary Tables
S1 and S2 and Figure SS) for both the ReS, mono- and bilayer.
Overall, the tensor components systematically follow pattering
and healing steps and reproduce the polarization-resolved
profiles for both monolayer and bilayer cases. Additional
details about the fitting procedure are provided in the SL
Additional examples of polarization-resolved experiments,
which reproduce the observations in Figures 2 and 3 are
shown in Figures S6 and S7 for the mono- and bilayer cases,
respectively.

Notice that upon imposing additional symmetry require-
ments on the tensor components, such as 72 = )(,(;J), =0 and
)(}(,;y) = —)(%),, which hold for the Dy, symmetry,”****we obtain
a 6-fold polar plot, that is typical for 2H-phase TMD
monolayers:

1l,.(0)  sin” 36 (3)

A similar 6-fold-like polar plot was observed experimentally
in Figure 2a, after three patterning steps, confirming that laser-
induced patterning of the monolayer ReS, leads to a 1T’-to-2H
transition. This observation also speaks against alternative
scenarios of SHG enhancement, for example, related to laser-
induced stress (e.g, bubble formation and deposition of
impurities) or photodamage of the substrate.

We note that in all equations above, one should additionally
consider an unknown orientation of the laboratory frame with
respect to the ReS, crystal frame. In the fits this was done by
exchanging: 8 — 6 — 6, where 6, is this unknown orientation.
It is important to mention that the fits for both mono- and
bilayer samples resulted in nearly identical values of 6§, &~ 55 +
3°, which agrees with the fact that both mono- and bilayer
samples were exfoliated from the same ReS, flake. This result
further validates our fitting procedure.

Finally, we would like to note that the total SHG intensity,
I1556(0), described by the sum of eq 1 and 2, should be able to
match the ~2 orders of magnitude boosting (reduction) in the
SHG signal upon laser patterning of monolayer (bilayer)
samples. These data are shown in Figures 2c—e and 3c—e for
monolayer and bilayer cases, respectively. The integrated Il
shown in Figures 2b and 3b, however, shows a smaller level of
boosting and reduction than the unpolarized data. This is
especially evident for the bilayer case (compare Figure 3b with
c—e). In an attempt to explain this discrepancy, in Figure S8
we plot a simulated angle-de%)endent 1lc(0) and IE6(0), as
well as I (6) with typical ¥'¥ parameters extracted from the
polarization-resolved fits. These plots allow estimation of the
relative difference between Il;c(0) and Ic(6), despite the
fact that I§yc(0) was not measured in our experiments. The
results are such that for the monolayer case the angle-averaged
Il is on the order of 1/2 of Iis, while for the bilayer case
the polarized and total signals are almost the same. This
implies that the discrepancy between the total and polar-
ization-resolved signal cannot be explained solely by the use of
polarization optics. Instead, a possible explanation could
involve contributions from out-of-plane, z, )((2) tensor
components, which we have ignored in this analysis for the
sake of simplicity. Since in experiments we used an 40X NA =
0.95 air objective, the contribution of the out-of-plane tensor
components to the SHG signal might be non-negligible.
However, a quantitative account of this possibility goes outside
of the scope of this study.

Mechanism of Laser-Induced Crystal Structure Mod-
ification. To shed light on the mechanism behind the laser-
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Figure 4. (a) Time evolution of the SHG signal intensity of monolayer ReS, with different excitation power at 1040 nm in log—log scale. The signal
at each laser power was collected by parking a focused laser beam at a certain location on the flake and monitoring the SHG(t), as the 1T'-to-2H
phase transition proceeds. Several laser intensities were used at different locations of the same monolayer flake to monitor the power dependence of
the patterning process. (b) Log—log plot of the SHG growth rate vs laser power, showing the slope of 4.3 & 0.3, which indicates a highly nonlinear

origin of the transition. Error bars are smaller than the symbol size.

induced reversible phase transition, we performed several
control experiments. Our general hypothesis was that the laser-
induced changes can be either due to nonequilibrium thermal
effects or photoinduced. We note that no change in a crystal
structure in either a monolayer or bilayer ReS, could be
initiated by a homogeneous (adiabatic) heating of the samples
by a hot plate. This suggests that if the laser-induced crystal
structure modification is due to a thermal effect, then this
thermal effect must be nonhomogeneous and nonadiabatic.
Moreover, we note that in a net result no reversed 2H-to-1T’
crystal structure change could be induced by the laser
(although the laser contribution to the reversed process is
hard to isolate with certainty, since the laser may have two
effects—electronic excitation and nonequilibrium heating).
This observation implies that the hypothetical nonadiabatic
thermal effect is only able to switch the crystal structure in the
direction of 1T’ — 2H, but not in the reversed 2H — 1T’
direction. Such a unidirectional laser-induced crystal structure
change can also be consistently explained by a photochemical
process involving an asymmetric excited state, which is typical
for photoisomerization of organic molecules.””**

Since several earlier studies mainly focused on thermal
effects in multilayer MoTe,,***° we verified the role of a
substrate in the patterning process. Specifically, we used a Si/
SiO, substrate to increase the heat dissipation. These
experiments showed that the monolayer patterning on the
Si/SiO, substrate was possible but it required higher laser
powers and longer exposure times to modify the crystal
structure (see Figure S9). Since silicon substrates generally
have a higher heat dissipation than glass, these experiments
indicate that the laser-induced phase modification might be
due to a nonadiabatic thermal process (however, as we show
below, a photoinduced scenario is more likely).

In addition to thermal conductivity, the role of a substrate
can be in providing different roughness and ReS, adhesion
conditions. Thus, the atomic displacement required for the
phase change can be potentially inhibited or sped up,
depending on the substrate. Leftovers of a polydimethylsilox-
ane (PDMS) stamp used for the flake transfer can also affect
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the switching process. These effects are common for both
thermal and photophysical routes.

To elucidate the power-dependent nature of the laser
patterning process, we recorded a series of time-dependent
SHG(t) signals as the focused laser beam was parked at a
certain position on the monolayer. The laser power was
adjusted such that we could both induce phase transition and
record SHG signal simultaneously. This procedure was
repeated several times with increasing laser power, each time
starting from a fresh unpatterned region of the monolayer.
This data is shown in Figure 4. We fit the observed SHG(%) to
an exponential growth function and analyzed the resulting
time-constants (y) as a function of laser power. The resulting
enhancement rate showed a nearly 4-power dependence on the
laser intensity, suggesting that the process is highly nonlinear
and a multiple photon absorption is responsible for the
observed 1T'-to-2H phase transition in monolayer ReS,. This
observation is supported by the fact that the linear absorption
of ReS, in the 1040 nm spectral range is low (since the energy
of a laser photon is below ReS, bandgap). The remarkable
nonlinearity of the laser-induced process suggests that on the
one hand, the 2H-phase regions might be localized to
subdiffraction spots within any diffraction limited 1040 nm
laser spots, and on the other, that a UV light would be able to
switch the crystalline phase of ReS, in a more linear fashion,
that is, without a need for intense femtosecond laser pulses.
The latter additionally rules out the nonadiabatic heating
scenario. To verify this hypothesis, we exposed a ReS,
monolayer on a glass substrate to a broadband LED source
combined with a long-pass filter, such that wavelengths below
488 nm were reflected toward the sample and focused on it by
a 20X (NA = 0.4S5) objective. The power at the sample was
170 mW. The illumination wavelength range was restricted to
~400—488 nm, and the integrated power was measured over
the entire spectral range right after the microscope objective.
After 6.5 h of illumination, the SHG spatial mapping has been
performed again and a substantial increase in the SHG signal
intensity was observed. The data is shown in Figure S10. These
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Before

Healed

Figure S. (a) SHG image of unpatterned monolayer ReS, flake. (b) Smiley face created by boosting the SHG signal using laser patterning. (c)
“Erased” image on the same monolayer ReS,, recorded after several days of spontaneous healing at room temperature. Images a—c were obtained
under the same experimental conditions, and thus, the SHG intensities can be directly compared.

observations provide further evidence for the photoinduced
nature of the observed 1T’-to-2H transition.

We note that a physical damage or permanent chemical
bond breaking is unlikely during the crystal structure
modification in our experiments (as is evident from the
reversible nature of these changes). Thus, the laser-induced
patterning can be safely applied to a few layer of ReS,. To
achieve a similar patterning of thicker multilayer flakes,
however, either a higher laser power or longer exposure
times are needed, as modifications of all layers are required.
Such an increased laser power or exposure time may
potentially lead to a permanent damage of the layer(s) in a
multilayer ReS, structure, as was observed in MoTe, multilayer
systems previously.”® ** To avoid this problem, we have
limited ourselves to experiments with mono- and bilayers of
ReS, in this work.

A highly nonlinear reversible phase transition of ReS,
monolayers and bilayers discussed here can be of potential
interest for future applications. One possibility that we
explored further was “writing” the SHG-encoded information
by laser patterning and subsequently erasing this information
by either a spontaneous healing or adiabatic heating. By using a
piezo stage, we can control the position of the ReS, flake with
respect to the focused laser beam (diameter ~1 ym) with a
subwavelength precision. To exemplify this process, we
encoded a prototypical image—a smiley face—and “wrote” it
by laser-induced patterning on the monolayer ReS,. This
enhanced the SHG signal from the monolayer only in the
exposed areas, producing the SHG contrast due to the 1T'-to-
2H phase transition (see Figure 5). The image can be
subsequently erased by spontaneous healing or adiabatic
heating due to reversed 2H-to-1T’ transition. This type of
writing and erasing procedure can be applied multiple times to
the same samples both in monolayer and bilayer forms. Such
laser-induced patterning can be of potential interest not only
for monolayer/bilayer ReS, but also for van der Waals
heterostructures of this material with other members of the
TMD family and beyond.

B CONCLUSION

In summary, we have studied a reversible laser-induced phase
transition from 1T’-distorted to 2H phase for the mono- and
bilayer ReS,. Since the ReS, monolayer is centrosymmetric, the
observed SHG intensity was very low. However, the SHG can
be significantly boosted (~2 orders of magnitude) by laser
patterning. The behavior is opposite for the bilayer ReS,,
which is noncentrosymmetric in the unpatterned form. Upon
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laser patterning, the bilayer switched to the centrosymmetric
2H phase and the SHG signal was correspondingly reduced
(also ~2 orders of magnitude). This laser-induced 1T’-to-2H
phase transition was monitored by polarization-resolved SHG
measurements, which is a powerful method to directly visualize
changes in a crystal structure. We showed that the observed
laser-induced phase transition was reversible and the healing
process could be sped up by heat. The reversed process was
also investigated by polarization-resolved SHG, and the
symmetry profiles were obtained for each healing steps. It is
widely accepted, that the optical and electronic properties of
TMD materials are very important for a broad range of
applications.”” In this work we showed that an active control of
these properties is possible by reversible and highly nonlinear
laser patterning of ReS,. More generally, these results offer new
ways for active manipulation of 2D materials and their
heterostructures by light.

B METHODS

Sample Preparation. Samples were prepared on a thin
microscope glass (170 um) coverslips. The glass coverslips
were cleaned in acetone and isopropanol at 60 °C in an
ultrasonicator, dried by a stream of compressed nitrogen, and
followed by oxygen plasma cleaning. Mono- and few-layer ReS,
flakes were mechanically exfoliated from bulk crystals (HQ-
graphene) onto polydimethylsiloxane (PDMS) stamps using
the scotch-tape method and then transferred onto clean glass
substrates using the all-dry transfer method.”® The thicknesses
of transferred ReS, flakes were determined using scanning
probe microscopy (SPM, Bruker Dimension 3100).

Raman Spectroscopy. Raman spectra were collected in a
backscattering geometry using a commercial Raman micro-
scope (WITec alpha300R), equipped with a 100X air objective
(NA = 0.9), under a A, = 532 nm continuous-wave laser
excitation. Optical bright-field images were recorded using the
same commercial microscope setup.

SHG Measurements. SHG measurements were performed
using a home-built microscope coupled to a tunable (690—
1040 nm) Ti:sapphire femtosecond laser (MaiTai HP-
Newport Spectra-Physics) with a ~100 fs pulse duration and
80 MHz repetition rate as shown in Figure la. The excitation
wavelength was set to 1040 nm, which provides optimal
conditions for SHG of ReS,. The fundamental laser beam was
directed to the sample by passing through a dichroic mirror
(Semrock, FF775-Di01-25 X 36), broadband linear polarizer
(Thorlabs, WP25M-UB) and A/2 wave plate (Thorlabs,
SAHWPOSM-700), respectively. Then, the beam was focused
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on the sample mounted on the piezo stage (Mad City
Laboratories, Nano-LP200) using a 40X microscope objective
(Nikon, NA = 0.95) with a spherical aberration correction ring
to reduce the deterioration of the image due to the finite cover
glass thickness. The SHG signal was collected following the
same optical path and separated from the fundamental beam
by a dichroic mirror and a short pass filter (Semrock, FFO1-
720/SP-25). The signal was then focused onto the entrance of
a 50 um multimode fiber coupled to either a spectrometer
(Andor 500i, equipped with Newton 920 CCD camera) or an
avalanche photodiode (APD, IDQ, ID100 Visible Single-
Photon Detector) in order to perform the SHG mapping. The
piezo stage was set to the 0.4 nm accuracy in the steps and
SHG counts were detected by the avalanche photodiode
(APD). For polarization-dependent SHG measurements, the
linear polarizer was fixed to the polarization of the incident
laser and the A/2 wave plate was rotated by 5° every step
(every step, thus, rotated the polarization of the fundamental
beam by 10°). For each polarization, a spatial SHG mapping
was performed. The images were then analyzed to obtain the
polarization-resolved SHG data.
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