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ABSTRACT

The most prominent form of nonlinear optical (NLO) frequency conversion is second harmonic generation (SHG), where incident light
interacts with a nonlinear medium producing photons at double the input frequency, which has vast applications in material and biomedical
science. Emerging two-dimensional nonlinear optical materials led by transition metal dichalcogenides (TMDs) have fascinating optical and
mechanical properties and are highly anticipated to overcome the technical limitations imposed by traditional bulky NLO materials.
However, the atomic scale interaction length and low conversion efficiency in TMD materials prevent their further implementation in NLO
applications. While some uniaxial strain-engineering studies intensively investigated the anisotropic SHG response in TMDs, they did not
realize giant SHG enhancement by exploiting the opto-mechanical characteristics. Herein, we employ proton (H™) irradiation to successfully
fabricate large pressurized monolayer TMD domes (d > 10 um) and conduct a comprehensive investigation and characterization of their
SHG performance enhancement. We show that the intensity of SHG is effectively enhanced by around two orders of magnitude at room tem-
perature. Such giant enhancement arises from the distinct separation distance induced by capped pressurized gas and the hemi-spherical
morphology, enabling constructive optical interference. Moreover, the unique divergent strain field in TMD domes promotes the first experi-
mental study on the anisotropic nonlinear optical behavior based on biaxial strain conditions in terms of varying strain orientation and rela-
tive weights. Our work demonstrates a promising system with enhanced NLO performance and well-preserved biocompatibility, paving a
way toward the future nano-scaled quantum optics design and biomedical applications.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0144641

INTRODUCTION frequency doubling of a light wave. Such a strong nonlinear frequency
conversion process has paramount importance for applications,
including light generation, quantum photonics, optical signal process-
ing, and imaging.' ~ Furthermore, SHG is frequently utilized to iden-

6,7

Materials with broken inversion symmetry possess a non-
vanishing second-order nonlinear optical susceptibility, x(()z). When
these materials are exposed to an intense optical pump, they can give
rise to strong second-harmonic generation (SHG), resulting in the tify material properties, such as crystal symmetry, band structure,
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lattice orientation,”” polar domains and magnetic ordering,m surfaces,
and quantum interference."" On the other hand, due to the weak pho-
ton—photon interactions in traditional nonlinear optical (NLO) materi-
als, the high SHG output heavily relies on large pumping power, bulky
interaction volumes, and proper phase-matching conditions. This
becomes the substantial challenge in miniaturized nonlinear optical
devices for future applications. The emergence of two-dimensional non-
linear materials is anticipated to provide the solution for novel nonlin-
ear optics to overcome the technical limit imposed by traditional NLO
materials. One of the most outstanding candidates is transition metal
dichalcogenides (TMD) of the form MX, (M =Mo, W and X=S§, Se).
As one transition metal atom is sandwiched between two layers of chal-
cogen atoms in each monolayer TMD crystal, broken inversion symme-
try only exists in TMD crystals having an odd number of layers, which
leads to a large second-order susceptibility Xéz) and strong SHG intensi-
ties at the atomic thickness level.”> ' In addition, TMD films also pos-
sess remarkable mechanical flexibility and robustness, enabling them to
withstand large stretching and mechanical deformation,'® " and have
great potential for flexible optical devices.

Currently, one of the primary barriers in the practical appli-
cation of TMD materials’ SHG capability is the atomically thin
light-matter interaction length scale, resulting in low conversion effi-
ciency. The common approaches for enhancing SHG intensity
heavily rely upon external hardware setups including photonic crys-
tal resonators’’ >* and external voltage modulation,”>** which have
limited applicability due to tedious sample preparation and fabrica-
tion processes. In contrast, strain-engineering techniques can effec-
tively manipulate optical properties and bring novel features,”*
including strain induced bandgap modulation,”””* exciton funneling
effects,'® and single photon emission.””** While some work claimed
heavy SHG emission quenching caused by applied strain,”"" a pre-
vious report using a wrinkling technique achieved moderate
enhancement in SHG emssion,”’ meaning strain has adverse effects
on SHG emission. At the same time, previous strain engineering
approaches primarily focused on the anisotropic SH response under
uniaxial strain,”*”°* instead of SHG enhancement. This condition
appears to imply that traditional strain engineering fails to capitalize
on the mechanical features of TMD materials and their resulting
SHG performance.

In this work, we successfully fabricate pressurized monolayer
TMD domes with radii up to a few micro-meters and conduct com-
prehensive SHG measurements. The hemi-spherical geometry of
domes and large internal gas pressure effectively improve SHG emis-
sion with two orders of magnitude at room temperature and one order
of magnitude enhancement at —190°C, compared to the unstrained
TMD monolayer flakes in the C exciton peak range. Moreover, taking
advantage of enhanced SHG responses and unique diverging strain
field in TMD domes, we first experimentally investigate and reveal the
influence of biaxial strain on the anisotropic SHG response. The minor
evolution of the lattice distortion caused by biaxial strain in various
magnitudes and directions is clearly probed via polarization resolved
SHG, and corresponding anisotropic responses are clearly depicted in
SHG polar plots. According to our work, we believe TMD domes
exhibiting extraordinary SHG emission will become promising candi-
dates for future nonlinear optical devices and biomedical imaging and
sensing devices.

pubs.aip.org/aip/are

RESULTS AND DISCUSSION
SHG mechanism in dome structures

In this work, the dome formation was achieved by the proton
(H") irradiation method. By being accelerated by an electric field, pro-
tons penetrate the top few layers of TMD flakes and subsequently
reduce to hydrogen gas, trapped beneath the flake’s uppermost few
layers.” The competition between interlayer adhesion energy, elastic
energy of the TMD film, and pressure of the capped gas reaches an
equilibrium state, forming stable domes [Fig. 1(2)]*>°° that have a uni-
versal shape and endure for a very long time without any structural
changes.””** This method allows domes to range in sizes from a few to
dozens of micrometers, making it possible to conduct SHG measure-
ments on domes as well as other far field optical studies.””*’ As TMD
domes would serve as the local suspension, those with an odd number
of layers would become the nonlinear optical emitters grown on the
bulk flake [Fig. 1(b)]. By conducting SHG mapping measurements on
the dome samples, we found that most domes are monolayer as they
have strong SHG emission compared to the bulk flake.

For different dome sizes, the strongest emission zones are not
consistently found at the center. This fact could be explained as optical
interference occurred within the dome structure. When the funda-
mental light (near infrared light source 4) strikes on the dome surface,
a portion of the fundamental light would interact with the TMD
monolayer and convert into the backward SHG emission (4/2) from
the dome surface and forward SHG light emitted from the inner side
of the TMD film. Simultaneously, the forward SHG and the remainder
of fundamental light would impinge on the upper surface of bulk flake
and get reflected, and then the reflected forward SHG would pass
through the monolayer film while the reflected fundamental light will
strike the film again and generate another forward SHG in the upward
direction. During the process, if the height (/) between any site on the
dome surface and the bottom can be converted to the path length dif-
ference equal to an odd multiple of A,mp/4, all these SHG light waves
would be in phase and undergo the constructive interference, generat-
ing a strong local emission [Fig. 1(c)]. In order to confirm this, AFM
and SHG mapping measurements were performed on 3 individual
domes which vary in size and intensity patterns [Fig. 1(d)]. Through
extraction and comparison of the height and SHG intensity profiles of
these domes, we found that these domes share a common aspect ratio
(W/R=0.18),” and the bright fringes can only exist when the domes’
height exceeds around 160 nm. For the optical pattern of dome 1, the
largest SHG is located at the center of the dome, as the height of dome
1 nears 160 nm. For those domes gradually larger than dome 1, the
largest SHG emission area would transform from the central point to
bright round fringes, with the relocation from the dome center to the
location with separation heights of around 160 nm. The greatest SHG
emission site would return to the center of the dome as the dome
height increased, as was the case with dome 3 (whose height reached
260nm). To determine the link between SHG intensity and dome
height, the SHG intensity at the summit of many domes was extracted
as shown in Fig. 1(e). It is clear to see that the SHG intensity would
reach the maximum when the height is around 150 nm, then decline
until the height was over 225nm, at which point SHG intensity
increased again. This was also the case for WS, domes (Fig. S1). This
trend could be well described by an analytical solution based on a
standing wave in the dome structure of the form
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FIG. 1. Second harmonic optical response in MoS, pressurized domes. (a) Optical microscope image of pressurized domes formed on top of an MoS; flake. (b) Second har-
monic generation (SHG) intensity mapping of the domes on the same flake shown in Fig. 1(a), the wavelength of the pump laser is 900 nm. Under the same excitation and col-
lection conditions, monolayer (1L) domes exhibit the strongest SHG signal, whereas bilayer (2L) domes are invisible due to their centrosymmetric crystal orientation. (c) SHG
mechanism in a ML dome. The red and blue wavy lines represent near infrared pump source and SHG output, respectively. (d) Extracted profile plots for different sized domes.
Top panels display the normalized SHG intensity profile (purple) of the domes along the white dashed line of the SHG mapping image shown in the insets. Bottom panels: the
measured height profile (red) of the corresponding domes along the white dashed line shown in insets obtained from atomic force microscope (AFM) images of each dome.
(e) Experimental (blue spheres) SHG intensities collected at the top of domes (inset) as a function of dome’s height. Analytical values (red line) match well with experimental
results; right vertical axis: the enhancement factor of SHG compared with the 1L MoS; flake on SiO, (275 nm) substrate under the same excitation wavelength (900 nm) and
power. (f) Temperature-dependent SHG measurements conducted on the 1L MoS, dome with 127 nm height (blue spheres) and the ML flake (red spheres), where the experi-
mental SHG results obtained at different height induced by decreasing temperature have a good agreement with analytical SHG results in terms of dome height based on the
RT condition (purple diamond).
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where h is the dome height, and p, = (1 —n,)/(1 +n,), psy = (1
—ngp)/(1 + ngpy) represent the reflection coefficient for the pump
and SH lights, respectively, and 7, and ng; are the refractive indices at
pump and SH wavelengths, respectively. According to the analytical
results, which shows great agreement with the numerical solution (Fig.
S2), the SH intensity must have a strong dependence on the radial dis-
tance induced by the local height of the dome (separation distance), as
this changes along the dome surface. Once the height of the dome
reaches the critical value, the center would intermittently turn into the
brightest emitter, accompanied by fringes as shown in Fig. 1(d). This
is well supported by the patterns generated by the analytical method
(Fig. S3), although there is minor discrepancy induced by the imaging
resolution which cannot resolve more narrow fringes within the lim-
ited pixel lateral dimension. Thus, the optical pattern in Figs. 1(b) and
1(d) arises from constructive and destructive optical interference,
which is also confirmed by the results of optical height obtained by
phase shift interferometry (Fig. S4). Furthermore, even though the
biaxial strain exerted on the dome samples would lead to a limited
increase in the second order susceptibility ®,* the constructive inter-
ference created by the local height of dome system is the dominant fac-
tor for the extraordinary SHG at the dome center, which enables 160
times enhancement compared to the monolayer MoS, flake on a
275nm SiO, substrate. This enhancement factor is comparable to TMD
monolayer flakes integrated into a photonic cavity device,”’ suggesting
the great potential of TMD domes for future optical applications.

To further investigate the importance of the separation distance
against total SH emission of the dome, temperature-dependent SHG
measurements are carried out. When decreasing the environment
temperature from room temperature (RT) to —190 °C, the SHG inten-
sity of the dome declined by 83.4%, and this quenching factor was
about 4 times larger than the value of a freestanding monolayer MoS,
sample [21.1% shown in Fig. 1(f)]. This greater quenching factor is
mainly due to the reduced dome volume (shrinking) because of the
low temperature. The height of a dome is linearly proportional to tem-
perature and decreased by ~73% as the temperature dropped from
RT to —190°C. The same trend was also detected for WS, domes
(Fig. S5). This proves that significant height variation would greatly
affect phase matching for the constructive optical interference leading
to exponential decay in total SH emission, in stark contrast to TMD
monolayer flakes whose SHG intensity changes linearly with modify-
ing lattice dimensions induced by thermal expansion.” Moreover,
based on the assumption of a constant aspect ratio (#/R=0.18) of
domes with temperatures and the estimation of the dome height at dif-
ferent temperature, the comparison between the experimental result of
temperature-dependent SHG and analytical results at corresponding
height values exhibited a good consistency. This directly further proves
that the separation distance in the dome system plays the dominant
role in dramatic SH emission changes. It is worth noting that despite
the substantial intensity fall for the SH emission in the dome at low
temperatures, the absolute SH intensity of the dome is still significantly
higher than that of the monolayer flake.

Such robust enhancement observed in TMD monolayer domes
enable them to become high-conversion-efficiency light emitters,
which may have profound implications for future nonlinear optical
devices such as quantum photonics and optical parametric generation

pubs.aip.org/aip/are

(OPG)." Meanwhile, the large size and hemi-spherical geometry of
domes can serve as a non-bleaching optical probe offering outstanding
up and down conversion fluorescent capability,” *° demonstrating
great potential for future biomedical diagnostic and imaging applica-
tions even in the extreme conditions.

Polarization-dependent SHG on biaxial strain

Polarization-dependent SHG is an effective technique to identify
and resolve lattice distortion, as the strain would modulate the second-
order nonlinear susceptibility tensor ;{i(ji) and break the symmetry in
the SHG polarization pattern.”’ Pressurized TMD domes are a prom-
ising candidate for SHG studies, linking complex strain components
to nonlinear optical properties. In addition to the enhanced intensity
and predictable locations of SHG fringes brought on by the optical
interference, the domes also have differing strain components in both
magnitude and orientation directions that heavily influence SHG.
Here, polarization-dependent SHG measurements were conducted at
multiple locations to investigate the permanent biaxial strain in cir-
cumferential and radial directions (6}, and 6,) exerted on the pressur-
ized TMD domes, where 0, is equivalent to the azimuthal angle with
respect to the center of the dome and is perpendicular to 0,

Since domes are formed by the competition between internal gas
pressure, elastic energy, and van der Waals adhesion energy of the
TMD film,**** there is a divergent strain field over the dome surface.
When moving away from the dome summit toward the edge, the biax-
ial strain is radially distributed and finally results in uniaxial strain
from the center to the edge of the dome,”**"” ranging from around
5% to 2% as determined by the methods in SI Note 1 and demon-
strated in Fig. S6(a). The strain variation is further confirmed by the
phonon mode shifts depicted in location-dependent Raman spectra
(Fig. S7, supplementary material Note 2). To investigate the influence
of the bi-axial strain magnitudes on the lattice distortion, multiple sites
were examined from the top toward the bottom of the dome. For sim-
plicity, like the coordinates on earth which can be described by latitude
and longitude, test sites on the TMD dome can also be determined by
the orientation of the radial strain component, 0, and the ratio of
radial distance from dome center, r/R. Locations at /R =0, 0.16, 0.26,
0.32, and 0.39 in a certain radial direction (0,=20°) were selected
[Fig. S6(b)], whose decreasing trend of the total strain is also con-
firmed by blueshifts in PL and Raman spectra extracted at those corre-
sponding locations [Figs. S8(a) and 8(b)]. The corresponding
experimental SHG polar patterns under the application of various lev-
els of biaxial strain are depicted in Figs. 2(a)-2(e). When the examined
site was at the top of the dome, equal bi-axial strain components
(e,=¢y,) exist, and the lattice would be stretched with the same dis-
placement. The corresponding SHG polar pattern, thus, would remain
the same shape as in unstrained flakes,' ™" featuring six uniform
petals [Fig. 2(a)]. However, with locations away from the top of the
dome, the uneven biaxial strain leads to distorted patterns, and the
size of petals, i.e., anisotropic SH response, is influenced and manipu-
lated by the ratio between the two strain components [Figs. 2(b)-2(e)].
As the radial distance increases, the relative weight of ¢, on the total
biaxial strain becomes greater; therefore, the overall pattern shape is
reduced in 0}, and elongated in 0, [Fig. 2(e)], indicating the differing
in-plane displacement of Mo and S atoms sustained via different levels
of strain components.”’
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FIG. 2. Probing the anisotropic SH response with the evolution of the lattice distortion induced by varying biaxial strain magnitudes. (a)-(e) Polarization-resolved SHG mea-
sured experimentally with varied levels of strain in the same 0, (f)—(j) Schematic illustrations of the strain conditions at various sites distant from the dome’s center from the top
view, where the values of ¢, (red arrow) and ¢, (blue arrow) change with the radius in the same principal orientation of the radial strain, 0, = 20°. (k)-(o) Analytical results of
polarization-resolved SHG at different sites with the corresponding strain magnitudes in the same direction as shown in (f)—(j), respectively.
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To understand SHG polar pattern evolution and the involved
photoelastic effect, an established approach was employed for the ana-
Iytical SHG polar pattern evolution under strain. The parallel polarized
SHG intensity “I)(2)” under bi-axial strain for D3}, symmetry class
considering the photoelastic effect has the form™

I),(2m) :11 [Acos (3¢ — 30) + Bcos (20, + ¢ — 30)]*,  (2)

where A = (1—v)(p1 +p2)(er +&n) + 2)((()2> and B= (1+v)(p
—p2)(er —en), p1 and p, are the photoelastic coefficients, v is
Poisson’s ratio, 0, is radial strain direction, ¢ is the polarization angle,
0 is the armchair direction and Xff) is the nonlinear susceptibility
parameter of the unstrained crystal lattice. The strain conditions at the
investigated sites were determined [Egs. (S2) and (S3)] by taking
advantage of the universal //R ratio and the corresponding radial dis-
tances r/R of the sites (supplementary material Note 1). Hence, the
strain conditions (¢,, &, and 0,) at corresponding test sites, as indicated
in Fig. S6(b), are interpreted as (2.26%, 2.26%, 20°), (2.25%, 2.22%,
20°), (2.4%, 2.15%, 20°), (2.23%, 2.09%, 20°), and (2.22%, 2.01%, 20°),
respectively. According to these values, the analytical polar patterns
were subsequently generated, and they displayed the same trend in
lattice distortion as described in the evolution of the pattern shape
with locations. The plots at the top of the dome have a uniform six-
fold rotational symmetry, while plots with breaking symmetry
induced by the lattice distortion were found in the other locations
aside from the center [Figs. 2(k)-2(o)], which has a great agreement
with the experimental data. Therefore, considering the strain ratios
in specific orientations, larger petals correspond to the larger strain
level and minimum angle difference between 0, and armchair direc-
tion ¢ of the lattice, while the less strained direction would lead to
shrunken petals. Unlike the case of uniaxial strain, the local lattice is
not significantly distorted despite the large amount of total strain
applied.jl)“{i’su

Moreover, as the strain magnitudes are directly related to the
coordinates on the dome surface, locations with the same radial dis-
tance away from the center of the dome are supposed to share the
same strain magnitudes. To further monitor the lattice distortion in
various directions, polarization-dependent measurements were con-
ducted in a circumferential direction on the surface of the dome. For
convenient positioning and measurement, the test sites were selected
along a bright fringe circle of a monolayer dome sample. The armchair
direction ¢ of the dome sample was initially aligned with the horizon-
tal direction (x axis), so the orientations of &, are equivalent to the
azimuthal angles of test sites as shown in Fig. S6(c), leading to
multi-angular strain components with the same magnitude. In
Figs. 3(a)-3(e), the SHG polar plots were experimentally obtained
from test sites with azimuthal angles of 30°, 60°, 90°, 120°, and 150°.
The distorted sixfold SHG patterns indicate that biaxial strain with
uneven components exist at these sites, and each site withstood the
same magnitude of total strain as indicated by the corresponding PL
and Raman spectra in Figs. S8(c) and S8(d). In addition, the varying
orientations of biaxial strain applied were clearly interpreted as differ-
ing petal sizes at each site. According to the plots, there are two groups
containing identical shapes of petal patterns. The first group is the
shape containing one pair of petals having the largest size, and the
other two pairs of small petals having smaller and similar sizes [Figs.
3(b) and 3(d)]. When 0, is parallel to a certain J, the stronger tension

ARTICLE pubs.aip.org/aip/are

effectively pulls the Mo and S atoms, resulting in the larger e,.
Simultaneously, the weaker circumferential tension at the middle of
the remaining two ¢ directions results in the minor in-plane displace-
ment of covalent bonds and the reduced ¢;,. This allows the SHG polar
plots to only possess one pair of the largest petals. The second group is
where two pairs of larger petals shared similar sizes as indicated in
Figs. 3(a), 3(c), and 3(e). This behavior arises from the stronger &,
applied at the mid-point between atoms, when 0, was equal to the
average angle value of the other two J. During the transition of ¢,
applied closer to either the S or Mo atom, one of two pairs of large pet-
als shrinks, but another pair expands, indicating the 0, approaches the
bigger petal’s ¢ (Fig. S9). This is also demonstrated by the patterns in
Fig. 2, where the orientation of ¢, was close to ¢ at 30°. Therefore,
owing to the interaction between strain orientation and Ds;, symmetry
in monolayer TMD materials, the lattice undergoes periodic distortion
and transformation, demonstrated by the same polar patterns with
60° rotation.

As in the section Results and Discussion, the multi-angular
strain conditions of & =2.19%, and &, =1.89% [Figs. 3()-3(j)]
could also be easily estimated [Egs. (S2) and (S3) in supplementary
material Note 1] and the r/R obtained by comparing the radius val-
ues of the bright fringe and the footprint radius of dome. Taking
advantage of the strain conditions, Figs. 3(k)-3(o) present the corre-
sponding analytical SHG polar patterns governed by Eq. (2), all of
which have great agreement with the experimental patterns in terms
of the pattern shape and rotation period. Some minor discrepancy
could be attributed to the variation in strain magnitudes arisen from
the ideal and actual dome geometries, as tiny side domes form
around the boundary of the examined dome, which may deviate the
actual shape from the circular round shape (Fig. $10).”* Overall, the
analytical solution confirms that with 0 changing, the petal size and
pattern shapes would periodically restore during this process, as the
indication of the interaction between the mechanical tension and
TMD lattice structure.

For a better visualization of the changes in the anisotropic SHG
response for varying biaxial strain conditions, Fig. 4 presents a contour
plot describing the evolution of the polar plots induced by strain orien-
tations and the relative weight ratio of strain components. We measure
the SH response of the atoms parallel to the horizontal axis (size of
petal lying at 0°, Py) and then monitor its changes when comparing it
with the overall response values (Py + Pgo + P129) of atoms laying in
three axes at 0°, 60°, and 120°, as indicated in Figs. 2, 3(a), and 3(k).
The two extremes (0.042 and 0.72) of Py, (Py + Pgy + P12g) could be
found when the strain ratio &,/¢,=0 and the principal 0,=90° and
0°, respectively. Accordingly, when the biaxial strain situation is close
to that of uniaxial strain, it may result in greater lattice distortion as
indicated by the increased slope and amplitude of the wave.”””' On
the other hand, when the biaxial strain is nearly isotropic, the polar
shape exhibits a uniform sixfold symmetry regardless of the strain ori-
entation as seen by the flattening of the curve, which has great consis-
tency and agreement with the experimental results.”’ Similar results
were also found regarding the strain difference between biaxial com-
ponents (Fig. S11). Therefore, this could be used as a quick tool to
identify the existence of possible biaxial strain in different scenarios
and to resolve its ratio and directions by applying polarization-
dependent SHG measurement and observing one petal compared to
others.
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FIG. 3. Probing the anisotropic SH response with the evolution of the lattice distortion induced by varying biaxial strain orientations. (a)—(e) Experimental polarization-resolved
SHG measured at the locations shown with different radial strain orientations but with the same magnitude. (f)-(j) Schematics of the strain conditions at the locations along a
hoop of the dome, which are represented as arrows with the values of radial (e red arrow) and circumferential (e, blue arrow) strains applied in various radial directions
(30°-150°). (k-0) Analytical results of polarization-resolved SHG employed with the corresponding strain conditions in relation to the sites on the dome structure in (f)—(j).
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FIG. 4. Contour map showing the evolution of SHG polar pattern regarding strain
ratio (e,/e;) and principal strain orientation (0, — ). Po/(Po+ Peo+ P120) repre-
sents the variation in the sizes of petals located at 0°, 60°, and 120°. The values
extracted from experimental SHG polar patterns are indicated by the spheres, and
contour map is converted by the analytical patterns, both of which have great con-
sistency under various strain conditions.

CONCLUSION

In conclusion, we have shown extraordinary SHG emission in
TMD domes, exploiting this inherent feature to investigate the
influence of biaxial strain vs the anisotropic SHG response. Owing
to the distinct separation distance induced by the encapsulated pres-
surized hydrogen gas, TMD domes serve as the hemi-spherical opti-
cal resonator and possess internal in-phase interference, which can
effectively achieve the enhanced light-matter interaction length and
extraordinary increase in SHG emission. Therefore, the SHG mag-
nitude enhancement is improved by 160 times in ambient condition
and even remains robust in low temperature environments having
at least 1 order of magnitude enhancement. It exhibits a promising
approach to realize the effective enhancement in other nonlinear
optical performance like third harmonic generation (THG) and
four wave mixing (FWM). Moreover, polarization-dependent SHG
was employed to comprehensively map anisotropic response
induced by varying biaxial strain components over a diverging
strain field in radial and circumferential directions. The results
demonstrate that the anisotropic response of TMD films is less sen-
sitive to the application of biaxial strain, as depicted by the less dis-
torted polar plots, although the total magnitude of biaxial strain
could be much larger than that of uniaxial strain. Our findings lay a
strong foundation for the quick detection of possible anisotropic
deformation in 2D materials and pave a promising path toward the
realization of strain-engineered nonlinear optics with modest polar-
ization selectivity for future quantum photonics and biomedical
imaging and sensing devices.

ARTICLE pubs.aip.org/aip/are

Experimental methods

Sample fabrication

Thick TMD flakes were mechanically exfoliated onto SiO,/Si
(275nm SiO;), and then the samples were mounted in the vacuum
chamber followed by low-energy proton irradiation in high vacuum
condition. Meanwhile, within the ionization chamber, protons were
produced and then accelerated by a grid system to produce an H™
beam flushing the sample surface with low energies (between 5 and
20eV). When target dose of protons was achieved, the treatment pro-
cess completed and pressurized domes formed successfully, with the
dose being determined by the treatment time and flux.

Optical characterizations

Optical microscopic images were taken by a Zeiss 780 confocal
microscope equipped with 633 nm single photon laser. SHG measure-
ments are performed on Zeiss 780 Confocal Microscopy. The funda-
mental laser field is provided tunable pulse laser Ti:Sapphire laser with
a pulse width of 150 fs and a repetition rate of 80 MHz. The sample
was excited and measured under a 50x confocal objective lens
(NA = 0.85), and the results were collected in the reflection mode at a
fundamental laser wavelength of 900 nm. During the measurements,
the power of excitation light would be kept below 1 tW to avoid possi-
ble heating influence on the internal pressure and volume of the tested
dome, ensuring the collected data with higher accuracy. An analyzer
(polarizer) was used for polarization-resolved SHG to choose the SH
radiation’s polarization component, parallel to the polarization of the
pump beam whose wavelength was set at 900 nm. The sample was
placed on a rotational stage to collect the SH response in terms of
polarization angles. Zeiss 780 confocal microscopy completes all tests
and imaging for optical characterization measurements, where the
high imaging resolution (pixel size = 0.03 um) is used to capture more
emission details of dome samples than the relatively low resolution
(Fig. S12). All data were processed and analyzed by image processing
software, Zen 3.4 (blue edition). Surface profiler (Veeco NT9100)
employed with a 533 nm laser was used to obtain all the optical path
length (OPL) values for dome samples in PSI mode.

Atomic force microscope measurement

The AFM measurements were captured using a Bruker
Dimension Icon AFM. The topographic images, height profile, and
the aspect ratio of the domes were obtained in Scanasyst air experi-
ment mode with soft cantilevers, Scanasyst-Air, whose nominal spring
constant k and nominal tip radius are 0.4 N/m and 2 nm, respectively.

SUPPLEMENTARY MATERIAL

See the supplementary material for details. All additional data
and supplementary material regarding optical interference in dome,
Raman results, and polarization-dependent SHG results are presented
in the supplementary material file.
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Note 1: Strain distribution over the dome
The first step in determining the magnitude of strain and its components is to
comprehend the dome profiles. Thus, the experimental profile was well described by the

unified power form given as (Fig. 2a)* 2

h(r) =h0[1— (%)q} (1)

where g represents the curvature factor, h and ho are the separation height and the dome central
height, R is the dome footprint radius and r is the radial position along the footprint radius. The
statistical analysis of dome profiles suggested that the aspect ratio ho/R = 0.18 and q ~ 2.1 were
universal and independent of dome sizes, so the shape of the domes can be described as
universal. The strain components and the distribution on the dome could be subsequently
classified into radial (er) and circumferential (en) directions, see inset in Fig. 2a, and are a

function of r-2:

o0 =0 (7)) =g (5) ],

0 =reao (%) 1= (%), @

where f (v,g) and g (v,g) are functions of v, the Poisson’s ratio and curvature factor g% 2 given

by

(3)



Hence referring to Eq. 2, the aspect ratio (ho/R) can determine the maximum strain of
domes while the g plays an important role in determination of strain distribution. As shown in
Fig. S6a, for a typical dome with ho/R = 0.18, the equal biaxial (er = &n) is exerted at the center
(r = 0, h = ho), creating a total strain around 4.57%, but this value gradually declines when
approaching the edges (r = R), which is also confirmed by the peak shifts in Raman
measurements (Figure. S7)%®. In this process, the biaxial strain condition eventually turned into
the uniaxial one, because the e&n component would eventually vanish at the edge whereas &r

dropped from 2.28% to 2.13% with a neglectable decrement.

As the strain is unevenly distributed over the entire surface of the dome, strain
components at the locations with same h and r remain have constant magnitudes but have
varying orientations with respect to the lattice orientation. Like traveling on earth planet along
a certain longitude or latitude line enables distinct changes in temperature or time zones. The
dome structure enables us to investigate the evolution of lattice distortions under strain with
differing conditions at different locations along the radial and circumferential directions. Figure
S6b elaborates 5 locations along certain radial direction 8 = 20° with the magnitudes of ¢ and
en decreasing from 2.3% to 2.2% and from 2.3% to 1.9% respectively. Meanwhile, 5
coordinates in Figure S6c represent the five individual radial directions 6 (30° to 150°) where
the ¢r of the biaxial strain was applied relative to the armchair orientation ¢ of the lattice parallel
to the horizontal direction, x-axis. This follows that diverse biaxial strain conditions, such as

ratios and applied directions, can be readily accessed in dome structure®.



Note 2: Raman characterization of strain field over the dome

Raman measurement is one of the most common methods to determine and evaluate
the existence and amount of strain in 2D materials, as the Raman peaks shift linearly with the
strain applied®# 78, In this work, the location-dependent Raman measurements were conducted
on the surface of the MoS, dome from the edge to center, and a quantitative analysis of the
peak position of the Raman phonon modes enable to reaffirm the strain conditions provided by

the analytical solution in Note 1.

As indicated in Fig S7, in the spectra extracted on the dome, both the peaks related to
the strained monolayer of the dome and the peaks originated from the underlying bulk substrate
can be observed. When the test sites were moving from the edge (bottom) to the center (top),
the E21g and A, modes of bulk substrate remained at 383.3 and 408.3 cm*respectively, but the
Raman peaks from the dome surface exhibited a clear soften mode (red shift). This clearly
indicates the largest strain amount can be found at the summit of the dome and decline with

location closed to the edge. Specifically, the out of plane A;, mode featured a modest linear
redshift with strain, while the in-plane Ezlg mode exhibited not only a larger redshift but also

the double-degenerate with the increased strain, compared the freestanding monolayer MoS;
flake. This could be explained as the transition between uniaxial strain to biaxial strain from
the edge to the center of the dome. The proper amount of the anisotropic strains would break
the in-plane symmetry of the monolayer MoS:; flake, leading to the degeneracy breaks and the
mode splits into two peaks as Ef}; and Ef}; respectively” °. Therefore, there is a clear peak
splitting from the Raman spectra at the dome edge in Fig S7. This also validates the presence
of the uni-axial strain provided by the analytical solution at the dome edge, where the amount
of strain should be greater than the 1.5% of the reported value®. Moreover, as the biaxial strains

avoid in-plane symmetry-breaking, there is no mode splitting and only linearly redshift with



greater strain®. With the dominance of the biaxial strains, in-plane symmetry-breaking becomes
relieved and the mode splitting turns in to peak merging, with test sites away from the edge.
Eventually, the isotropic biaxal is formed at the summit or the center of the dome, and the

lattice remain in-plane symmetric and the in-plane mode acting as a sole Ezlg peak at 372 cm’

! which is also well matching the analytical result of the strain condition at the dome center.

The strain level at the dome summit can also be estimated by the peak shifts in Ezlg
peak, as only in-plane mode is more sensitive to the applied strain®. In this case, at the center
of the dome the E3, and A, ; modes are found to be shifted by 14.9+1.4 cm™and 6.3+1.4 cm™
with respect to the values of the unstrained monolayer sample. Referring to € = (w —

o) /AEzlgand the reported shift rate > 8, the total strain at the center of the dome can be estimated

as 5.3+0.1%, having a good agreement with the analytical value, 4.6+0.1%. In addition, for the

Grineisen parameters governed by ypz = (0 — wo)/(2£wo) 10 Ve, = 047 and y,y =

0.17 for two modes of this work agree well with those of previous works? > > & 11 Therefore,
we can conclude that the strain conditions resolved by the analytical solution are well consistent
with the results provided by the Raman method, and it is valid for solving the complex strain

field in the dome of this work.
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Figure S1 | SHG intensities collected at the top of WS2 domes versus domes’ height.
Analytical values (red line) well matched with experimental results (purple spheres).
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Figure S2 | Comparison of the SHG intensity as a function of the height of the MoS:2
domes using COMSOL simulation (red dots) and analytical method (grey line), where the

excitation laser's wavelength was set at 900 nm.
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Figure S3 | Simulated intensity profiles (top view) of the normalized reflected SHG with
height varying from 160 to 740 nm, according to the height profiles of the domes shown

in the Figure 1d and the biggest dome shown in Figure 1d.
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Figure S4 | Identification of the optical interference in the dome structure via Phase Shift
Interferometry (PSI) with the wavelength of 535 nm. (a) PSI image of the dome samples
within the same region shown in the Figure 1 a, b. (b-c) Zoom in PSI images of two different
sized domes highlighted in the Figure S4a. (d-e) Optical height profiles extracted along the

white dash lines over the domes shown in Figure S4b,c, where the optical height of the small



indicate the process on approaching the maximum path length difference before the phase shifts,
while the optical height profile of the giant domes exhibit fringes induced by the optical
interference with the separation height changes in the physical profile!2. In Figure S4e, the
optical intensity and distance between fringes would increase with the separation height. This
could be explained by the light diffraction generated by the curvature of the hemisphere

geometry when light transmits into the dome.
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Figure S6 | Resolving strain effect induced by the dome structure. (2) Analytical results of
the dome profile and the related strain components. Left axis: the normalized measured (grey)

and analytical (green curve) dome profile with h/R ratio is 0.18; right axis: Normalized
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components of strain distribution in radial (er, red spheres—) and circumferential (en, blue
spheres) directions resolved by analytical solution in terms of dome radius. Components grand
en are represented as color-coded arrows on a 3D AFM image of the dome shown in the inset.
(b-c) Locations on the dome surface that were given coordinates (r/R, &, 6n) for the various
strain conditions, where r/R, 6r and 6h represent the radial distance away from the center, and
principal orientations of the radial and circumferential strains applied respectively; Locations
for the strain conditions in a specific direction away from the dome's center (r/R, 20°, 110°)
with the r/R ranging from 0-0.39 labelled on the 3D dome schematic in (b), whose top view is
depicted in the right panel; Locations in the circumferential direction at a fixed distance from
the center of the dome (0.5, 6y, 6h), with the 6 ranging from 30° to 150° coded in color as
presented in 3D and project plot of a dome in (c). The lattice orientation of the dome as depicted

in the schematics, where the Armchair direction (AC) is parallel to the horizontal axis (¢ = Q°).
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Figure S7 | Comparsion of Raman spectra obtained from monolayer MoS: flake and the
monolayer MoS2 dome. The Ez}g (blue region) and A4, 4 (yellow region) phono modes exhibit
obvious soften mode (red shift) compared with the spectrum of monolayer sample with 0%
strain. The largest shifts in two mode peaks can be found at the center and the decline in the

shifts occurred with radial distance from the center, where the split in Raman peak of £} is

clearly observed at the edge of the dome, where the strain is closed to the uniaxial character.
The splitting tends to disappear as the probing laser moves toward the center of the dome*. The
varying difference in Raman shifts suggests that the dome center withstands the largest strain
and the exponential decay trend in the strain distribution over the dome? °, which has good
consistency with the result generated by the analytical solution. The additional minor peaks at
382 and 409 cm™ as highlighted by dark grey dash line are considered as the Raman signal

from bulk MoS; beneath the dome membrane. (More details see Sl note 2)
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Figure S8 | Raman and Photoluminescence (PL) spectra extracted at the corresponding

locations where various anisotropic SHG measurements were conducted. (a, b) Raman (a)

and PL (b) spectra collected at locations varying from r/R = 0 to 0.39 in a certain orientation.

The blue shifts in both plots suggest that the decreasing total strain at the site away from the

dome summit, consistent with the reported influence of bi-axial strain on bandgap modulation®, while

there are minor shifts in the Raman and PL spectra from the sites with r/R = 0 and 0.16 due to

the comparable total strain (0.02% of strain drop) between two sites. (c, d) Raman (c) and PL

(d) spectra collected at locations with the same distance away from the dome summit but
different strain orientation from 30° to 120°. Essentially identical PL and Raman spectra can be
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extracted at all corresponding locations, suggesting that the strain conditions at those locations
share the same magnitude regardless of strain orientations. The minor discrepancy of Raman
and PL spectra among these test sites could be attributed to the artificial inaccuracy in the

location selection.
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Figure S9|POIarization-resolved SHG measurements to probe the lattice distortion

induced by biaxial strain in various directions. (a) Schematics of the polarization-resolved

SHG extracted at various locations along a hoop of the dome from the top perspective with

orientation (o) along the Armchair (AC) is 30° respect to horizontal axis. Radial and

circumferential strains applied are represented by red and blue arrows respectively. (b-d) Top:

Analytical polarization-resolved SHG at the locations shown in (a) with the different radial

strain orientations (47°, 68° and 106°) but the same level; Bottom: Experimental results of
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polarization-resolved SHG employed with the corresponding strain orientations and levels in

relation to the sites on the dome structure as shown in (a).
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Figure SlO| Comparison between the footprint shape of domes and the round circle.
Since the smaller domes normally have higher pressure gas, the side domes around the main
big dome would intrude the main dome and influence the shape, which can further lead to the

discrepancy of strain distribution compared to the analytical results.
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Figure S11 | Contour map showing the evolution of SHG polar pattern regarding strain
difference (er— &n) and principal strain orientation (6r - ). Po/ (Po+PeotP120) represents the
variation in the sizes of petals laying in 0°, 60°, 120°. The vales extracted from experimental
SHG polar patterns are indicated by the color spheres, and contour map is coded by the

analytical patterns, both of which have great consistency under various strain conditions.
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Figure S12 | Comparison of SHG intensity profiles extracted with different imaging
resolutions. The intensity profiles suggest different capture resolution can provide comparable
results, where the intensity discrepancy induced by the resolution difference is less than 7%.
The 0.03 um pixel size from the higher resolution imaging (red dots) enables the acquisition of
more detailed information about intensity variation regarding locations, compared to the results
governed by the larger pixel size (yellow dots). The insets are the mapping image of the same
dome sample obtained under the same test condition but with different imaging resolution (Left:

pixel size = 0.03 um, Right: pixel size = 0.04 pm).
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