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ABSTRACT

Strain engineering, aiming to tune physical properties of semiconductors, provides a promising paradigm for modern micro/nanoelectronics.
Two-dimensional materials (2DMs) are the ideal candidates for the next generation of strain engineered devices because of their intrinsic
exceptional mechanical flexibility and strength. However, conventional strain modulation methods in 2DMs cannot satisfy the demand of
future device applications, because strained structures by these methods lack consistency, reproducibility, and design flexibility. Here, based
on the photoresist degeneration induced by electron irradiation, we present a non-contact approach to accurately and directly write the
strains with designed patterns from the nanometer to micrometer scale in 2DMs. Profit from controllable manipulation of the electron
beam, the developed strategy offers a capability for constructing tensile, compress, or complex strains in MoSe, monolayers; hence, unique
electronic structures for unique physical properties can be designed. Aside from 2DMs, this approach is also appropriate for other types of
materials such as Au, o-Si, and AL Os. Its flexibility and IC-compatibility allow our strain lithography methodology promising in accelerating
the potential applications of 2DMs in extensive fields ranging from nanoelectromechanical systems, high-performance sensing, and nontradi-
tional photovoltaics to quantum information science.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0082556

Since Bardeen and Shockley’s original work' on deformation
potential of semiconductors in 1950, strain engineering has played
a key role in modern microelectronics due to its strong ability to
design material properties and device performance. For instance,
strained silicon has been adopted in nearly all 90, 65, and 45 nm
process nodes in the state-of-the-art CMOS devices.”” However,
in recent years, two-dimensional materials (2DMs) have pre-
sented greater advantages than conventional bulk semiconductors
for developing new strain engineering technology in the
fields ranging from high-performance sensing and nontraditional
photovoltaics to quantum information science,” because they
exhibit a large deformation tolerance’ up to 10% and unique
material properties such as strong excitonic effects,’ chirality opti-
cal selection rules,” the free degree of pseudospin,” and spin-valley
locking.”

Strain engineering of 2DMs has been mediated by modulations
of diverse physical properties including electrical, magnetic, and opti-
cal properties in the recent decade.'’'® Pseudo-magnetic fields higher
than 300 T in graphene nanobubbles have been theoretically predicted
and experimentally observed in the former studies.”” Through nano-
scale strain engineering with thin films and ferroelectrics, transition
metal dichalcogenide (TMDC) MoTe, can be reversibly switched with
electric-field-induced strain from a semi-metallic phase to a semicon-
ducting phase in the field effect transistor geometry. The optical
bandgap of a TMDC MoS, monolayer is able to be significantly tuned
up to several hundred meV with ultra-large strains.'”'® Piezotronic
and piezo-phototronic effects in strained TMDCs have also been
attracting growing attention in recent years with their applications
involving strain sensors, nanogenerators, micro-/nanoelectromechni-
cal systems, and photodetectors.” ** In addition, recent studies have
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demonstrated quantum light emitters in atomically thin TMDC WSe,
layers with strain induced quantum-dot-like potential wells for effi-
cient funneling of excitons toward isolated quantum emitters, which
are characterized by strong single photon anti-bunching signatures
and zero-phonon exciton linewidths down to tens of ueV.”

Based on these achievements of strain engineering in 2DMs, it is
the immediate requirement to precisely fabricate strained structures by
tuning physical properties for the next application of large-scale inte-
grated chips. Unlike strained silicon, however, the strained structures
of 2DMs usually are built by extrinsic mechanical ways, for instance,
bulging or folding by heating,””** tenting with nanoparticles on sub-
strates,'”” " bending with flexible supporter,”* etc.'"””° Within
the collection of these fabricating methods, few ones are plausible for
consistency and repeatability of strained structures due to unguided
self-organization processes. While some direct patterning approaches,
such as thermomechanical nanopatterning,”” possess good uniformity
and flexibility in strain construction, the non-contact method that
does not introduce contamination is still worth exploring. On the
other hand, it would be a promising strategy to learn from nanolitho-
graphic techniques such as laser directly writing and electron beam
exposure for building nano-strained structures,”””” which have been
widely used for precise and programmable micro/nanofabrication of
semiconductor devices.

Following this idea, here, we present a method for direct and pre-
cise generation of strained structures in 2DMs via electron irradiation
by an electron beam lithography (EBL) system based on the effect of
photoresist degeneration during injecting electrons into a polymethyl-
methacrylate (PMMA) layer. With EBL’s graphical function of nano-
manufacturing, we are able to precisely pattern tensile or compressive
strains in 2DMs with controlled positions, shapes, and sizes tunable
from the nanometer to micrometer scale. For instance, the strains of
three bowl-shaped MoSe, monolayers with the same radius can be
precisely modulated from 0.04% to 0.15% by using the dose from 50
to 150 As/cm’; the maximal PL peak shift of a Mexican hat-shaped
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strain reaching about 64 meV is observed, corresponding to ~2.1%
strain. In addition, we demonstrate that this method of strain lithogra-
phy is also suitable for ultrathin films of other materials such Au, «-Si,
and ALO; The universality of materials, flexiblity in complex strain
construction, and compatibility with IC manufacture would enable
our method to accelerate the potential applications of 2DMs in the
extensive fields ranging from nanoelectromechanical systems, high-
performance sensing, and nontraditional photovoltaics to quantum
information science.

The schematic of controllably patterning strain in 2DMs via elec-
tron irradiation is illustrated in Fig. 1(a). A monolayer of MoSe, grown
by the chemical vapor deposition (CVD) system is transferred onto
the top of a spin-coated 600 nm PMMA (950 A7) layer, which serves
as an electrosensitive deformable material. By controlling the sacnning
path of the electron beam in the EBL system (Raith 150), the strain
with the designed pattern will be constructed in MoSe, monolayers
(detailed in Fig. S1 of the supplementary material).

Impacted by electrons, the MoSe, monolayer and the underlying
PMMA are locally deformed as shown in Fig. 1(b) from steps 1 to 2. The
electrons can easily penetrate the ultrathin MoSe, layer and have little
effect on its lattice with appropriate doses."” However, when the electrons
come to the PMMA layer, the impacted molecular strands of PMMA
are easier to be broken, which cause the decrease in the local PMMA vol-
ume (detailed in Sec. II of the supplementary material).""** During the
deformation process of PMMA, the MoSe, layer stays physically intact
and remains in conformal contact with PMMA through van der Waals
interactions, forming a plastic deformation. The degree of deformation
can be modulated to a certain extent by increasing the dose of the elec-
tron beam, as shown in step 3 of Fig. 1(b). To illustrate this process, three
different levels of dot-type strains are prepared in a MoSe, monolayer,
and their topography images of an atomic force microscope (AFM)
are shown in Fig. 1(c). The dot-type patterns are exposed by the dot-
exposure mode of EBL with the accelerating voltage of 10 kV. By increas-
ing the dose from 2 to 8 pAs, the depth of strain dots increases from 37
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FIG. 1. Patterned strain imprinting via an electron beam in 2DMs. (a) Schematic of strain direct writing by using a focused electron beam on a MoSe, monolayer covering on a
PMMA layer. The inset image is the optical image of the strained pattern (logo of institute of physics) in the MoSe, monolayer. (b) Process of strain evolution in a MoSe, mono-
layer with increasing electron dose. (c) AFM topography images of the strained dots in a MoSe, monolayer by injecting dose from 2 to 8 pAs.
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to 80 nm, and the feature size (full width at half maximum, FWHM)
varies from 400 to 800 nm.

As a fast and nondestructive technique, Raman spectroscopy is a
powerful diagnostic tool to investigate the strain effects of 2DMs.*” *’
We performed Raman spectroscopy on MoSe, monolayers to charac-
terize the deformation in the strained structures. For comparison,
three circle-shaped strains in a MoSe, monolayer imprinted by an
area-exposure mode of EBL (the difference between dot- and area-
exposure modes of EBL is discussed in the Sec. III of the supplemen-
tary material) are fabricated. It can be seen from the AFM images in
Fig. 2(a) that all strained MoSe, monolayers exhibit similar bowl-
shaped features, and the depth increases from 5 to 15nm with the
dose varying from 50 to 150 pAs/cm® while the MoSe, bowl mouth
keeps the same diameter. The calculated strain distributions of corre-
sponding deformation profiles in Fig. 2(a) are shown in Fig. 2(b) via a
finite-element method (FEM, detailed in Sec. I of the supplementary
material), and the measured spatial distribution of the Raman peaks of
Aj (the out of plane mode) along with 2ZA (the double resonance of
the acoustic mode)*®*’ of the MoSe, monolayer is presented in
Figs. 2(c) and 2(d), respectively. It is obvious that both Aj and 2ZA
modes become softening in the exposure ranges with increasing the
electron dose. Compared with the Raman bands of an unstrained
MoSe, [Fig. 2(e)], the average Raman shifts of the A] mode in the
MoSe, bowls are —0.3, —0.6, and —1.1 cm ! for the corresponding
electron dose of 50, 100, and 150 uAs/cmz, respectively. According to
the theoretical calculation reported before," the biaxial strain induced
A} mode’s Raman-shift ratio is —7.0cm ™' per % strain in the small
strain range. So the average strains of three bowl-shaped MoSe, mono-
layers can be estimated as 0.04%, 0.09%, and 0.15%, respectively,
which are close to the simulation results [Fig. 2(b)].

On the other hand, it is worthwhile to discuss whether the
Raman-shifts observed in the strained structures include the electron
bombardment effect, which would give spectral signatures that mimic
strain. According to previous theoretical and experimental studies,
irradiation with a high-energy (>60keV) or high-density electron
beam (electron number > 1 x 10> nm 2= 1.6 x 10* pAs/cm?) could
cause partial removal of selenium and correlate the dependence of the
Raman peak shifts with selenium vacancy density.”””" However, the
accelerating bias voltage of an electron beam used in our study is
10kV (electron energy = 10 keV), and obviously, the electron density
used here is about two orders smaller than this threshold value to
induce chemical changes in materials. To experimentally exclude the
electron bombardment effect in our samples, a set of MoSe, mono-
layers irradiated with the electron dose ranging from 107 to 10* uAs/
cm” have been examined by Raman measurements (see Fig. S3 in the
supplementary material). It can be found that the Raman-shifts of
MoSe, monolayers below 400 yiAs/cm® are quite small, indicating a
negligible or weak electron bombardment effect. In addition, the
Raman-shift mapping images shown in Fig. S3 present an inhomoge-
neous distribution in the range from 800 to 1200 uAs/cmZ, which
could be attributed to generation and diffusion of selenium vacancies
induced by injecting high-density electrons.”’

This controllable strain generation method offers the flexibility
for complex strain distribution (including tensile and compress
strains) generation in 2DMs, which can be designed for a desired spa-
tial profile of materials’ electronic structures in any specific sites, pre-
senting unique physical properties. To demonstrate this point, we

scitation.org/journal/apl

prepared a strained MoSe, monolayer with a Mexican hat-shaped pat-
tern (exposed by the electron beam in an annular area with the dose of
400 pAs/cm?®) and measured the strain-induced spatial bandgap pro-
file of the MoSe, Mexican hat by using scanning photoluminescence
(PL) spectroscopy. Figure 3(a) displays the PL peak position mapping
image, and Figs. 3(b) and 3(c) are the peak position profile and a set of
PL spectra of the cross section along the dashed line in Fig. 3(a),
respectively. It is obvious that the PL peak exhibits a red-shift along
the radial direction from the edge to center on the bottom of the
MoSe, Mexican hat, while it turns back with a blue-shift on its hat tip.
Such an energy profile corresponds to a Mexican hat-type electronic
structure, as shown in Fig. 3(f). The maximal PL peak shift of about
64 meV is observed, which corresponds to ~2.1% strain, calculated by
using the energy tuning ratio of 30 meV per % reported in the previous
experimental studies.””*** It should be noted that the area of electron
exposure is only located along the bottom of the MoSe, Mexican hat
but not the central portion. So the blue shift of PL peaks in the central
range would be originated from the edge effect of electron exposure,
where the lattice expansion in the exposure range propagates to the
central undisturbed region and induces a compressive strain in there.
The contour profile of the region with PL peak shift matches with that
of physical deformation shown in Figs. 3(e) and 3(f).

Furthermore, to illustrate the repeatability and uniformity of
our method, an array of Mexican hat-shaped patterns is fabricated
in a MoSe, monolayer, where the standard deviation of PL peak
positions in the exposure area of these Mexican hat deformations
is only 0.53meV (detailed in Sec. V of the supplementary
material). To further illustrate our approach’s capability for com-
plex electronic structures construction, various strained patterns
(including triangle, spiral, chiral, etc.) are imprinted on MoSe,
monolayers (shown in Sec. VI of the supplementary material), and
the PL spectroscopic mapping images of a logo (insititute of phys-
ics) shaped strain in a MoSe, monolayer are also shown in Sec. VII
of the supplementary material.

Figure 4(a) is a set of groove shaped strains on a MoSe, mono-
layer by the electron beam illuminating in a set of strip areas with each
10nm wide. The height profile of the MoSe, nano-grooves and the
amplified AFM topography image of one nano-groove are shown in
Fig. 4(b). Compared with the unstrained area, the depth of the groove
bottom is near 32nm, and the height of each groove is near 10 nm
with the FWHM about 90 nm. To identify the strain with nanoscale
resolution below the optical diffraction limit, we performed an AFM-
based tip-enhanced photoluminescence spectroscopy (AFM-TEPL)
investigation over the groove shaped 2DMs,”*”” as illustrated in Fig.
4(c) (detailed in Sec. I of the supplementary material). Figure 4(d)
shows the scanning TEPL spectroscopic map plotting peaks of the
strained MoSe, monolayer of the same groove in the white dashed
area of Figs. 4(a) and 4(b), with pixel sizes 80 x 8.3 nm. Compared
with the pixels in groove’s edge, the peak position of the pixels in the
groove moves about 1-4 meV with the width of 10-11 pixels (nearly
90 nm), which proves our method possesses the capability for differen-
tial strain distribution construction in the nanoscale. Compared with
previous direct strain patterning methods for 2DMs (Sec. VIII of the
supplementary material, Table SI), our non-contact strain patterning
method is comparable and competitive in reducing pollutions (from
the objects providing pressures), nanoscale resolution, and controlla-
bility of strain distribution.
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FIG. 2. Strain modulation on a MoSe, monolayer. (a) AFM images of strained bowl-shaped patterns in MoSe, monolayers with different electron doses of 50, 100, and 150
pAslem?. The cross-sectional AFM image vertically cut along the white dashed line in the case of 150 uAs/cm? is shown in the bottom. (b) Simulated strain distributions of
bowl-shaped deformations in MoSe, monolayers obtained by finite elements calculations. The scale bar is 1 um. (c) and (d) Raman peak mapping images of three MoSe,
strained patterns constructed with A% (c) and 2ZA modes (d), where one pixel is 400 nm. (¢) The Raman spectrum of an unstrained MoSe, monolayer.
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FIG. 3. Strain-induced spatial distribution of complex electronic structures in MoSe, monolayers. (a) A 30 x 30 um PL peak mapping image of the strained pattern with
Mexican hat deformation in a MoSe, monolayer. (b) The PL peak position profile of each Mexican hat along the white dashed lines in (a). (c) Schematic of the Mexican hat-
type electronic structure. (d) The waterfall plot of PL peak spectra crossing the deformation profile along the white dashed lines in (a). (e) The AFM topography image of a
MoSe, Mexican hat. (f) The height profile of the MoSe, Mexican cross section along the white dashed line in (e).
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FIG. 4. Nano-strain lithography and strain patterning in other thin films. (a) A 10 x 10 um AFM topography image of a set of nano-grooves in a MoSe, monolayer. (b) Top: the
height profile of the MoSe, nano-grooves’ cross section along the purple dashed line in (a) and the FWHM of each stripe is about 90 nm. Bottom: A 2 x 0.5 um amplified AFM
topography image of the groove in the white dashed area of (a), and each pixel is 20 nm. Inset: cross section along long and short dashed lines. (c) Schematic illustration of
tip-enhanced photoluminescence (TEPL) mapping of the strained MoSe, monolayer. (d) Scanning TEPL spectroscopic map plotting peaks of the strained MoSe, monolayer of
the white dashed area in (a). The size of each pixel is 80 x 8.3 nm. Inset: cross section along long and short dashed line. (e) AFM images of the strained patterns in different
thin films (including MoSe,, Au, «-Si, and Al,O3) imprinted by the electron beam, displaying the logo of the institute of physics.

Finally, we find that this strain patterning method is also appro-
priate for strain construction in other types of materials such as Au,
a-Si, and AL Os films. Figure 4(e) displays the AFM images of the logo
patterned strains on MoSe, (monolayer), Au (40 nm), «-Si (20 nm),
and ALO; (20nm), showing the universality of our method for
multiple materials.

In summary, based on the electron induced photoresist deforma-
tion, we presented a non-contact method for direct and precise strain
patterning in 2DMs by electron irradiation. In this way, the tensile,
compress, or complex strains can be precisely generated in 2DMs with
controllable positions, shapes, and sizes. We demonstrated that the
special and complex pattern of the strained 2DM is able to be designed
for a desired spatial profile of electronic structures of materials and for
exploring unique physical properties. Meanwhile, the arrays of pat-
terned strains exhibit a good uniformity. Finally, we also explore and
demonstrate the capability of this method for differential strain distri-
bution construction in the nanoscale and the universality of materials.
As reported in the former theoretical and experimental studies, apply-
ing strain with specific distributions is able to generate valley orbital
magnetization of 2DMs due to the Berry curvature dipole,” which

would contribute to the development of valleytronics based on 2DMs
such as valley Hall transport. Our work offers a unique strain engi-
neering approach for complex strain distribution generation that is
beyond the conventional extrinsic mechanical methods, and it is
promising in promoting the applications of 2DMs in extensive fields
ranging from nanoelectromechanical systems, high-performance sens-
ing, and nontraditional photovoltaics to quantum information science.

See the supplementary material for Figs. S1—S7 for the process of
sample preparation, the process of PMMA degradation, Raman peak
mapping images of MoSe, monolayers exposed with the increasing elec-
tron dose ranging from 10° to 10* tAs/cm?, the statistical report of strain
distribution in a MoSe, monolayer, the statistical report of strained phys-
ical shapes in a MoSe, monolayer, microscopic pictures of different
strained patterns imprinted by strain lithography in MoSe, monolayers,
PL peak mapping, and local PL spectra along the white dashed line.
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