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Abstract

Strain is a commonly used tool to tune the optoelectronic properties of semiconductors. It is
especially effective for transition metal dichalcogenides (TMDs), which can withstand extreme
strain up to 10%. To date, localised strain fields have been applied by transferring TMDs flakes
onto a patterned SiO, substrate. Here, we present a novel approach, where the strain in Mo$S,
monolayer is induced by an array of homoepitaxially grown GaAs nanomembranes. This
represents a first step towards the integration of TMD monolayers with III-V semiconductor
nanostructures, which is essential to develop scalable nanophotonic platforms. The strain imposed
by the nanomembrane lifts the degeneracy of the exciton states, leading to linearly polarised
emission. The principal axis of the linear polarisation of the emission is strictly determined by the
orientation of the nanomembranes. This result is fully consistent with the expected broken crystal

symmetry resulting from the imposed uniaxial strain.

Among the plethora of techniques used to tailor the
electronic properties of semiconductors, the applica-
tion of external stresses has been particularly success-
ful [1]. Strain engineering is exceptionally attractive
for two-dimensional (2D) layered materials, which
possess an excellent mechanical robustness and flex-
ibility [2]. For instance, transition metal dichalco-
genide (TMD) monolayers can withstand strains as
high as 10% before breaking [3]. Strain profoundly
affects the properties of these materials, and can
be used to control their band structure [4-8] and
vibrational properties [5, 8—11]. Strain in 2D mater-
ials naturally occurs during the deposition process
[4]. Unlike this random strain distribution, a con-
trollable spatial strain variation can be imposed by
using an appropriately patterned substrate [12—15].

© 2022 The Author(s). Published by IOP Publishing Ltd

This can serve to induce carrier or exciton funnelling
caused by inhomogeneous strain fields [16-19] or
the deterministic positioning of single photon emit-
ters [12, 13, 20]. Strain also breaks the symmetry of
the TMD crystal, which lifts the degeneracy of the
excitonic states, and changes the selection rules of the
optical transitions [14, 15, 21-25].

To date, localized TMD stressors have con-
sisted mainly of patterned SiO, and SiN substrates
[12, 13, 20]. These materials, however, are plagued
by dangling bonds and trapped charges. These per-
turb the electrostatic environment of the TMD layer,
which is detrimental for the device functionality [26].
An attractive alternative for the strain engineering of
the optoelectronic properties of TMDs is represen-
ted by III-V-based epitaxially grown nanostructures
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Figure 1. (a) Schematic of a GaAs nanomembrane cross section. (b) Scanning electron microscope (SEM) image of a GaAs
nanomembrane cross section with a 100 nm scale bar. A gold layer (not present on the investigated sample) was deposited on the
nanomembrane with the purpose of improving the contrast of the SEM image. (c) Micrograph of the sample with 5 pim scale bar.
The horizontal dark lines are the GaAs nanomembranes. The MoS, flake lies partially on the nanomembrane region (X >0) and
partially on the bare substrate (X <0). 1L and 2L denote monolayer and bilayer regions of the MoS, flake. (d) Bottom: AFM
image of MoS; flake around the flake edge showing areas of bare nanomembranes (‘bare NM’) and with deposited flake (‘MoS;’).
The area of the image is marked in supplementary figure 1(a). Top: AFM profiles across bare nanomembranes (black) and with

deposited flake (red).

[27]. The absence of trapped surface charges is expec-
ted to reduce the line width and improve the stability
of the optical spectra [28, 29]. Moreover, I1I-V semi-
conductors are considered essential building blocks
for monolithically [30] or heterogeneously [31] integ-
rated quantum photonic circuits. The integration
of monolayer TMDs on III-V semiconductors can
potentially lead to their use in scalable nanophotonic
platforms.

Uniaxial strain has already been used to induce
linear dichroism in MoS, monolayers [32]. How-
ever, a thorough investigation of the effects of uni-
axial strain on the linear polarisation behaviour
of excitonic complexes is currently lacking. Here,
we demonstrate that the application of uniaxial
strain leads to a linear polarisation of the charged
exciton emission in MoS, monolayers. We induce
strain by transferring a MoS, monolayer onto GaAs
nanomembranes grown by selective area epitaxy,
which allows to achieve an excellent control over
the crystal quality, morphology, size and position of
the resulting nanostructures [33-37]. Atomic force
microscopy (AFM) demonstrates that the trans-
ferred monolayer conforms to the morphology of
the nanomembranes. We correlate the presence of
strain, deduced from structural and morphological
data obtained by AFM, with the spatial depend-
ence of the Raman and photoluminescence (PL)
spectra. The anisotropic potential introduced by the
uniaxial strain leads to the formation of excitonic
states with dipole moments oriented parallel and per-
pendicular to the strain axis, as observed in single
photon emitters hosted in WSe, monolayers [14, 15].

We make use of the uniaxial strain induced by the
nanomembranes to demonstrate for the first time a
control over the linear polarisation of charged exciton
emission in MoS,.

The substrate consists of an array of 20 um
long, nominally ~50nm wide GaAs nanomem-
branes, grown by selective area epitaxy with a 1 ym
pitch. The flat areas of the GaAs substrate between the
nanomembranes are covered by a 25nm thick SiO,
layer, used as the mask during the growth process
(see section 1 for additional details on the growth and
fabrication of the sample). Schematic and scanning
electron microscope (SEM) images of a cross sec-
tional view of a single nanomembrane are shown in
figures 1(a) and (b). The deposited MoS, flake com-
prises monolayer (1L) and bilayer (2L) regions, which
can be distinguished from both optical contrast and
Raman spectra. These regions are indicated by black
and red dashed lines in the micrograph displayed in
figure 1(c). In the topmost part of figure 1(d), we
show AFM profiles extracted in the direction perpen-
dicular to the axis of the nanomembranes from both
an area on the flake and the bare nanomembranes (see
figure 1(d), bottom panel for the full AFM scan). The
flake creates a tent-like structure on the nanomem-
branes, while between them it is suspended above
the substrate by ~10nm, as suggested by the offset
baselines of the profiles of figure 1(d).

We use optical spectroscopy to gain insight into
the strain distribution across the MoS, flake. Rep-
resentative Raman and PL spectra from regions
without (1) and with (2) nanomembranes are shown
in figures 2(a) and (b). Both give information
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Figure 2. (a) Main: low temperature (T = 4K) MoS, Raman spectra (E/ and A{ modes) from regions of the flake on the flat
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substrate (1) and on nanomembranes (2). The spectra are vertically shifted for clarity. The solid lines are double-Gaussian fits to

the data. The inset shows an expanded view of the E’ mode measured in regions (1) and (2). (b) Representative low temperature
(T = 4K) PL spectra from regions (1) and (2). The PL and Raman spectra do not correspond to the points where the largest shift

. ’ . . . . . .
is measured. (c) E Raman mode frequency map derived from Gaussian fitting. The second colour scale indicates the strain Ae

derived from the E' mode frequency based on [38]. (d) PL peak energy map derived from Lorentzian fitting. The black dashed
line in panels (c, d). Contour of the broken MoS, flake. The second colour scale indicates the strain Ae derived from the charged

exciton PL peak energy based on [38].

concerning the imposed strain, since the E' Raman
mode (at ~386cm™!) and the PL peak energy red
shift when the TMD monolayer is subjected to tensile
strain [5, 9-11, 38]. Across the investigated area,
the E' frequency shifts by ~0.6cm™! from 386.2
to 385.6cm ™!, which translates to ~0.3% of tensile
strain [38]. The PL peak energy shifts by ~13meV
from 1.907 to 1.893 eV. The PL spectrum is always
dominated by the trion emission (Xt), and only
in a few regions is a high energy shoulder around
1.94 eV observed, which we attribute to the A exciton
(Xa) transition (see supplementary information).
The strong preference for trion formation can be
explained by the charge transfer from the GaAs/SiO,
substrate or GaAs nanomembranes [28, 39].

In figures 2(c) and (d), we plot the position
dependence of the E' peak frequency and the PL peak
energy. The strain (second colour scale shows strain
calculated from Raman shift [38]) can be directly
estimated from the Raman map, which confirms the

deterministic impact of the nanomembranes on the
strain in MoS, layer. In general, in the nanomem-
brane regions we observe places where the tensile
strain is increased compared to regions without
nanomembranes. This manifests as a softening of
the E mode and a red shift of the PL spectrum,
which are visible as red and yellow parts of the
maps of figures 2(c) and (d). The E' mode is also
softened at the border between mono- and bilayer,
which we attribute to the convolution of the sig-
nals from both areas (E' mode is softer in bilayer
than in monolayer [40]). It is worth noting that
some strain can also appear due to lateral interface
between mono- and bilayer part [41]. The variation
of strain on the monolayer reference flake (supple-
mentary figure 6(b)) is three times lower than in
the investigated sample, and it also shows no rapid
changes as in the case of monolayer deposited on the
nanomembranes. Therefore, these spatially resolved
measurements confirm that strain can be successfully
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Figure 3. Low temperature (T = 4K) polarisation resolved PL. (a) Comparison of polarisation angle dependence of PL intensity
and energy between reference flake and flake deposited on the nanomembranes. (b) Schematic of MoS, deposited on a
nanomembranes. The blue and red arrows denote the dipoles across (X) and (Y) along nanomembranes, respectively.

(c) Schematic depiction of exciton states, showing degeneracy lifting along X and Y directions due to uniaxial strain.

(d) Correlation between average emission energy and observed degree of linear polarisation (DOLP) and energy splitting AE
from 3 measurements on different regions of the MoS, flake on the nanomembranes.

applied using GaAs nanomembranes. Unfortunately,
the strain pattern deduced from the Raman and PL
maps does not reproduce exactly the pattern of the
nanomembranes. Our setup has a finite spatial res-
olution. This implies that the strain pattern repor-
ted in figures 2(c) and (d) is actually convoluted with
a Gaussian instrument response function having a
standard deviation of ~600nm, which is close to the
period of the nanomembrane array. This, together
with the unavoidable folding, wrinkling and cleaving
of the monolayer during the transfer, prevents from
the observation of a strictly periodic pattern sim-
ilar to that of nanomembranes. For example, in areas
where the MoS, flake is broken, as revealed by AFM
measurements shown in the supplementary inform-
ation and highlighted by the dashed black line in
figures 2(c) and (d), we observe a hardening of the E
mode accompanied by a blue shift of the PL spectrum,
which indicates that the strain is partially relaxed des-
pite the presence of nanomembranes.

To explore the effects of the strain on the
PL response more in detail, we measure linear
polarisation-resolved PL at various positions on the
nanomembranes, and on a separate, flat flake lying
well away from the nanomembranes region (denoted
as Reference flake). Figure 3(a) shows the PL intens-
ity and energy of the charged exciton as a function of
the polarisation detection angle. Both intensity and
energy of the peak show a sinusoidal dependence on
the polarisation angle when the PL is collected from
the flake on the nanomembrane, while they do not
for the reference flake. From the polarisation angle
dependence of the intensity, we estimate the degree
of linear polarisation (DOLP) as:

P] _ Imax - Imin ’
Imax + Imin

where I, and I, are the maximal/minimal
emission intensity, respectively. For the MoS, flake

4

on the nanomembrane, we consistently observe
DOLP in the range of ~10%-15% with higher PL
intensity for the polarisation in the direction per-
pendicular to the nanomembrane. The change in
the PL intensity is accompanied by an energy shift
of ~1-2 meV between the two orthogonal polarisa-
tions (see figure 3(a), lower panel). This behaviour
reflects the degeneracy lifting of the two in-plane
states, related to K and K’ valleys [22], due to the
presence of uniaxial strain. The two transitions are
linearly polarised with dipole moments of the lower
(upper) energy transitions aligned perpendicular
(parallel) to the nanomembrane direction, as shown
schematically in figures 3(b) and (c). The thermal
distribution of charged excitons leads to a higher
PL intensity for the lower energy of emission, and
induces a non zero DOLP. However, the measured
DOLP is significantly smaller than ~90%, which
is the value expected at 4K for states separated by
~1.5meV, assuming a Boltzmann distribution of the
populations. The observed DOLP ~ 15% is consist-
ent with a temperature T ~ 55K, which suggests that
the charged excitons do not have time to thermalize
before recombining due to the short PL lifetime in
monolayer TMDs [42]. The role of the strain in the
induced DOLP is further corroborated by the fact
that the DOLP and energy splitting both increase
with increasing strain (red shift of PL), as we show in
figure 3(d).

The behaviour of the PL spectrum in strained
TMDs observed here resembles that of quantum dots,
where a symmetry breaking by uniaxial strain or
confinement lifts the degeneracy of excitonic states,
which changes the polarisation the PL from circular to
linear [43]. Similarly, in the case of TMDs, it is expec-
ted that uniaxial strain breaks the three-fold rota-
tional symmetry of the lattice, resulting in a non-zero
intervalley exchange interaction. This effectively acts
as an in-plane Zeeman field on the valley pseudospin,
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which splits and mixes K and K states leading to lin-
early polarised emission [21, 22]. Recently, a splitting
of both trion and exciton states has been observed in
randomly uniaxially-strained WSe, monolayers [44].
Here, we have shown that this can be deterministically
controlled by using an appropriate substrate design.

To summarise, we have shown that MoS, mono-
layers can be successfully transferred onto patterned
[II-V substrates, in particular GaAs nanomembranes.
We have demonstrated how the uniaxial strain
imposed by the nanomembranes affects the optical
properties of monolayer MoS,. The uniaxial strain
results in linearly polarised PL (DOLP ~ 10%—15%)
and in an energy splitting of ~1-2 meV. This is fully
consistent with the expected degeneracy lifting of
the fine structure of excitonic states in the K and
K valleys, due to the strain-induced breaking of the
in-plane crystal symmetry. This is a promising step
for the use of TMDs in applications that necessitate
the use of linearly polarised light. Selective area epi-
taxy can therefore be used as a deterministic strain-
engineering method that would remove the need for
external strain control such as piezoelectric substrates
or mechanical bending.

1. Methods

1.1. Optical spectroscopy

For low temperature measurements, the samples are
mounted on the cold finger of a helium flow cryo-
stat. The cryostat is bolted to computer controlled,
motorised XY translation stages, which allow for two-
dimensional in-plane motion. The position of the
stages is controlled with micrometer screws, either
manually or using automated stepper motors. The
motors allow for mapping measurements, by scan-
ning the sample surface step by step. The PL and
Raman measurements were performed using CW
solid state lasers emitting either at 405 or 532 nm. The
excitation beam was focused onto the sample using a
50x microscope objective with a numerical aperture
of 0.55, giving a spot size of ~1 um. For PL mapping,
the signal was detected in a confocal configuration to
improve the spatial resolution. The emitted PL and
Raman signal or the reflected white light were col-
lected through the same objective and redirected to a
spectrometer equipped with a liquid nitrogen-cooled
charge-coupled device camera. Polarisation resolved
PL was achieved by the inclusion of a linear polariser
and a superachromatic half-wave plate in the detec-
tion path. The polariser was set at a fixed angle in front
of the spectrometer to avoid the grating polarisation-
dependent efficiency, while the half-wave plate was
used to rotate the detected polarisation angle.

1.2. MBE growth

Undoped GaAs (001) substrates were prepared by
first depositing 25nm of SiO, mask by the plasma
enhanced chemical vapour deposition (PECVD).

5

] Jasiniski et al

Arrays of parallel slits along the (110) and (100) dir-
ections were patterned by e-beam lithography using
ZEP resist and subsequent development with low-
temperature n-amyl acetate. The pattern was trans-
ferred on the SiO, mask by dry etching with fluorine
chemistry to expose the GaAs surface in the patterned
slits. A final wet etch in a dilute buffered HF solution
was used to remove residual oxide layers and to reduce
the GaAs surface roughness. This yielded openings
varying from 30 to 100 nm in width and 10-20 pm
in length, depending on the e-beam pattern. The pat-
terned substrates were loaded in a DCA P600 Gen II
molecular beam epitaxy system equipped with group
III and group V solid sources. Prior to the growth,
the substrates were annealed at 630 °C under As, flux
for 10 min. The GaAs nanomembranes were grown
at a temperature of 630 °C, at a Ga deposition rate of
0.3 As~!and an As, partial pressure of 4 x 10~° BEP.

1.3. Flake transfer

MoS, flakes were obtained by mechanical exfoli-
ation from a natural molybdenite crystal from Moly
Hill mine (Québec, Canada) on a Gel-Film (WF X4
6.0 mil) supplied by Gel-Pak. A monolayer MoS,
flake was deterministically transferred to a nanomem-
brane array using an all-dry viscoelastic stamping
process [45]. The flake exfoliated on a Gel-Film film is
attached to a glass slide and the glass slide is used as a
stamp. The stamp is first aligned with the nanomem-
brane array and then brought in contact using a Z-
axis manipulation stage. Following this, a cotton bud
is used to gently press the Gel-Film stamp onto the
array. The stamp is gently released to transfer the flake
from the Gel-Film stamp onto the nanomembrane
array.

Data availability statement

The data that support the findings of this study are
available upon reasonable request from the authors.
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