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Strain engineering is an effective method to tune the properties of electrons and phonons in semiconductor materials, including two-dimensional (2D)

layered materials (e.g., MoS, or graphene). External artificial stress (ExAS) or heterostructure stacking is generally required to induce strains for modulating

semiconductor bandgaps and optoelectronic functions. For layered materials, the van der Waals-stacked interlayer interaction (vdW-SI) has been

considered to dominate the interlayer stacking and intralayer bonding. Here, we demonstrate self-induced uniaxial strain in the MoS, monolayer without

the assistance of ExAS or heterostructure stacking processes. The uniaxial strain occurring in local monolayer regions is manifested by the Raman split of the

in-plane vibration modes Ezg' and is essentially caused by local vdW-SI within the single layer MoS, due to a unique symmetric bilayer stacking. The local

stacked configuration and the self-induced uniaxial strain may provide improved understanding of the fundamental interlayer interactions and alternative

routes for strain engineering of layered structures.
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train originating from lattice mismatch

or deformation is ubiquitous and pre-

sents both promises and challenges to
the electrical and optoelectronic properties
of semiconductor materials. In general, for
the growth of desired semiconductors with
high crystalline quality, the internal strain
should be minimized by controlling disloca-
tions and grain boundaries. However, strain
engineering is also useful in tuning the
semiconductor bandgap and carrier trans-
port properties and thus constitutes an im-
portant strategy for enhancing the device

ZHANG ET AL.

performance.' 8 Strained silicon, for exam-
ple, has been widely exploited in modern
semiconductor microelectronic and opto-
electronic technologies,®'® and the strained
channels can enhance carrier mobility
and device speed in most metal oxide—
semiconductor field-effect transistors.””"’
Recently, ExAS and heterostacking have
been widely exploited to tune intralayer
bonding (such as strain) and to control
the exceptional behaviors of electrons and
phonons in layered materials (e.g., MoS, or
graphene).'? 24
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Internal vdW-SI is an essential driving force to
dominate interlayer stacking and/or to alter intralayer
bonding and, thus, has important roles in tuning the
bandgap (e.g., Raman modes and photoluminescence)
of layered MoS, and graphene.?*~2° However, no uni-
axial intralayer strain has been discovered in exfoliated
MoS, layered stacking with internal vdW-51.2>2% As
mentioned above, uniaxial strains are mostly induced
in MoS, and graphene only by ExAS or hetero-
stacking.'*'>3%73% \Whether a self-induced uniaxial
strain can occur in layered stacking without ExAS or
heterostacking is an underexplored research area.
Here, we report the self-induced intralayer strain pre-
sent in vapor-deposition fabricated MoS, monolayers
with symmetrical local bilayer stacking (we refer
this configuration as 1+aL). Such an uniaxial strain in
the local MoS, monolayer without any ExAS or hetero-
stacking is confirmed by frequency splitting of the
in-plane vibration mode (Ezg1) of MoS, and confirmed
by first-principle calculation. We show that the uniaxial
intralayer strain originates from finite boundary and
lattice deformation due to the local internal vdW-SI
that spontaneously occurs in our unique 1+alL MoS,
structures.

RESULTS AND DISCUSSION

Our observation and demonstration began with the
preparation of layered MoS, materials via a vapor—
solid growth route using MoS, as the only source.3>’
Figure 1 shows the optical images of these MoS, mate-
rials. In addition to the common monolayer (Figure 1a)
and bilayer MoS, (Figure 1d), 1+oL MoS, structures are
also observed (Figures 1b,c). Interestingly, three local
small triangular flakes are found to be symmetrically
situated atop a large triangular MoS; flake. Such small
local stacked flakes are different from the pure mono-
layer and bilayer and can extend and merge (as shown
in Figure 1c). These intriguing 1+alL MoS, structures
appear to be an intermediate transition from mono-
layer to bilayer. Figure 1e further illustrates schemati-
cally the feature corresponding to these 1+al MoS,
structures.

Raman spectroscopy is a powerful and facile tech-
nique for probing phonon behaviors in layered gra-
phene and MoS, and has been widely applied to
identify or quantify the layer number,?>2 strain,'%'33°
and phonon anharmonic effects.*® The fabricated
MoS, monolayers are ~0.75 nm thick, and the peak
frequency difference (A) between the in-plane (E291)
and out-of-plane (A;g) vibrational modes is approxi-
mately 19—20 cm™ ' .37 Furthermore, the Raman inten-
sities are uniformly distributed in individual triangular
MoS, monolayers and bilayers. The fabricated MoS,
monolayer also exhibits a direct band gap of ~1.8 eV,
which is similar to that previously reported for MoS,
monolayers.*'*? These basic characterizations support
the feasibility of vapor—solid-growth for MoS, monolayer
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Figure 1. Optical microscopy photographs (a—d) and cor-
responding schematic features (e) of layered MoS, with
different stacking structures in the yellow circles: (a) MoS,
monolayer, (b, c) two types of 1 + oL MoS, structures, and
(d) a bilayer.

formation on SiO,/Si substrates. In particular, the 1+alL
MoS, structures in Figure 1, to our knowledge, have not
been previously reported from either mechanical exfolia-
tion or chemical vapor deposition.

We used the microzone Raman spectra and intensity
maps of the A;; mode of MoS, to further characterize
these 1-+oL MoS; structures. Raman spectroscopy has
shown great promise for exploring strain because the
strain induces changes in the crystalline symmetry and
then shifts the vibrational frequency.'?"**° Figure 2a
shows that the Raman intensity map has a contrast
profile similar to that of the optical morphologies in
Figure 1b. The Raman spectra in Figure 2b were taken
from the regions indicated as | to VI in Figure 2a. The
Raman shift at ~520.4 cm ™" arises from the Si substrates.
Importantly, the E,;' mode splits to doublets with a
frequency difference of ~4—5 cm ™" in the indicated |, Il
and lIl regions (monolayer without stacking) but not in
the IV, V and VI regions (with bilayer stacking). More
obvious Raman mode splitting in the |, Il and Ill regions
were obtained by using a laser of 2 mW under a long
accumulation time per acquisition, as displayed in
Figure 2c (also Figure S1, Supporting Information). In
addition, the AFM results shown in Figure 2d verify that
the upper small triangular flake is also a monolayer
(~0.75 nm thick) and the total thickness is ~1.45 nm.
The line-scan Raman intensity maps reveal that the
Raman splitting varies with scanning direction, as shown
in Figure 2e and S2. As the Ezg1 Raman mode splitting is
closely correlated to strain,'*">*" we may conclude that
there exists strain only in the monolayer regions but notin
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Figure 2. (a) Intensity map of the A;; Raman mode for a 1+aL MoS structure. (b) Raman spectra of the six regions indicated in
(a). The two split E291 modes of MoS, are due to phonon degeneration in regions |, Il, and lll. (c) MoS, Raman spectra in region |
with different accumulation times. (d) AFM image with a line scan (inset) of the MoS, flake in (a). (e) Line-scanned mapping of
the Raman shifts of Ezg', A,5modes of MoS; and of TO mode of Si. More mapping data along other directions are presented in
Figure S2 (Supporting Information). Note that Raman data were obtained from randomly chosen MoS, triangles and different

acquisition times.

the bilayer stacking regions, and the line-scan mapping
data implies the strain is not uniform (ie., uniaxial).
Moreover, according to previous polarized Raman
results,’>>%43 our polarized Raman data (see Figure S3,
Supporting Information) also indicate that uniaxial
strains exist in the local monolayer regions. To our
knowledge, such self-induced (i.e., without EXAS) uniaxial
strain has not been discovered in mechanical exfoliated
or chemical vapor deposited MoS, structures.>>264*
This result implies that the finite boundary and lattice
deformation and other interlayer interactions may
dominate such an uniaxial intralayer strain.'>324~27
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To further verify that the mode splitting occurs only
in the unique 1+oL MoS,, Raman spectra acquired
from different regions are presented and compared
among different types of samples (viz, 1L, 1+al, and
2L). Figure 3 shows the Raman intensity maps of the
MoS, A,y mode for four different types of samples.
Again, it has been confirmed by AFM that the |, II, and Il
regions are monolayers, whereas IV, V, and VI regions
are bilayers. The Raman frequency difference A be-
tween Ezg1 and A4 is ~21.9 cm ™!, which is similar to
that for bilayer sample (2L). For single-layer sample (1L)
(Figure 3a) and 2L sample (Figure 3d), the intensities
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Figure 3. Raman intensity maps of the A,y modes. (a) MoS, monolayer. (b and c) Two types of 1 +- aL MoS, structure. (c) MoS,
bilayer. The corresponding Raman spectra in the designated regions are presented on the right. Note that the E291 modes do
not split in the pure monolayer and bilayer MoS,.

are uniformly distributed. However, parts b and c of (I, 1L, ) and (IV, V, VI) regions in the Raman spectra and
Figure 3 present obvious differences between the intensity maps. When the local stacked monolayer
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ZHANG ET AL. VOL.9 = NO.3 = 2704-2710 = 2015 A@@LQN {\) 2707

WWwWW.acsnano.org



was formed, the E291 mode splits into two subpeaks only
inthe |, ll, and lll regions but not in the IV, V, and VI regions.
In the IV, V, and VI regions with three stacked local
symmetrical triangular MoS, monolayers, the Raman
signal is slightly stronger because of the increased
thickness.>® More intriguingly, this Raman mode split-
ting was not observed in the more common incomplete
bilayers where one smaller triangle sits right atop
of the underneath triangle (see Figure S4, Supporting
Information). The corresponding photoluminescence
(PL) intensity maps presented in Figure S5 (Supporting
Information) also confirms the symmetrical local bilayer
stacking structure (to be discussed below). From these
results, it can be proposed that the strain occurring in
the unique 1+alL MoS, sample stems from the symme-
trical local bilayer stacking.

We next seek to determine the mechanism of E291
mode splitting for the 14+alL MoS, structure when local
MoS, monolayers are symmetrically stacked on the
bottom MoS, monolayer. As mentioned above, EXAS
has been generally applied to induce lateral lattice
deformation and consequently split or shift the E291
mode of layered MoS,.'#"** In our case, no ExAS is
applied, so the origin should be vdW-Sl in the layered
MoS,. Moreover, no splitting was observed in the Ezg1
modes of layered MoS, in the absence of ExAS, as
reported elsewhere.*~*° One central and fascinating
point here is the occurrence of uniaxial strain in such
layered MoS, stacking with local internal vdW-SI. To
confirm the strain, the first-principle plane-wave calcu-
lation was performed and showed that the lateral
lattice of monolayer MoS; (3.189 A) is smaller than that
of bilayer MoS,; (3.196 R) (see Figure S6, Supporting
Information). When a local monolayer is placed on top
of another monolayer, the lateral lattice of the ground-
monolayer region must match and coordinate with the
crystalline symmetry of the MoS, bilayer. As a result,
the stacking of two adjacent local monolayers might
induce uniaxial compressive strain in the indicated |, I,
and lllmonolayer regions, as this lattice matching leads
to lattice shrinkage of the ground-monolayer regions
(I, 11, and Ill). These observations are consistent with the
hypothesis that layered MoS, stacking can affect in-
tralayer covalent bonds and lattice dynamics.2>2%4°
Furthermore, the vibrational properties of MoS, mono-
layer with varied strains were calculated on the basis
of density-functional perturbation theory, as shown
in Figure 4 (also in Figures S7 and S8, Supporting
Information). The E291 mode splits into two modes
at 384.11 and 387.70 cm ™" (Figure 4b) in the presence
of a uniaxial compressive strain of ~0.54%. However,
the theoretical phonon dispersion curves of the MoS,
monolayer (Figure 4¢,d) indicate that the 2-D degenerate
Eag' Mode at 383 cm™' does not split under symmetrical
biaxial compressive strain or strain-free conditions. As
the calculated Raman mode splitting agrees well with
the experimental values, a compressive strain of ~0.5%
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Figure 4. (a) Atomic model of a 1 + aL MoS, structure. The
arrow indicates the uniaxial stress in the monolayer stacked
region due to vdW-SI during the formation of the bilayer.
Theoretical phonon dispersion of a MoS, monolayer: (b)
under uniaxial compressive strain (~0.54%), (c) without any
strain (or free-standing), and (d) under biaxial compressive
strain (~0.54%).

is determined in these unstacked local monolayers. These
results are also similar to those in the EXAS MoS, samples
reported elsewhere.'*'® In summary, theoretical simula-
tion and measurements together confirm that the E,q'
splitting  originates  from  lattice  deformation
(i.e., uniaxial strain) induced by the local vdW-SI. More-
over, such obvious strains presented here further indicate
that the finite boundary effect and other possible inter-
layer interactions may be another critical role >*~2%474°

PL measurements were also conducted in order to
study the effect of local stain to the optical bandgap.
Figure 5 and Figure S9 (Supporting Information)
present PL spectra and maps of the 14+oaL MoS,
structure, respectively. The intensity profile in those
maps (Figure S5, Supporting Information) agrees well
with the aforementioned Raman maps and optical
images. Figure 5¢ show the PL spectra recorded from
the monolayer region in the 1+al structure (curve )
and the bilayer stacked region (curve ). The spectra
are normalized in order to show the peak shift. PL of
pure single-layer MoS, sample is also presented in
curve lIl. One can see that the optical bandgap of the
bilayer stacked region is red-shifted compared to the
monolayer region in the 1+al structure (as well as to
the single layer). The PL intensity mapping shows
that the monolayer regions exhibit much stronger
emission than the bilayer regions. Moreover, com-
pared with the single-layer MoS,, the PL peak of the
monolayer region in the 1+alL MoS; structure slightly
blue-shifted. The blue-shift of the optical bandgap
in the monolayer region MoS, might be caused by
compressive strain,*> consistent with the Raman data.
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Figure 5. (a, b) Schematic of a pure MoS, monolayer (a) and a 1 + aL MoS, structure (b). (c) Normalized PL spectra recorded

from the designated regions to show the peak shift.

The PL results indicate that the local vdW-SI could
be an effective route to tuning of the band gap of
layered MoS,. More thorough investigations are
needed to control the properties of electrons and
phonons by internal vdW-SI and to understand
how these layered MoS, stacking form during the
vapor—solid growth.

CONCLUSION

We have discovered and demonstrated self-induced
intralayer strain (~0.54%) in a unique 1-+olL MoS; struc-
ture (monolayers with symmetric local bilayer stacking).

METHODS

MoS, layers were fabricated on SiO,/Si substrates by a
vapor—solid growth route using the powder MoS, source
(Sigma-Aldrich). Samples were characterized using optical
microscopy (Leica DM400OM) and atomic force microscopy
(AIST-NT). Raman, PL spectroscopy and the spatial mappings
were conducted using a Nanofinder 30 (TIl Tokyo Instruments,
Inc.). All Raman spectra were measured at room temperature and
were calibrated by the Raman shift of single-crystal silicon at
5204 cm™'. Raman measurements were performed using an
1800 g/mm grating to disperse the signal and generate a spectral
resolution of less than 1 cm " (a 300 g/mm grating was also used
for the PL mapping). PL spectra were obtained using an 1800 g/mm
grating spectrometer with HORIBA LabRam HR800 Ev. We used
different accumulation times per acquisition and randomly chosen
MoS, flakes to eliminate experimental errors during Raman mea-
surements. First-principles calculation was performed to reveal the
atomic model and confirm the existence of such partially stacked
monolayers. The vibrational properties were calculated according
to density-functional perturbation theory.
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