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Tuning band energies of semiconductors through strain engineering can significantly enhance their electronic, photonic, and spintronic performances.
Although low-dimensional nanostructures are relatively flexible, the reported tunability of the band gap is within 100 meV per 1% strain. It is also
challenging to control strains in atomically thin semiconductors precisely and monitor the optical and phonon properties simultaneously. Here, we
developed an electromechanical device that can apply biaxial compressive strain to trilayer MoS, supported by a piezoelectric substrate and covered by a
transparent graphene electrode. Photoluminescence and Raman characterizations show that the direct band gap can be blue-shifted for ~300 meV per 1%
strain. First-principles investigations confirm the blue-shift of the direct band gap and reveal a higher tunability of the indirect band gap than the direct

one. The exceptionally high strain tunability of the electronic structure in MoS, promising a wide range of applications in functional nanodevices and the

developed methodology should be generally applicable for two-dimensional semiconductors.
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train engineering is a powerful and

widely used strategy for boosting the

performance of electronic, optoelec-
tronic, and spintronic devices.'* By apply-
ing a strain through lattice mismatch
between epitaxial films and substrates or
through bending of films on elastic sub-
strates, this strategy can be used to increase
the carrier mobility in semiconductors’
or to raise the emission efficiency of light-
emitting devices. Particularly, due to reduced
dimensions, nanostructures become more
flexible to be highly strained, which pro-
vides more space for strain engineering. A
vast array of strain effects on the electronic
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behaviors in quasi one-dimensional nano-
structures such as carbon nanotubes, GaAs
nanowires, and ZnO nanowires have been
revealed.>® Technically speaking, the emerg-
ing two-dimensional (2D) crystals such
as graphene, hexagonal boron nitride, and
molybdenum disulfide (MoS,) are more
favored for strain engineering,’ as they are
only one or a few atoms in thickness. Whereas
the strain-tunable phonon properties in
graphene are intensively studied by Raman
scattering, the theoretically predicted band-
gap opening in graphene by strain has not
been achieved in experiments.”~® On the
other hand, 2D atomic layers of MoS,, one of
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transition metal dichalcogenides, have attracted great
interest because of their distinctive electronic and
optical properties; especially their band gap has been
predicted to be highly strain-tunable.'®'" Hence,
developing effective routes to apply tunable strain in
2D atomic layers such as MoS; is highly desirable for
strain engineering.

Here, we develop a novel electromechanical device
to apply uniform and controllable biaxial compressive
strain up to 0.2% in trilayer MoS, and perform photo-
luminescence (PL) and Raman detections simulta-
neously. The strain is applied by a piezoelectric sub-
strate, while its transparency to PL detection is realized
by using a graphene layer as transparent top electrode.
The PL and Raman spectra measurements show that
the electronic structure and phonon spectrum in tri-
layer MoS, can be smoothly modulated by strain
ranging from 0 to 0.2%, which is further confirmed
by first-principles investigations. Surprisingly, the
direct band gap of trilayer MoS, blue-shifts remarkably
by ~300 meV per 1% strain, which is unprecedentedly
large among all bulk or nanostructure semiconductors
under strain. Moreover, the PL intensity can be in-
creased by 200% accompanied with a ~40% reduction
in the full-width at half-maximum (fwhm) of the emis-
sion spectrum for an applied strain of ~0.2%. These
results build up a platform generally applicable for
strain engineering in emerging 2D crystals such as
transition metal dichalcogenides.

RESULTS AND DISCUSSION

Figure 1 depicts the configuration of our electro-
mechanical device. The starting point for the fabrica-
tion of our electromechanical device was the chemical
vapor deposition (CVD) of large-area trilayer MoS, '?
The number of layers was clearly identified from the
high-resolution transmission electron microscopy (TEM)
image at the edge of the MoS, sample (Figure 1b) and
verified by atomic force microscopy (AFM) with a
thickness of ~2.1 nm (Figure 1c). Then, the MoS,
sample was transferred onto a piezoelectric substrate
([Pb(Mg;,3Nb,/3)03]0 7-[PbTiOs]o3, PMN-PT) and cov-
ered by a monolayer of graphene as the top electrode.
When a bias voltage was applied between the gra-
phene top electrode and the gold bottom electrode, a
biaxial compressive strain can be applied to the sub-
strate due to piezoelectricity'® and then transferred to
the trilayer MoS,. In our experiments, the PMN-PT was
not polarized before the measurement, which guaran-
tees that the PMN-PT can generate only an in-plane
compressive stress regardless of the bias voltage direc-
tions. Indeed we obtained nearly the same results
when the polarity was reversed in our experiments. It
is worth mentioning that the top graphene electrode is
essential for the electromechanical device. First, while
graphene is conductive as an electrode, it is transpar-
ent without blocking the PL and Raman signal from the
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Figure 1. Experimental setup and structural properties of
trilayer MoS,. (a) Schematic diagram of Raman and PL
measurements on MoS, that is sandwiched between a
piezoelectric PMN-PT substrate and a graphene top elec-
trode. (b) High-resolution TEM image at the edge of trilayer
MoS,. (c) AFM image of the trilayer MoS,. The inset shows
the depth profile of the trilayer MoS,, which indicates a
thickness of 2.1 nm.

MoS,. Second, the atomically thin graphene is rela-
tively soft compared with other conductive films as an
electrode. As a result, the strain from the substrate can
be fully transferred to the MoS, sheet without being
blocked by other thick electrodes. Another advantage
of this device structure is that the resistances of the
monolayer graphene (~k€) and the trilayer MoS,
(~MQ) were low as compared with the insulating
PMN-PT substrate (~GQ) such that the voltage drop
from the intermediate MoS; or graphene sheets can be
neglected.

The polarization-induced strain in the lattices of
piezoelectric substrate and trilayer MoS, was probed
by X-ray diffraction (XRD) measurement (Supporting
Information, Figures S1 and S2). As the vertical voltage
increased, the XRD peak that corresponds to the (002)
plane (i.e., c-axis) of the PMN-PT substrate shifted to
lower angles,'* which indicated that the out-of-plane
lattice constant ¢ and the in-plane lattice constant in
the substrate were expanding and shrinking, respec-
tively. The relation'® between the polarization-induced
out-of-plane strain ¢, and in-plane strain g in the PMN-PT
substrate can be written as g ~ —0.7¢e;,. When the
biased voltage reached 500 V (i.e, 10 kV/cm), the in-
plane compressive strain was estimated to be about
0.2%. In the case of MoS,, the characteristic XRD peak
of the MoS; (i.e, (105)) also shifted to lower angles
compared with that in the strain-free status, which
implied that the compressive strain was transferred
from the PMN-PT to the MoS,. However, it was not
possible to estimate the strain magnitude induced in
the MoS,; sheet directly by its XRD characterization,
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Figure 2. Raman spectra of trllayer MoS, under different strains. (a) Raman spectra of the trilayer MoSz under various applied
strains. (b) Raman shift of the E}4 and A5 modes as a function of strain. (c) Raman shift of the the E;, and Ay modes as a
function of strain calculated by density functional perturbation theory. (d) 1D spatial mapping of the Raman shift of Ezg and

A,4 modes under the applied strain of 0.2%.

since we could observe only one prominent (105) peak.
Although it is still unclear whether the interfacial
mechanic interaction is strong enough to completely
transfer the strain produced in the PMN-PT to the
target MoS,, for simplicity, the strain value in the trilayer
MoS, is assumed to be equal to the strain measured
from the PMN-PT.

Figure 2a presents the typical Raman spectra of the
MoS, at different strains. Among the four Raman-active
modes of bulk MoS,, the E}g and A4 modes for the
strain-free trilayer MoS, were observed at 382.4 and
405.4 cm ™', respectively. The difference between the
two modes is 23 cm ™', in good agreement with that
found in mechanically exfoliated trilayer MoS,."®"”
Both of the modes shifted to higher frequencies
(Figure 2b) as compressive strain was applied. For the
applied strain of 0.2%, the E34 and A4 modes shifted
by ~3 and ~2 cm ™', respectively, with a shift ratio of
E}g to Asg of ~1.5. Since the blue-shift of the two modes
was previously observed in MoS, nanotubes and MoS,
bulk crystal at high pressure,'®'® the observed change
in the Raman modes was surely attributed to the
presence of compressive strain. To further confirm this,
we calculated the responses of Raman modes at strains
ranging from 0.0 to 0.6% (Figure 2c). The calculated
Raman modes exhibit a similar trend of blue-shifts to
those observed in the experiment, but with a higher
Raman shift ratio of E3q to A, of ~2.5. In general, the
calculated Raman frequencies were underestimated
(Supporting Information, Table SI), but the deviation
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from experiments was only a few cm™'. Likely,

the calculated blue-shift rates in trilayer MoS, were
also underestimated such that the blue-shifts for
E>gand A;g were ~0.93 and ~0.35 cm ™' at 0.2% strain,
respectively.

The evolution of the electronic structure in the
trilayer MoS, under biaxial compressive strain was
investigated by PL spectroscopy. At the strain-free
state, a broad PL peak centered at 1.8 eV was observed,
which can be assigned to the direct band emission
(Eqi) of M0S,.">?%?" As the strain increased, the PL
emission peak shifted to higher energy remarkably and
near linearly, and a total shift of ~60 meV (~20 nm
change in wavelength) was recorded with an applied
strain of 0.2% (Figure 3b). Upon slow release of the
strain, the PL peak could return to the original position
approximately following the original path even after
several cycles of repeated measurements (Supporting
Information, Figure S3). Therefore, the strain trans-
ferred into the trilayer MoS, was in its elastic region
and fully controlled by the electromechanical device. In
addition to the effective control of the Eg;,, an increase
of the PL emission intensity up to ~200% and a
reduction of fwhm by 40% were observed (see the
inset in Figure 3b and Supporting Information, Figure S4).
The increase in PL intensity indicates the enhance-
ment of light emission efficiency. The applied strain
modifies the band structure of the MoS, and in
turn increases the density of states of the carriers.
Due to the increase in carrier population, the radiative
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Figure 3. Photoluminescence property of trilayer MoS,
under strain. (@) PL spectra of the MoS, under various
strains. (b) PL peak energy as a function of compressive
strain. The inset shows PL spectra of the sample under 0.0%
and 0.2% strain.

0.00

recombination of carriers increases, which leads to an
increase in PL intensity. It is worth noting that the
tunability of Eg;, by strain is ~300 meV per 1% strain,
which is the highest value ever reported for strained
semiconductors to the best of our knowledge. For
instance, band-gap tunability in semiconductors,
such as GaAs/AlGaAs quantum dots'® (~70 meV/%),
GaAs nanowires® (~85 meV/%), and ZnO nanowires?
(~35 meV/%), were reported.

To understand the strain dependence of the PL
spectra, we carried out first-principles calculations for
band structures of trilayer MoS, under different bi-
axial strains. Consistent with pervious research, trilayer
MoS, is shown to be an indirect semiconductor,?® with
an indirect band gap (E;4) determined by the valence
band maximum (VBM) at the I" point and the conduc-
tion band minimum (CBM) at the K point. Although the
first-principles calculations usually underestimate the
band gaps, the trend of change in Eg;, under applied
strain agrees with the PL emission peak shifts. Accord-
ing to our calculation and previous studies,?**® the
CBM at the K point from both Mo d,,—d,._,. and d,.
states is of an antibonding nature and, thus, can be
increased in energy when the in-plane lattice is com-
pressed. In contrast, the VBM at the I point also has an
antibonding nature butis composed of Mo d,.and S p,
orbitals, which can induce a decrease in energy as the
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Figure 4. First-principles band structures of trilayer MoS,.
(a) Band structures of AbA-BaB stacking trilayer MoS, under
0.0%, 0.2%, 0.4%, and 0.6% biaxial compressive strain. (b)
Energy gaps as a function of biaxial compressive strain.

out-of-plane component of Mo—S bond is stretched
upon in-plane compression due to the Poisson effect.
Indeed we observed that, under increasing compres-
sive strain, the CBM at the K point and the VBM at the I
point shift to higher and lower energies, respectively.

As shown in Figure 4a, with increased compressive
strain, both VBM and CBM shift to higher energies, but
the CBM is more sensitive to strain, resulting in an
enlargement of Eg;,.. At an applied strain of 0.2%, the
calculated blue-shifts of Ey; and E;q are 18 and 36 meV,
respectively, severely underestimated as compared
with the experimentally observed shift for Eg;, (~60 meV).
The computational results also imply that the trilayer
MoS, remains an indirect semiconductor under com-
pressive strain up to 0.6%, but the energy difference
between E;q and Eg;, is reduced as the strain increases
(Figure 4b). Moreover, the strain-tunability of Eg4 in
trilayer MoS, is twice the value of Eg;, according to the
first-principles results (Supporting Information, Table S2).
It is noteworthy that there are two possible stacking
sequences for trilayer MoS,, namely, AbA-AbA and AbA-
BaB (Supporting Information, Figure S5), and the above
band structures are results from AbA-BaB stacking
MoS,. While the band gaps of AbA-AbA stacking
MoS, are slightly larger, the trend of the band gaps
under strain is the same. The above band structure
calculations do not take into consideration the spin—
orbit coupling since the spin—orbit interactions arise
from the inner parts of the atoms and are insensitive to
the atomic bond lengths.?

It is of significance that the observed strain-induced
shift of band energy in our experiment was from a
large-area and homogeneous trilayer MoS, rather than
from a nonuniform MoS, with a mixture of number
of layers, which usually happens in mechanically

\
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exfoliated MoS, sheets. To verify that our sample con-
tained only uniform trilayer MoS,, we measured the PL
and Raman mappings of the sample. The typical map-
ping results showed that overa 10 x 10 zm? scanning
area the PL and Raman peak intensities were uniform
and the positions of the two Raman modes were
constant in the entire scanning area on their respective
frequencies (Supporting Information, Figure S6). More
importantly, we found that the applied strain was also
uniform and homogeneous, which was clearly shown
by the 1D spatial Raman mapping of the MoS, under a
strain of 0.2% in Figure 2d. In our device, only biaxial
compressive strain can be applied to the trilayer MoS..
However, in principle, biaxial tensile strain can also be
achieved by a piezoelectric substrate,’> which can not
only tune the band gap but also reduce the carrier
effective masses.?*?” Recently, the band-gap reduction
was observed from mechanically exfoliated monolayer
and bilayer MoS, nanosheets deposited on an elastic
substrate when tensile strain is applied by bending the
substrate.?®?® It is noted that the sensitivity of band-
gap shift per % strain is much higher for biaxial strained
MoS,; as compared to tensile strain (Supporting Infor-
mation, Table SllI). This observation is understandable
because the bonds are compressed only along one
direction under the uniaxial strain.

METHODS

Fabrication of the Electromechanical Device. The PMN-PT sub-
strates were obtained from Heifei Kejing Materials Technology
Company. Large-area and highly crystalline trilayer MoS, (1 x
1 cm?) was grown by CVD on a sapphire substrate using a
technique described by Liu et al.'® In order to transfer the as-
grown MoS; onto the PMN-PT (7 x 7 mm and 0.5 mm thick), the
MoS, was coated with a layer of PMMA (Micro Chem. 950K A4)
by spin-coating (step 1: 500 rpm for 10 s; step 2: 3000 rpm for
60 s), followed by baking at 100 °C for 10 min. After that, the
PMMA-capped MoS; was then put into a NaOH (2 M) solution at
100 °C for 30 min. The PMMA-capped MoS; film was transferred
to deionized (DI) water to dilute and remove the etchant and
residues. A PMN-PT substrate treated with O, plasma for 5 min
was then used to lift the PMMA-capped MoS, film, followed by
drying on a hot-plate (100 °C for 10 min). The PMMA was
removed by acetone, isopropyl alcohol, and then DI water. After
that, chloroform was used to further clean the MoS, surfaces.
CVD-grown monolayer graphene was then transferred on top of
the MoS, from copper foil using a similar method, while the
copper foil was etched by iron chloride (FeCls). The bottom Au
electrode (~100 nm thick) was deposited by sputtering with a
current of 80 mA and pressure of ~10~2 Torr after the flow of Ar
gas. The four edges of the PMN-PT substrate were masked to
avoid short-circuit between the top and bottom electrode. A
wire bonder was used to connect an electrical wire from the top
graphene electrode to a printed circuit board for electrical
connection (see Figure S7).

Characterizations. The AFM measurements were performed in
a Veeco Dimension-lcon system. A scanning rate of 0.972 Hz
with 512 scanning lines was used. Raman spectra were collected
in a Horiba Jobin Yvon HR800 Raman microscopic system. The
solid-state excitation laser has a wavelength of 488 nm and a
spot size of ~1 um with a power of 180 mW. A 100x objective
lens with a numerical aperture of 0.9 was used in the measure-
ment at room temperature. A Si sample with a feature peak at
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Finally, we can rule out the possibility that the band
structures of the trilayer MoS, could be influenced by
the applied vertical electric field, considering that the
band gap of bilayer MoS; could be reduced only by a
field 4 orders of magnitude larger than that used in our
device.?® Furthermore, when we replaced the piezo-
electric PMN-PT substrate with a sapphire substrate, no
PL or Raman shifts in the trilayer MoS, were observed
under the same field strength.

CONCLUSIONS

In summary, the experimental approach demon-
strated here is based on the use of piezoelectric
actuators made of single-crystal PMN-PT, which are
capable of providing controllable compressive strain
up to 0.2%. In addition to the ability to tune the
emission energy over a large range of 60 meV, the
applied strain can enhance the PL intensity. The
developed methodology can be employed on a wide
range of 2D crystals. Besides the band structure, it
will also allow us to investigate in detail the effects
produced by tunable strains on other important
physical properties of 2D crystals such as ferromag-
netism.3%3" We envision its use in high-performance
electronic, piezoelectric, photovoltaic, optoelectronic,
and spintronic devices.

520.5 cm™' was used as a reference for wavenumber calibration
in the Raman and photoluminescence characterization. The PL
measurements were also performed with the same laser using
the PL mode of the Raman microscopic system. The data
acquisition time of the Raman and PL spectra was set to 20 s.
A high-resolution X-ray diffractometer (Rigaku, SmartLab, 9 kW)
equipped with a Ge (220) 2 bounce monochromator was used
to obtain 26 scanning patterns of the single-crystal PMN-PT
substrate. The structure of the MoS, sheets was characterized
by a JEOL-2010F TEM with an accelerating voltage of 200 keV.
The electrical measurements were performed in ambient con-
ditions using a Keithley 2410 SourceMeter to provide a dc voltage
for the graphene/MoS,/PMN-PT electromechanical device.

First-Principles Calculations. The first-principles calculations for
the band structure of trilayer MoS, was performed within the
framework of density functional theory as implemented in the
VASP code.>**3 The projector-augmented wave method>*>* for
the core region and the Perdew—Burke—Ernzerhof functional®®
for the exchange—correlation potential were employed in calcula-
tions. The kinetic energy cutoff of the plane-wave expansion is set
at 500 eV. The conjugate gradient method was used to fully relax
the geometry until the force on each atom is less than 0.01 eV/A.
Convergence with respect to the mesh of K points was carefully
tested before the calculations. The calculations of Raman modes
were performed with density functional perturbation theory.>”
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