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Raman-scattering measurements and first-principles calculations of strain-induced phonon
shifts in monolayer MoS,
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The effect of strain on the phonon modes of monolayer and few-layer MoS, has been investigated by observing
the strain-induced shifts of the Raman-active modes. Uniaxial strain was applied to a sample of thin-layer
MoS, sandwiched between two layers of optically transparent polymer. The resulting band shifts of the Ezlg
(~385.3cm™") and A, ¢ (~402.4 cm™!) Raman modes were found to be small but observable. First-principles
plane-wave calculations based on density functional perturbation theory were used to determine the Griineisen
parameters for the E,, Ezlg, Aj,, and Ay, modes and predict the experimentally observed band shifts for the
monolayer material. The polymer—MoS, interface is found to remain intact through several strain cycles. As an
emerging 2D material with potential in future nanoelectronics, these results have important consequences for the

incorporation of thin-layer MoS, into devices.
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Molybdenum disulfide (MoS,) is a naturally occurring
transition-metal dichalcogenide. Its covalently bonded S—Mo—
S layers, each of thickness 6.5 A, experience only a weak
inter-layer van der Waals interaction, and can be separated
using liquid phase exfoliation,' or the Scotch tape technique.’
As the number of layers of MoS; is reduced, the material
undergoes a transition from an indirect to a direct band gap
semiconductor,>* meaning that monolayer MoS, shows a large
increase in luminescence quantum efficiency.’ Monolayer
MoS; has been shown to have a room-temperature mobility
of up to 200 cm?V~!s~!'—comparable to that of graphene
nanoribbons.® Recent work on freely-suspended thin-layer
MoS,; sheets has found that this material has a surprisingly
high Young’s modulus, £ = 0.33 TPa,” lower than that of
graphene with E = 1.0 TPa® but higher than many other 2D
materials such as graphene oxide (0.2 TPa)’ and hexagonal
boron nitride (0.25 TPa).'” However, unlike graphene, the
existence of a band gap in MoS,, although large at ~1.8 eV
for a monolayer,® has allowed the fabrication of a monolayer
MoS, transistor with a room temperature on/off current ratio
of 1 x 10%.° Combining monolayer MoS, with graphene in a
novel heterostructure'! has recently been shown to produce
a tunneling transistor that retains the high conductivity of
graphene, but also has an on/off ratio of 1 x 10*.

The presence of strain in low-dimensional materials can
have profound effects upon many of the aforementioned
properties, and these are important to understand in the context
of nanoelectronic devices, and particularly in the search for
flexible electronics. Experimental studies on graphene find
very large electronic band shifts, and theoretical studies predict
the opening of a band gap for large strains'’> and, even,
a pseudomagnetic quantum Hall effect for specific strain
fields.'? Here, we report the first study of the effects of uniaxial
strain on monolayer MoS, and find that the experimentally
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observed changes are well predicted by first-principles density
functional perturbation theory calculations.

Detecting the effects of strain experimentally can be
done by observing the phonon modes of the material using
Raman spectroscopy, a now well established technique for
the study of strain in graphene.'*'® The Raman spectrum of
thin-layer MoS; is strongly excitation dependent; resonance
excitation (~1.8-2.0 eV) leads to a rich spectrum of second-
order peaks and multiphonon bands'” due to strong electron-
phonon coupling. Away from this resonance, the spectrum
becomes simpler; four first-order Raman-active modes can
be observed in bulk at approximate frequencies of 32 cm™!
(Egg), 286 cm™! (E1,, also infrared-active), 383 cm™! (Eég),
and 408 cm™! (Aj,)."® Figure 1(a) illustrates the atomic
displacements giving rise to these modes, along with an
infrared active mode with frequency 470 cm™!.

We observe strong Raman signals from the in-plane Ezlg
mode, and the out-of-plane A;, mode when exciting with
515 nm excitation, see Fig. 1(b); other modes are not seen
here due to difficulty in rejecting Rayleigh scattered laser
light (Egg), or to selection rules prohibiting their observation
in our backscattering experimental arrangement (E; g).'9 As
the number of layers of MoS, is reduced, the vibrational
modes might be expected to soften as the interlayer van
der Waals interaction decreases, causing weaker restoring
forces in the vibrations. Although this is found to be the
case for the A, mode, surprisingly, an increase in frequency
of the E21g mode is found, see Fig. 1(b), which is believed
to arise from either Coulomb interlayer forces or stacking-
induced changes in the intralayer bonding.?*?! This anomalous
behavior is an advantage in identifying the number of layers
present in a sample, and in distinguishing from other layer-
dependent effects such as sample heating, which softens both
modes.
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FIG. 1. (Color online) (a) Atomic displacements of the Raman
and infrared active modes. (b) Raman spectra of MoS,, showing the
evolution of peak position of the Ezlg and A, modes for varying layer
thicknesses. Open circles show the experimental data, and solid red
lines show Gaussian fits indicating inhomogeneous peak broadening,
possibly due to small variations in strain. (c) Schematic (not to scale)
of the experimental setup, discussed in the text. Red arrows indicate
the direction of the applied strain.

MoS,; specimens were prepared using mechanical cleavage
and the microstructures of the cleaved materials were evaluated
using a Tecnai F30 transmission electron microscope (TEM)
operated at 300 kV. The high-resolution phase contrast TEM
image in Fig. 2(a) is of monolayer MoS,, showing the
atomic lattice structure with overlying wormlike contrast
arising from the ubiquitous hydrocarbon contamination. The

MoS, (110) 0.16 nm

FIG. 2. (Color online) (a) Lattice resolution TEM image of
a ~25 x 20 nm? area of monolayer MoS, revealing hydrocarbon
contamination as a wormlike background contrast. (b) Electron
diffraction pattern of monolayer MoS,. (c) A magnified area from
(a), showing the atom arrangements similar to the [001] view in the
model shown in (d).
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right-hand inset [see Fig. 2(c)] is an enlarged view of the
boxed area; the image has been Fourier filtered in order to
remove high-frequency noise. Overlaid in ball-and-stick model
fashion is a schematic of a [001] view showing the atomic
sublattices represented by different colored circles [also seen
in the crystal structure ball-and-stick models in Fig. 2(d)]. The
existence of the two sub-lattices and their atomic arrangements
becomes quite obvious from the image contrast in the enlarged
section [see Fig. 2(c)], even without determining which of the
sublattices gives rise to the particular contrast periodicities. It
was found that the monolayers were sensitive to the electron
beam at this voltage (300 kV) upon prolonged exposure.
Because of this, after optimizing the focusing conditions,
images were obtained from adjacent regions that had not
previously been exposed, and a repeat image was obtained
immediately to ensure that no changes had taken place during
the exposure. The electron diffraction pattern of monolayer
MoS; is shown in Fig. 2(b). The black shape is the beam stop.
The diffraction pattern consists of two rings, signifying the
(100)- and (110)-type lattice plane spacings of the respective
3D crystal structures that exhibited no change in intensity upon
tilting. This behavior is characteristic for single-layer flakes of
MoS,, where the #1 intensity ratio (in this case ~0.87) of
neighboring 100-type diffraction spots, has been reported by
Brivio et al.?? as being due to symmetry breaking.

In order to study strain effects, the thin layer MoS, flakes
were deposited onto a PMMA beam spin-coated with SU-8
polymer. The sample was capped on top with a second layer
of SU-8 polymer, as shown in Fig. 1(c), and then cured so that
the polymer is optically transparent. An area of monolayer
MoS;, ~20 um in length, was identified and measurements
taken for three central parts in close proximity. All three
monolayer areas studied gave similar results and so the spectra
were obtained for one of these areas only. Uniaxial strain
was applied to the PMMA beam using a 4-point bending rig.
The amount of strain applied was calibrated using a resistance
strain gage (gage factor is 2.08) attached using cyanoacrylate
adhesive to the sample, and which was positioned as close
as possible to the area being studied. Strain was applied in
steps of 0.05% up to a maximum of 0.7%. The size of the
MoS, flakes studied was several orders of magnitude thinner
than the thickness of the PMMA beam and so the strain in
the middle of the flakes can be assumed to be the same as the
strain in the PMMA, given by the strain gage, as has been
found for similar experiments upon graphene.'4-1°

Raman spectroscopy was undertaken with an excitation
wavelength of 514.5 nm (2.4 eV), using a Renishaw 1000
spectrometer, with 50 x microscope objective. The laser power
was kept low, <1 mW, to avoid sample damage. For all data
shown, the incident light was polarized either parallel or
perpendicular to the direction of the applied strain, and the scat-
tered light was left unanalyzed. The data were found to be fully
reproducible over several strain cycles up to 0.7% indicating
no breakdown or decoupling of the polymer—-MoS, interface.

Computational studies of the lattice dynamics and elastic
properties of MoS; have been carried out by several groups, us-
ing valence force-field** and ab initio methods**>*%’ though,
as far as we are aware, there have been no investigations of
the strain dependence of the phonon modes. Ab initio methods
have been very successful at reproducing the measured phonon
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dispersion of MoS,?* and so we use first-principles plane-wave
calculations based on density functional perturbation theory
(DFPT)?® to obtain the frequencies of the phonon modes at the
Brillouin zone center as a function of in-plane strain. We use
DFPT as implemented in the QUANTUM ESPRESSO package®
with ultrasoft pseudopotentials.>*3! The exchange correlation
potential was represented in the generalized gradient approxi-
mation using a Perdew-Wang functional (GGA-PW91),%? asin
earlier studies.’*?® Layers in the three-dimensional supercell
were spaced by at least 10 A to ensure there was no interaction
between them and so no van der Waals corrections were
required. Convergence of the total energy was checked with
respect to the kinetic energy cutoff (70 Ry) and Brillouin
zone sampling (a 25 x 25 x 1 Monkhorst-Pack grid was used).?
The optimized lattice parameter a was found to be 3.2132 A,
which agrees to better than 2% with the experimental value of
3.16 A3

Two types of distortion of the planar lattice were applied; a
symmetry-preserving isotropic expansion (‘“hydrostatic”) and
a shear distortion (“shear”), which preserves area.” In both
cases, the positions of the Mo atoms were fixed to obtain the
required unit cell parameters but the S atoms were allowed
to relax in the z (hydrostatic) and x,y,z (shear) directions
to minimize the forces on them before calculation of the
lattice modes. The maximum strains used were of order 0.5%
and so no adjustment to the density of k-point sampling
was necessary. As a further test, the in-plane stiffness was
calculated from the variation of the total energy as a function of
hydrostatic distortion (after relaxation of the S atoms) and was
160 Nm~', which compares well to other calculated values
(e.g., 146 Nm~")** and experiment (180 & 60 Nm™").3¢

Figure 3 shows the position of the experimentally measured
Ezlg and A;, Raman peaks as uniaxial strain is applied, for
both a monolayer area and a few-layer flake. The spectra were
fitted with Gaussians, as shown in Fig. 1. The resulting peak
positions as a function of strain have been fitted linearly, shown
by dashed lines in Fig. 3. We observe a very small shift of the
A1, mode to lower frequency for both monolayer and few-layer
areas at a rate of —0.4 cm™! per % strain. The Eég mode,
however, shows a considerably larger shift, with the monolayer
rate greatest at —2.1 cm™' per % strain, and the few-layer
slightly lower at —1.7 cm™~! per % strain. The observation of
a lower rate for few-layer material compared to monolayer
material has also been observed in graphene, where studies on
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FIG. 3. Position of the (a) A, and (b) Ezlg Raman peaks from
monolayer (open circles) and few-layer (filled squares) MoS,. Dashed
lines are linear fits to the data discussed in the text. Error bars indicate
the spectrometer resolution.

capped and uncapped samples of different thicknesses indicate
that this is not due to poor adhesion with the substrate, and is
instead an inherent property of the few-layer material.'®

To derive the phonon shift for uniaxial strain we follow the
method of Ref. 37 and our results are illustrated in Ref. 38.
For the hydrostatic case, modes of symmetry type E (in-plane
displacements) and type A (out-of-plane displacements) all
shift to lower frequency w as the lattice expands with a rate
which is given by the Griineisen parameter y,, for a phonon
mode m:

1 dw,, |
Yn =T M
where the strain € = €, +¢,.

In the case of a pure shear strain, we expect on symmetry
grounds that the modes of type A should be (to a first
approximation) unaffected whilst the reduction of the lattice
symmetry from D3, will lift the degeneracy of the E modes.
For each E mode, two components will appear, which should
shift equally up and down in frequency with a rate §,, that
is defined as y,, in Eq. (1) but now with € =€, —¢€,. The
frequency values w,, and y,,, B,, that we find for each mode
are given in Table 1.

To simulate the experimental results, we derive the phonon
shift for modes of £ and A symmetry using the fact that

TABLE I. DFPT results compared to experimental data for monolayer MoS,. Experimental results are those found in this work, except

where a reference is given.

Elg Eég Alg AZu
o (cm™!) (Expt.) 287* 385.3 402.4 470.0°
 (cm™!) (DFPT) 278.1 376.18 397.83 460.7
y (per % strain) 0.54 0.65 0.21 0.53
B (per % strain) 0.24 0.34 —0.01 —0.01
Aw/e (cm™! per % strain) (Expt.) not seen® -2.1 —-04 not seen’
Aw/e (cm™! per % strain) (DFPT) —1.32, —-0.64 —2.22,—-0.32 —0.55 —1.58

“Reference 23.

PReference 18.

“Prohibited by selection rules in our geometry, see Ref. 19.
dInfrared-active only.
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for uniaxial strain €, = € and €, = —ve, where v is Poisson’s
ratio. Since the MoS; is coated on both sides by SU-8 polymer,
we take the value of v = 0.35, as appropriate for the polymer,
and not MoS,, and which has been successful in modeling
similar graphene samples.?” In Table I, the experimental results
and theoretical predictions are compared. The agreement of
the DFPT calculations and experiment is good for the I"-point
phonon frequencies, as found by others.?*?% The predictions
for the rate of change of these modes with strain, —2.22 cm™!
per % strain and —0.55 cm~! per % strain for the Ezlg and
A1, modes, respectively, are also in good agreement with the
corresponding measured values of —2.1 cm™! per % strain and
—0.4 cm™! per % strain. We therefore conclude that DFPT
methods are well suited to this material and could be used to
make further physical predictions.

Experimentally, we have not been able to observe a splitting
of the doubly degenerate E;, mode, the two components
of which are expected to be orthogonally polarized. It is
possible that we are limited by the resolution of our system
because we do, however, observe a considerable broadening
of this mode, shown in Ref. 38, not seen for the A;, mode,
which could indicate an unresolved splitting. We also consider
the possibility of a nonuniform strain distribution within the
illuminated area, which would lead to a larger range of Raman
shifts for the £} . peak given its larger shift rate. A full spatial
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mapping of the strain distribution across thin flakes would give
an indication of the magnitude of the variations. The apparent
narrowing of the A, mode is yet to be understood, and further
experiments are needed to determine any effects of the crystal
orientation in reference to the strain and light polarization
axes.

In summary, we have observed uniaxial strain-induced
phonon shifts in monolayer and few-layer MoS, using Raman
spectroscopy. Due to the scaling of the Griineisen parameter
with frequency, see Eq. (1), the shifts observed with strain
are small compared with those seen for the G and D peaks
of graphene and similar materials.'*'%37 Despite this, we are
able to observe changes in the peak positions of both the E} ¢
and A, modes and find that our DFPT calculations predict
these shifts well. The polymer—MoS, interface is found to
remain intact over several strain cycles. As well as quantifying
the effects of uniaxial stress on an MoS; monolayer, these
results have important consequences for the incorporation of
this material into future nanoelectronic devices.
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