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A novel physical phenomenon and advanced application have been
explored in 2D low-dimensional van der Waals layered materials
due to their reduced in-plane symmetry. The light—matter inter-
action is observed upon rapid characterization of the 2D material’s
crystal orientation. Here, the effects of the sample’s rotation angle
and the incident light's linear polarization angle on the Raman
scattering of chemical vapor deposition (CVD)-grown monolayer
MoS, were investigated. The results show that the crystal orien-
tation of monolayer MoS, can be distinguished by analyzing the
intensity ratio and frequency difference of its two dominant
Raman vibration modes. In addition, an increase in the incident
light's power intensity causes the Raman peaks to red shift due to
the photothermal effect. Strikingly, it was found that, with an
increase in the incident linear polarization angle, the out-of-plane
A14 phonon mode red shifts, while the in-plane E291 phonon mode
blue shifts. The frequency difference consequently decreases from
19.5 cm™ to 17.4 cm™*. The anomalous lattice vibrations of mono-
layer MoS, originate from the built-in strain introduced by the
SiO,/Si substrate. This work paves the way for the investigation and
characterization of 2D MoS,, providing further understanding of
the light—matter interaction in 2D materials, which is beneficial for
advanced studies on anisotropic MoS; based electronic and photo-
electric information technologies and sensing applications.

Introduction

Atomic thin transition metal dichalcogenide (TMDC) semi-
conductors have broad application prospects in electronic
devices in virtue of their unique structure and properties.'
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Anomalous lattice vibrations of CVD-grown
monolayer MoS, probed using linear polarized
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Strong spin-orbit coupling,” the piezoelectric effect,”” and

the exciton Hall effect® were discovered in two dimensional
(2D) MoS, due to its broken inversion symmetry, which
provided a new avenue for exploring novel electronic device
concepts. For instance, the emergence of valleytronics
utilizing internal degrees of freedom of electrons in 2D broken
symmetry crystals holds a great prospect for future
electronics.”°

Raman spectroscopy is a simple, efficient, and nondestruc-
tive technique that is widely used in the characterization ana-
lysis of 2D materials."’™"® It is used to characterize crystal
structures, electronic band structures, lattice vibrations, the
number of layers, defect densities, strain, etc. Recently, studies
related to the crystalline orientation and symmetry of 2D
materials by controlling the polarization of incident photons
in Raman spectroscopy have attracted more and more atten-
tion. The zigzag and armchair crystalline directions of black
phosphorus and the symmetrical structure of WTe, can be
identified by using angle-resolved polarized Raman
spectroscopy.’®!” Both vertical and in-plane orientations of
low symmetry triclinic ReS, can be distinguished by employing
the same polarized Raman microscopy.'® A further study
shows that circularly polarized light leads to a large circular
intensity differential in the Raman spectra of layered ReS,."’
The helicity-resolved Raman scattering of TMDC atomic layers
is more advantageous in distinguishing and assigning phonon
modes, and in providing new insights into the relationship
between photon helicity and valley polarization.>® The effects
of crystalline orientation and polarized excitation light on
Raman scattering of CVD grown monolayer MoS, have not yet
been reported.

In this work, the Raman scattering of CVD-grown mono-
layer MoS, at different crystal orientations was investigated
and the association between the crystal and its corresponding
Raman shift was established. The effects of power intensity
and the excitation light’s linear polarization angle on Raman
scattering in monolayer MoS, were studied, likewise the anom-
alous lattice vibrations of monolayer MoS, were observed. The
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results presented are significant in the study of the light and
matter interaction.

Results

Monolayer MoS, samples were synthesized on a silicon wafer
coated with 300 nm SiO, by a chemical vapor deposition
method, for details see the “Experimental section”. Fig. la
shows the optical image of a representative monolayer MoS,
which is a triangular flake with about 15 pm edge length. The
equilateral geometry of the triangles suggests the monocrystal-
line feature of monolayer MoS,.>" The photoluminescence (PL)
spectra in Fig. 1b show that the optical energy gap of the MoS,
is about 1.82 eV, revealing its monolayer nature. The surface
morphology was analysed on a Bruker Dimension Icon, and
the AFM topography (Fig. 1c) of the MoS, sample shows a high
level surface uniformity that is well combined with the sub-
strate. The step height profile in Fig. 1d indicates the thickness
of the triangular MoS, at approximately 0.8 nm, further con-
firming its monolayer character. Fig. 1e illustrates the structure
of the optical path of the Raman scattering measurements. As
shown in the scheme, a different orientation of linear polariz-
ation of 532 nm (~2.33 eV) incident light was produced using
a linear polarizer and a half wave plate.

The symmetry of monolayer MoS, is broken into specific
lattice orientations because of the absence of an inversion
center. The crystal in the zigzag direction is symmetric, while
in the armchair direction, it is asymmetric.>* The optical
images of triangular monolayer MoS, in Fig. 2a-c show the
sample’s rotation angles between 60° and 90°. According to
ref. 20, the rotation angles of 60° and 90° correspond to a
zigzag and an armchair orientation along the x-axis (the red
arrow direction), respectively. Here, the polarization angle of
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light is fixed at the horizontal axis, which is shown by red
arrows in Fig. 2a-c. The Raman spectra of the out-of-plane A;,
vibration and the in-plane E,,' vibration are shown in Fig. 2d.
In order to obtain the exact intensity and location of the
Raman peaks, the Raman peaks are fitted, as shown in
Fig. S11, by using the Gaussian function, which have the stan-
dard error of 0.05-0.10 em™". The effect of the rotation angle
on the intensity and frequency of the two MoS, Raman peaks
is shown in Fig. S2a and S2b.} Interestingly, as the sample’s
rotation angle increases, the E2gl mode blue shifts and the A
mode red shifts. The opposite variation results in a decrease in
the Raman frequency difference between the two Raman
modes, which is shown in Fig. 2e, where the frequency differ-
ence decreases from 21.1 cm™" to 19.6 cm™". In addition, the
IAlg/IEZg1 intensity ratio drops from 1.27 to 1.21 as the
sample’s rotation angle increases from 60° to 90°, as shown in
Fig. 2f. The above scenario is further investigated on another
larger monolayer MoS, sample, and the results are shown in
Fig. S3.1 Here, the variation of the Raman intensity ratio and
the frequency difference are consistent with the above results.

The frequency of both the A, and E,,' phonon modes for
monolayer MoS, is not dependent on the crystalline orien-
tation in theory,?® however the CVD-grown monolayer MoS, on
the SiO,/Si substrate experiences about 0.4% intrinsic built-in
tensile strain, which leads to its anisotropic properties.>* This
anisotropy is due to a strain difference between the armchair
and the zigzag orientations due to their distinct structures. It
is reported that the phonon mode frequency difference
increases with increasing tensile strain,>*?**?® so a large
frequency difference measured in the zigzag orientation orig-
inates from the large strain. Nevertheless, the relation of the
peak intensity is irregular in these references. Our results
display a lower frequency difference with a higher peak inten-
sity as shown in Fig. S2 and S3.}
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Fig. 1 Characterization of monolayer MoS,. (a) The OM image of a triangular monolayer MoS,. (b) The PL spectra of the MoS2. (c) The AFM topogra-
phy of the MoS,. (d) The step height profile along the white line in the AFM image which confirmed the MoS, thickness to be about 0.8 nm. (e)

Measurement setup of a Raman spectrometer.
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Fig. 2 Effect of varying the crystal orientation of a monolayer MoS, to the Raman scattering measurement. (a—c) The optical image of monolayer
MoS, at different rotation angles (60°, 75° and 90°), with insets showings the direction of the crystal lattice, and (d) the corresponding Raman
spectra. The rotation angles at 60° and 90° correspond respectively to the zigzag and armchair crystal orientations along the x-axis. (€) The Raman
frequency difference and (f) intensity ratio of the Ezgl and A4 peaks as a function of the sample’s rotation angle.

The optical absorption of MoS, irradiated with a laser with
E, excitation energy can be evaluated by the equation below,”’
2

alkE) =753 IM(c.v. B o(ec®) — es(B) ~ Er) (1)

- -

in which ¢.(k) and &,(k) are the electronic band dispersion
relation of the conduction and valence bands, respectively,
M(c,v, E) is the electron—photon matrix element, and # is the
reduced Planck constant. The optical absorption of MoS, at
different excitation laser powers (I) and polarization (B) can be
evaluated by the equation below,

o L2
D(c,v, k)P
Ey

> 2ne’h*l
alk,Ey) = m2ce,

5(36(]?) - €V(]z) - E;') (2)

where e is the electronic charge, m is the electron mass, &, is
the dielectric constant for vacuum and D(c,v, I?) is the dipole
vector.

In quantum theory, the Raman intensity of monolayer
MoS, as a function of the excitation laser energy Ey, can be cal-
culated by the equation below,>®

1= |5 L agplm) iV [

i (EL — AEmi)(EL — hwy — AEm'i)
where the matrix elements of (m|V]i), (m'|Hepn|m) and
(fIV|m') correspond to the electron-photon of the optical
absorption, electron-phonon interaction, and electron-photon
of the optical emission, respectively. AE,,; are the differences
of energies between the initial and intermediate states.

The intensity of the in-plane E2g1 vibration is associated
with the band-to-band transition and the high energy excitonic

This journal is © The Royal Society of Chemistry 2019

transition,”® which depends on the phonon and the exciton
symmetries.*® In our results, shown in Fig. S2a, the intensi-
ties of E,,' for the 60° and 90° rotation angles are 1343.5 and
1430.2 (86.7 difference), respectively, while for A4, the intensi-
ties are 1702.8 and 1732.7 (29.9 difference). This reveals that
the changing intensity ratio stems from the asymmetric
phonon and exciton properties in strained monolayer MoS,.
We also investigated the effect of the excitation light’s
power on the Raman spectrum of monolayer MoS,, the results
of which are displayed in Fig. 3. The laser power was modu-
lated with a graduated neutral-density filter. Fig. 3a shows the
Raman spectra of monolayer MoS, recorded under different
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Fig. 3 Effect of excitation laser power density on Raman scattering of
monolayer MoS,. The Raman spectra measured at a different excitation
laser power (a) and spot size (c). The Raman shift (red line) and intensity
ratio (blue line) of Exg" and Ayg peaks as a function of excitation laser
power (b) and spot size (d).
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powers of excitation light. The intensity and intensity ratio of
the two MoS, Raman peaks are enhanced with the increase in
laser power. Both the A;, and E2g1 vibration modes exhibit an
approximately linear reduction, as illustrated by the red line in
Fig. 3b (the Raman shift vs. excitation light power plot). Also,
red shifts from 402.8 em™' to 402.3 cm™' for A,, and
382.6 cm™' to 382.1 em™' for E,,' were observed with an
increase in the laser power from 0.05 mW to 0.30 mW. Note
that the frequency difference between the two peaks is almost
unchanged, keeping at a value of 20.2 em™". In addition, the
effect of the excitation laser spot size on the Raman scattering
of monolayer MoS, was also investigated. With a fixed 0.3 mW
laser power, the spot size of the incident laser was varied by
tuning the sample stage to defocus the light beam. The optical
image of the series laser beam is shown in Fig. S4,1 while the
corresponding Raman results are shown in Fig. 3c. The inten-
sity and intensity ratio of the two peaks are lowered down as
the spot size widens, resulting in a blue shift in the A;, and
E,;' peaks (Fig. 3d). Obviously, the increase in laser power as
well as the shrinking of the spot size causes the power density
to increase.

The shift of both Raman peaks stems from thermal expan-
sion and temperature by the laser heating effect. The Raman
shifts of monolayer MoS, at different temperatures in
ref. 31-33 are consistent with our results. The phonon frequency
o can be expressed as a function of volume and temperature,*

<6lna}) B (BIn V) (8lnw> . <8lnw) (@)
oT OT )p\0InV ), or ),

The w of both vibration modes red shifts with the increase
in temperature and the decrease in spot size as inferred from
the above equation. In addition, the red shift of A;; and E2g1
modes with increased excitation light power is also observed
in the NiFe,0, film. They believe that the shift of the phonon
frequency is due to the disorder induced by thermal effects.**
In ref. 32, the temperature coefficients of A;, and E2g1 modes
are —0.0132 and —0.0123 cm™'/°C, respectively, which implies
that the frequency difference can also be changed by a large
excitation power.

The enhancement of intensity is due to the improvements
in optical absorption as the temperature increases, which can
easily be inferred from eqn (2) and have been experimentally
investigated using the light absorption spectrum.®* Exciton-
phonon coupling is also enhanced with increasing laser
power. Meanwhile, the increase in the peak intensity ratio with
the increase of laser power density is caused by the higher rate
of change of A,, compared to that of the E,,' phonon mode,
as shown in Fig. S5.7 The difference between the two phonon
modes is derived from the distinct properties along the in-
plane (E,,') and the out-of-plane (A,y) in monolayer MoS,.
Owing to this reason, the electron-phonon coupling (which is
associated with temperature) for A, is stronger than for E,,'.*

A fixed power is then employed while changing the linear
polarization angle of the excitation light using a linear polari-
zer and a half-wave plate in the Raman spectrometer. The
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effect of the linear polarization angle on the Raman scattering
of monolayer MoS, was studied. The Raman spectra of mono-
layer MoS, measured at polarization angles from 0° to 90° are
shown in Fig. 4a. Strikingly, with the increase of the excitation
light’s linear polarization angle, the A;; phonon mode stiffens
(red shifts), while the E,,' phonon mode softens (blue shifts).
The frequency of the A;; phonon mode decreases from
404.6 cm™' to 404.1 cm™" while that of the E,,' phonon mode
increases from 385.1 cm™! to 386.7 cm™!, and the rate of fre-
quency change is over three times larger for E2g1 compared to
that for A;e, as shown in Fig. S6a.t The frequency difference
between the two modes decreases from 19.5 cm™ " to 17.4 cm ™
(as shown in Fig. 4b), a reduction of 2.1 cm™". A similar result
is also observed in another sample as shown in Fig. S7.7 In
order to emphasize their differences, only two Raman spectra
measured under 0° and 90° linear polarization are presented.
Here, the frequency difference of the two MoS, Raman peaks
decreases from 19.9 cm™ to 17.9 ecm™', while no shift is
observed in the Raman peak of silicon.

The effect of the linear polarization angle is similar to the
effect of the rotation angle and the sample thickness. The
anomalous behavior of Raman scattering in monolayer MoS,
probed by linear polarized light is similar to the one affected
by the thickness effect and behaves differently from the ones
under the influence of temperature and laser power density.
This reveals why the frequency difference of monolayer MoS,
is discrepantly measured by using different Raman spec-
trometers. The Raman frequency difference of monolayer
MoS, from various references is in the range of 17.1 ecm™ '~
21.0 em™, and the typical results are displayed in Fig. 5. In
our results, the Raman frequency of the same monolayer MoS,
can be between 17.4 cm™" and 21.1 em™ " at different rotation
angles and at different linear polarization angles of the exci-
tation light. The variation in the Raman frequency difference
is due to the anisotropy of the light-matter interaction, i.e.
small and large differences correspond to the small and large
strain, respectively.

In addition, with the increase of the linear polarization
angle of the excitation, the IA;,/IE,,' intensity ratio is
improved to a maximum value (1.53) at 90°, see the blue line
in Fig. 4b. The intensity ratio is probably affected by the aniso-
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Fig. 4 Effect of linearly polarized excitation light on the Raman scatter-
ing of monolayer MoS,. (a) The Raman spectra of an armchair direction
sample. (b) The Raman frequency difference (red line) and intensity ratio
(blue line) of Ezgl and A4 peaks as a function of linear polarization
angle.
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Fig. 5 The typical Raman frequency difference of monolayer MoS; as
reported in various references.

tropic material, which could induce a different electron-
phonon coupling strength. A higher intensity means a higher
intensity ratio, which is consistent with the effect of laser
power density. Similar results have also been demonstrated in
monolayer MoS, nanoribbons, which stemmed from the an-
isotropy of its armchair and zigzag crystal orientations.*’ In
this work, the monolayer MoS,, grown by a CVD method on a
Si0O,/Si substrate, has built-in tensile strain which causes its
anisotropic properties.

There are many factors that affect the locations and intensi-
ties of the two vibrational modes of monolayer MoS,. First of
all, the frequencies of the A;; and E2g1 phonon modes shift in
opposite directions under the influence of disorders,** the
sample’s rotation angle, and the linear polarization angle of
the excitation light. The frequency of the A, phonon mode is
sensitive to electron doping® and environment (vacuum,
ambient and DI water),”” while the E,,' phonon mode is
sensitive to strain.”»**?® Both frequencies of the A,, and the
Ezg] phonon modes shift to the same direction, which is
attributable to the effects of temperature and laser power.
Meanwhile, both A;, and E,,' intensities vary under the
influence of disorders,*” temperature,> > laser power, the
sample’s rotation angle and the linear polarization angle of
the excitation light, while their intensities vary oppositely to
the effects of electron doping and the environment. Our
investigations on the variations of the Raman peaks’ intensity
ratio and frequency difference provide a new insight to explain
why the Raman frequency difference of monolayer MoS, shows
discrepancy in various studies.

Conclusions

In conclusion, the effects of the rotation angle, power, and
linear polarization angle of the excitation light on the Raman
spectrum of CVD-grown monolayer MoS, were investigated.
When the crystal orientation of monolayer MoS, changes from
the zigzag direction to the armchair direction along the x-axis,
the frequency difference between A;, and E2g1 vibration modes
decreases from 21.1 ecm™ to 19.6 em™' and the IA;,/IE,,"
intensity ratio also decreases from 1.27 to 1.21. The Raman
peaks red shift with the increase in the excited light’s power
intensity. Moreover, with the increase of the incident light’s

This journal is © The Royal Society of Chemistry 2019
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linear polarization angle, the frequency difference between the
two modes drops from 19.5 cm ' to 17.4 cm™, that is a
reduction by 2.1 em™, and the intensity ratio increases from
1.27 at 0° to a maximum value of 1.53 at 90°.

Experimental details
Sample preparation

2D MoS, samples were grown inside a three-temperature zone
tube furnace equipped with a 60 mm diameter quartz tube.
The synthesis process was similar to the processes described
in refs. 43 and 44. The Si/SiO, substrates were cleaned in
acetone, alcohol, and deionized water. The dried MoO;
powder (10 mg) was placed on a quartz boat located at the
center of the third furnace zone downstream of the carrier gas.
The 2 cm x 2 cm Si/SiO, substrate used for growing MoS, was
placed face-down above the MoO; powder. The S powders were
placed in a ceramic boat located at the center of the first
furnace zone at the upper stream. The S powders were heated
to an approximate temperature of 160-180 °C before MoO;
was heated to about 850 °C at 25 °C min~*. The S and MoO;_,
vapors were brought to the target substrate by an ultrahigh-
purity Ar carrier gas of 100 sccm. The growth recipe was
allowed to sit for 30 min before being cooled inside the
furnace to room temperature.

Raman measurement system

Raman spectra were obtained using a JY Horiba HR800
equipped with a liquid nitrogen cooled CCD, a Nd:YAG
532 nm solid state excitation laser and an optical microscope.
The laser power was below 1 mW to avoid damage to the MoS,
samples. Before obtaining the Raman spectra, the surface
morphologies of 2D MoS, were examined with the optical
microscope. A 100x objective lens was used to focus the laser
and collect the Raman scattered light, and an 1800 lines per
mm grating was chosen for spectra acquisition. A linear
polarizer and a half-wave plate were placed in the incident
light path to obtain linearly polarized light.
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