Optical polarization in mono and bilayer MoS,
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ABSTRACT

Optical anisotropy in monolayer- and bilayer-MoS, was investigated by polarization
resolved photoluminescence measurements. The photoluminescence of monolayer-
MoS; is found to be partially polarized at 4.2 K and maintains this polarization
characteristic up to room temperature, while the photoluminescence of bilayer-MoS;
shows no obvious polarization. This polarization anisotropy is due to strain effects at
the interface between the MoS; layer and the SiO, substrate, causing symmetry
breaking of the MoS; charge distribution. Calculations using density functional theory
of the electron density distribution of the monolayer- and bilayer-MoS; in the in-plane

direction are also presented, giving support to our qualitative analysis.
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1. Introduction

Layered two-dimensional (2D) materials have been the center of attention for
applications in next-generation nanoelectronic technology because of their unusual
physical and electronic properties. Although graphene is a promising material due to
its rich physics and relatively well studied chemical synthesis [1-3], pristine graphene
has no bandgap, which is a disadvantage for applications in electronic and optical
devices. 2D MoS,, on the other hand, exhibits a bandgap of 1.2~1.9 eV depending on
the layer thickness [4-8], and has thus drawn a considerable amount of attention as a
potential material for optoelectronic devices. That is to say, a monolayer of MoS; (1L-
MoS;) is a direct gap semiconductor with a band gap of 1.8~1.9 eV at the K-points of
the 2D hexagonal Brillouin zone, whereas bulk MoS; is an indirect semiconductor with
a band gap of ~1.2 eV. There has been much interest generated in studying the
characteristic optical properties of MoS; using photoluminescence (PL) measurements
[7-9] as well as the valleytronics related to its 2D symmetry [10-14]. The fascinating
electronic properties of this material have already led to the development of some
interesting novel devices [16,17]. Moreover, valleytronic devices such as
phototransistors and FETs for sensors have also been demonstrated based on 1L-MoS,
[15-20]. Recently, valley-based polarization has been shown in 1L-MoS; by selectively
exciting the degenerate K and K’ states with right and left circularly polarized light [11-
15], and also by electrical control in bilayer MoS; (2L-MoS,) [16], demonstrating the
material’s potential for valley-based electronics. The study of the physical properties
of atomically thin MoS; is essential in understanding its optical transitions. However,
due to their inherent 2D nature, the electrical and optical properties of 1L- and 2L-MoS;

can be greatly affected by their surfaces and the MoS,/substrate interface. It is therefore



important to understand how such interfaces can affect the optical and electronic
features of the material.

In this paper, we demonstrate optical anisotropy of 1L- and 2L-MoS, by using
polarization resolved PL. This polarization anisotropy in the 1L-MoS; is shown to arise
from strain effects at the interface between the MoS; layer and the SiO, substrate.
Density functional theory (DFT) calculations were performed to determine the electron
density distribution of the 1L- and 2L-MoS; in the in-plane direction. The in-plane
optical anisotropy could be used to produce polarization- sensitive photodevices that
are useful for optoelectronic circuits, optical switches and interconnects, optically

driven quantum dot computing and high-resolution near-field imaging.

2. Experimental

The 1L- and 2L-MoS; flakes were prepared on a SiO,/Si substrate by mechanical
exfoliation from 2H-MoS;. In order to confirm the number of atomic layers, the MoS;
flakes were characterized by micro-Raman spectroscopy. For the low temperature PL
measurements, the sample was mounted in a continuous-flow helium cryostat, allowing
the temperature to be controlled accurately from 4.2 K to room temperature and the
optical luminescence properties were characterized by using micro-photoluminescence
(u-PL). A CW linearly polarized solid-state laser operating at a wavelength of 532 nm
was used for the excitation of the MoS; flake. A 100x (NA 0.7) objective was held
above the cryostat focusing the incident laser beam to a spot size of ~0.8 um? and also
to collect the emitted luminescence from the same spot. The polarization properties of
the MoS, flake emission were analyzed by rotating a linear polarizer over a range of
360°. The measured PL polarization is corrected to compensate for the depolarization

effects caused by the system, and for any induced polarization caused by the



spectrometer or mirrors. All the calculations were performed by using the Vienna ab
initio simulation package (VASP). Project augmented wave (PAW) pseudopotentials
within a 440 eV energy cutoff were used for modeling ion cores. The exchange-
correlation energy was calculated with a generalized gradient approximation (GGA)
functional of the Perdew-Burke-Ernzerhof (PBE) type. Furthermore, van der Waals
density functional theory (vdW-DFT) with an optB86b functional was used to include

dispersion interactions between the MoS; layers and SiO, surface.

3. Results and discussion

Figure 1(a) shows the optical microscopy image of the mechanically-exfoiliated
MoS, flake on a SiO, substrate. The flake consists of 1L and 2L.-MoS, regions. In order
to confirm the number of MoS, layers, Raman spectroscopy measurements (see Fig.
1(b)) were undertaken at the two different contrast regions shown in Fig. 1(a). In the
MoS, material, the two prominent Raman bands measured were assigned as in-plane
E',, at 3854 cm™' and out-of-plane A, modes at 402.3 cm ', showing systematic
frequency progressions as a function of thickness. It is well known that the frequency
difference between these two bands serves as and indictor of the exact number of layers.
Frequency differences at the upper semi-transparent and bottom dark regions are 17.77
cm 'and 21.01 cm™' corresponding to 1L- and 2L-MoS,, respectively. These values are
in good agreement with the values in the literature [20].

Figures 2(a) and (b) show the pu-PL spectra of the 1L- and 2L.-MoS, measured at
4.2 K and 292 K, respectively. A prominent PL peak can be identified at ~1.869 eV for
1L-MoS; and 1.876 eV for 2L-MoS; at 4.2 K. The PL intensity and the emission energy
of the 2L-MoS; are more intense and higher than those of the 1L-MoS, at low

temperature. However, the opposite behavior is seen at room temperature, which is



consistent with previous results [6]. We should also consider the relationship of the
emission energy and the physical nature of the MoS,/SiO; interface, which may cause
different strain in 1L- and 2L-MoS,. We do not fully understand this phenomenon. It is
known that the PL spectrum and intensity of atomically thin MoS, are affected by
defects and the substrate as well as by the layer number [21-24]. Thus, we presume that
complex, temperature-dependent interplay between these factors is linked to this
observation. This will be reported elsewhere.

Figures 3(a) and 3(b) present polarization-angle resolved PL spectral mapping of
the 1L- and 2L-MoS, at 4.2 K, respectively. The polarization angles in Figure 3 are
relative to an arbitrary direction (where our linear analyzer started measuring). Both
1L- and 2L-MoS, show a polarization anisotropy in the PL at 4.2 K. In addition, it can
be seen by comparing Figures 3(a)~(d), that the emission energy peaks and intensity
for the 1L- and 2L- MoS; are consistent with the results presented in Figure 2. The
entire peak intensity was integrated and plotted against the polarization angle of the
linear analyzer. In order to characterize any systematic errors, an unstrained
AlGaAs/GaAs multi quantum well was measured with the same system parameters to
serve as a reference. The measured MoS, data was subsequently calibrated with this
reference in order to remove systematic errors arising from any optical misalignment.
The calibrated intensity variations for both the sampled areas at 4.2 K and 292 K were
presented in Figure 4. It is apparent that the 1L-MoS, shows a certain degree of
polarization anisotropy in its PL spectra at both 4.2 K and 292 K. Increasing the
temperature is found to decrease the degree of polarization of the 1L area slightly. For
the 2L areas, however, the results show very slight polarization anisotropy at 4.2 K

compared to that seen at 292 K.



Figure 4(a) shows a polar plot comparing the PL intensities of the 1L-MoS, at 4.2
K and 292 K at the same analyzer angles. Differences in the PL polarization can be
seen clearly in this plot as the polarizers are rotated. The degree of linear polarization
(DLP), defined by (Zmax—Imin)/(Imaxt1Imin), in the measured angular range is found to be
~22 % for the 1L-MoS; at 4.2 K. This decreases slightly at room temperature within
error boundaries. However, the DLP of the 2L-MoS; almost disappears, as shown in
Fig. 4(b). The PL from the 2L.-MoS, is considered linearly unpolarized taking into
account experimental fluctuations. The PL from the 1L- and the 2L-MoS; differs not
only in emission energy, intensity and but also polarization. The temperature dependent
behavior of this effect leads us to believe that this polarization anisotropy may be
caused by strain existing at the interface between the MoS, layer and SiO; substrate.

In an attempt to understand the polarization dependent PL, DFT calculations were
performed for the 1L- and 2L.-MoS, on the SiO; substrate by using projector augmented
wave pseudopotentials with a plane-wave basis set as implemented in the Vienna ab-
initio simulation package (VASP) [25]. Figure 5(a) shows the calculated structure of
the 2L-MoS; including the SiO; substrate. The lattice mismatch is about 3.5% between
above two structures. The structures were optimized until all of the forces were smaller
than 0.025 eV/A and the energy convergence reached the criterion 10~ eV. Contour
maps of the charge density are shown in Figures 5(b) and 5(c). The corresponding
position of the charge density contour map is also shown in the geometry of the system.
The conduction-band minimum and valence-band maximum at the K-point was derived
from (Mo-) atomic d orbitals. When subject to strong quantum confinement in a non-
spherical symmetry, they may give rise to both electron and hole levels with strongly
anisotropic charge distribution, which in turn will produce polarization-dependent

transitions. Figures 5(b) and 5(c) show the calculated electron density distribution at



the interfaces between SiO, and 1L-MoS, and between 1L-MoS, and 2L-MoS,
respectively. A large difference can be seen in terms of the spatial distribution of the
electron density in these two systems. As shown in Fig. 5(b), in the middle of 1L-MoS;
and SiO,, the electron density is mainly distributed around the S atom, and it is almost
zero near the Mo position, which results in symmetry breaking of the charge
distribution. For the 2L-MoS; system shown in Fig. 5(c), however, the electron density
distribution does not show much difference between S and Mo atoms. The 1L-MoS;
has an inversion asymmetry [4,12,26], while the 2L-MoS, has an inversion symmetry
[4,10,13] in the unit cell as the valley dependent optical selection rule is not allowed.
However, the inversion symmetry can be broken by applying an electric field
perpendicular to the bilayer, which leads to a potential difference between the two

layers [14].

4. Conclusion

In summary, we have demonstrated optical anisotropy in the excitonic PL of 1L-
and 2L-MoS,. We find that there exists a degree of polarization of the PL in 1L-MoS;
at low temperatures. The polarization of the 1L-MoS, is retained up to room
temperature. To shed light on this behavior, DFT calculations were performed for both
1L- and 2L-MoS; on SiO,. The charge density distribution between 1L-MoS; and SiO,
substrate shows symmetry breaking in the in-plane direction. The internal field caused
by this symmetry breaking can alter the PL polarization in relevant direction. Clear
understanding of electronic structures in 1L- and 2L-MoS, through photo-excited
carriers is important in designing transparent semiconducting MoS, monolayer-based
optoelectronic devices as well as in exploring novel mesoscopic physics in this

emerging 2D system.
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Figure captions

Fig. 1. Optical microscopy image of the MoS, flake prepared by mechanical exfoliation

of MoS;. (b) Raman spectra of the 1L- and 2L-MoS;.

Fig. 2. u-PL spectra of 1L- and 2L-MoS2 measured at 4.2K (a) and 292 K (b). An
excitation power of 1 mW/cm? was used. The black squares and red circles present the

1L-MoS; and 2L-MoS,, respectively.

Fig. 3. PL spectra mappings of the 1L-MoS; at 4.2 K and 292 K (a, ¢) and 2L-MoS, at
4.2 K and 292 K (b, d) as a function of the polarizer angle. An excitation power of 3.8

kW/cm? was used.

Fig. 4. Polar plot of the polarized PL spectra of the 1L-MoS, (a) and 2L-MoS; (b) as a

function of the polarizer angle.

Fig. 5. (a) The structure of 2L-MoS; including the SiO; substrate (2L.-MoS, + SiO,).
The supercell is shown with a black line in the side view. Electron density distributions
calculated from DFT calculations for (b) between 1L-MoS, and SiO, and (c) between

2L-MOSQ.
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