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ABSTRACT As a representative two-dimensional semiconducting transition-metal dichal- 180
cogenide (TMD), the electronic structure in layered MoS, is a collective result of quantum
confinement, interlayer interaction, and crystal symmetry. A prominent energy splitting in the
valence band gives rise to many intriguing electronic, optical, and magnetic phenomena.
Despite numerous studies, an experimental determination of valence-band splitting in few-
layer MoS, is still lacking. Here, we show how the valence-band maximum (VBM) splits for one
to five layers of MoS,. Interlayer coupling is found to contribute significantly to phonon energy
but weakly to VBM splitting in bilayers, due to a small interlayer hopping energy for holes.
Hence, spin—orbit coupling is still predominant in the splitting. A temperature-independent
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VBM splitting, known for single-layer MoS,, is, thus, observed for bilayers. However, a

I'(K)

Bose—Einstein type of temperature dependence of VBM splitting prevails in three to five layers of MoS,. In such few-layer MoS,, interlayer coupling is

enhanced with a reduced interlayer distance, but thermal expansion upon temperature increase tends to decouple adjacent layers and therefore decreases the

splitting energy. Our findings that shed light on the distinctive behaviors about VBM splitting in layered MoS, may apply to other hexagonal TMDs as well. They

will also be helpful in extending our understanding of the TMD electronic structure for potential applications in electronics and optoelectronics.
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photoluminescence spectroscopy

ides (TMDs) have lately attracted con-

siderable attention due to their exotic
electronic and optical properties.”? One
of intriguing features is the possibility to
control quantum degrees of freedom such
as electron spin, valley pseudospin, and
layer pseudospin.® Unlike graphene, TMDs
have a strong spin—orbit coupling (SOC)
originating from the d orbitals of the heavy
transition-metal atoms.* This remarkable
SOC combined with the unique crystal sym-
metry leads to coupling of spin and valley
degrees of freedom.>7 In semiconducting
TMDs, the valley index represents an addi-
tional dimension, to charge and spin, that
can be exploited in information processing.
This extra dimension is derived from the
confinement of holes in distinct valence
band maxima (VBMs) each with a given
energy level but at different positions in
the momentum space. Exploitation of such
interesting features can lead to potential
spintronic and valleytronic devices.

I ayered transition-metal dichalcogen-
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In monolayer hexagonal TMDs, such as
MoS,, the SOC lifts the spin degeneracy of
the energy bands due to breaking of the
inversion symmetry.® This effect is particu-
larly pronounced in the valence band, giv-
ing rise to a sizable spin splitting (>0.1 eV) of
the valence-band edge at the K point of the
Brillouin zone.® This splitting makes it desir-
able for the observation of many physical
phenomena such as the spin-Hall effect,’®
valley-Hall effect,'" and optical circular
dichroism.'? In few-layer TMDs, interlayer
van der Waals interactions, besides SOC,
play a non-negligible role in determining
VBM splitting.’® Recent theoretical calcula-
tions show that the interlayer distance has
strong effects on the VBM splitting." De-
creasing the interlayer separation would
lead to strengthening of the interlayer cou-
pling, a hypothesis that can be verified
using few-layer MoS,.

The VBM splitting in monolayer MoS,
caused by the spin—orbit coupling has been
fully characterized.”>'® In view of the
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Figure 1. Optical and AFM images of MoS; flakes. (a, b) Optical images of 1L, 2L, 3L and 4L, 5L MoS; on SiO,/Si substrate,
respectively. The scale bars are both 5 um. (c, d) AFM images of the white dashed squares in (a) and (b). The scale bars are both
2 um. (e and f) Height profiles along the dashed lines in (c) and (d), respectively.

change in the conduction band leading to a funda-
mental transition from direct to indirect bandgap
when the number of layers is increased from one to a
few,>"” it is highly desirable to explore how the split-
ting would evolve with increasing number of layers in
MoS,. This is what we intend to systematically investi-
gate in the present work using temperature-dependent
photoluminescence (PL) spectroscopy, a technique cap-
able of effectively probing the electronic and structural
properties of nanomaterials.'® Bandgap determination
using PL spectroscopy is in general inaccurate and
can differ from the electronic bandgap due to large
exciton binding energies in two-dimensional materials
(0.5—1 eV, theoretical calculations).'® 23 However, the
VBM splitting deduced from the energy difference
between excitonic peaks A and B is less affected,
because the difference in binding energy between
the excitons is negligibly small at ~10 meV.>*

RESULTS AND DISCUSSION

Atomically thin MoS, flakes were mechanically ex-
foliated from bulk crystals onto a heavily doped silicon
substrate capped with a 300 nm thick thermal grown
SiO, film. The number of layers was identified using
optical microscopy, atomic force microscopy (AFM),
and Raman spectroscopy. The sample preparation and
characterization are detailed in the Methods. Figure 1a,b
shows the optical images of thin MoS, flakes consisting
of monolayer (1L), bilayer (2L), trilayer (3L), tetralayer
(4L), and pentalayer (5L) MoS, sheets. It is seen that the
optical contrast of MoS; increases with the number of
atomic layers.®®> As such, single- and few-layer MoS,
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films show distinctive optical contrast against the
substrate in Figure 1. This identification was confirmed
using AFM; see Figure 1¢,d for AFM topography images
taken from the regions marked by the dashed squares
in Figure 1a,b, respectively. The number of layers was
determined by height measurement with respect to
the SiO, surface from the line profiles in the AFM
images. The transition from SiO, to MoS, toward the
right in Figure 1e gives a thickness of 0.77 nm, which is
compatible with the thickness of 1L MoS,. It should be
noted that 1L MoS, flakes measured on SiO, show a
widespread in thickness from 0.6 to 1.2 nm in the
literature.2~2° This reflects the difficulty in accurately
determining the thickness of 1L MoS,, likely due to the
presence of adsorbates between the flake and
the substrate?’ or to the difference in deflection force
the AFM tip experiences between the flake and the
substrate.>® Therefore, measuring the height between
two adjacent layers of the same MoS, flake is obviously
advantageous. Our measurements in Figure Te,f yield
0.89 nm between 2L and 1L (second layer), 0.79 nm
between 3L and 2L (third layer), and 0.62 nm between
5L and 4L (fifth layer), i.e., a clear decreasing trend for
increasing numbers of layers. This is consistent with the
theoretical expectation that thicker MoS, layers have a
smaller interlayer spacing.'**' Furthermore, the inter-
layer distance for the fifth layer is in good agreement
with the theoretical interlayer spacing of 6.15 A in bulk
Mo0S,.3? The nanoflakes were also characterized using
Raman spectroscopy, which gave supporting results in
Figure ST (Supporting Information) with decreasing
frequency of the in-plane vibration E291 and increasing
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Figure 2. PL characterization of MoS, flakes at different temperatures. PL spectra of 1L (a), 2L (b), 3L (c), and 4L (d) MoS,. The
Gaussian components fitting to the PL spectra are shown as the thin, black lines, while the thin, white lines embedded in the
thick, colored lines (representing the experimental data) are the fitting results. A° (orAin3Land 4L) and B represent the two
exciton emissions while A~ in 1L and 2L indicates the trion emission. I in (b) accounts for the indirect emission and D in (d) the

defect-assisted emission.

frequency of the out-of-plane vibration A;4 with in-
creasing number of MoS; layer. This opposite behavior
of Ey4' and A4 leads to an increase in frequency dif-
ference from 188 cm ™' in 1L to 24.6 cm ™" in 5L.

The quantum confinement effect causes the elec-
tronic structure of MoS, to transform from indirect to
direct gap semiconductor as the material is exfoliated
down to a monolayer in thickness.® The two PL emis-
sion peaks around 1.90 and 2.05 eV in Figure 2a are
characteristic of 1L MoS,. They correspond to the direct
excitonic transitions A and B between the minimum of
the conduction band and the maxima of split valence
band at the K point.'” Although few-layer MoS, are an
indirect bandgap semiconductor, its PL continues to
be dominated by peaks A and B in 2L to 5L MoS,; cf.
Figure 2b—d and Figure S2 (Supporting Information).
This originates from the direct-gap hot luminescence,’
which is different from the indirect bandgap semicon-
ductor silicon with an almost total PL quenching.

The broad peak A in the PL spectra of the 1L and 2L
MoS, comprises two components, A° and A™. The two-
dimensionality in atomically thin MoS, enhances the
Coulomb interaction because of reduced dielectric
screening, large carrier effective masses, and strong
quantum confinement, all favoring the formation of
tightly bound excitons. Once a small number of excess
electrons are present, they can capture the photoex-
cited excitons to form trions, which represent a bound
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state of two electrons and a hole.** The higher energy
emission in complex A is the neutral exciton, A%, while
the lower energy peak is a trion, A~. Their energy
difference defines the trion binding energy: 43 meV
in 1L and 25 meV in 2L (Figure S3, Supporting
Information). The trion PL peak is difficult to resolve
in flakes with 3L or more. In addition, the PL peak |
emerging at 1.59 eV in the 2L MoS, is attributed to the
transition across the indirect bandgap between the T’
and K points.3* The PL peak D at 1.8 eV in the 4L and 5L
MoS, originates from defect-bound neutral excitons.>
The peak positions of both excitons A and B in all
layered MoS, nanoflakes show red-shift with increas-
ing temperature. The shift is caused by the tempera-
ture dependence of the semiconductor bandgap. In
order to quantify the exciton peak shift, depicted in
Figure S5 (Supporting Information), the following
semiempirical bandgap expression®® is employed

E(T) = Ey — S(hw) {coth <@> - 1] (1

2kgT
where Ej is the transition energy at 0 K and S is the
Huang—Rhys factor that represents the strength of the
exciton—phonon coupling; a higher Huang—Rhys fac-
tor indicates stronger coupling. (hw) is the average
phonon energy and kg is the Boltzmann constant. The
extracted (hw) and S for A and B are shown in Figure 3.
The difference in (hw) between A and B is insignificant,
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Figure 3. Phonon energy and exciton—phonon coupling strength in MoS,. (a) Layer dependence of average energy for
phonon interacting with excitons A and B. (b) Layer dependence of the strength of phonon coupling with excitons A and B.
The red arrow indicates a sudden drop of the coupling strength for exciton A when moving from 2L to 3L. Error bars are
determined from the standard deviations incurred in the curve fitting of the experimental data in Figure S5 with eq 1.

but a sudden jump from ~12 meV for 1L to ~25 meV
for 2L is observed. Thereafter, the increase is minor
between 2L and 5L. This behavior is similar to the shift
of the out-of-plane vibration A;4 with the number of
MoS, layers determined by means of Raman spectros-
copy (Figure S1, Supporting Information). In compar-
ison with 1L, the interlayer coupling in 2L significantly
strengthens the atom—atom interaction in the vertical
direction. However, the interlayer coupling has appar-
ently different effects on the coupling strength of
excitons A and B with phonons. The coupling strength
for exciton B increases, expectedly, monotonically from
1.5 to 3 with increasing number of layers. However,
the coupling strength for exciton A drops from 2 to 1.5
unexpectedly when the number of layers is increased
from 2L to 3L. It then continues to increase after 3L
as for exciton B. This development of the coupling
strength for exciton A is poorly understood. Likely
changes in the electronic structure of the split valence
bands in 3L and above need be scrutinized. The dif-
ference in phonon coupling factors between excitons
A and B in thick MoS; is likely related to their distinct
effective masses. It has been shown that exciton B has a
larger effective mass than exciton A in thicker MoS,3’
and a larger exciton effective mass causes a stronger
exciton—phonon coupling.®®

The energy difference between excitons A and B
defines the VBM splitting at the K point. The tempera-
ture behavior of the VBM splitting for all the MoS,
nanoflakes is shown in Figure 4. The splitting energies
for 1L and 2L are both independent of temperature.
In 1L, the VBM splitting is entirely due to the strong
SOC leading to spin-split bands. The SOC is a relativistic
effect mostly determined by the inner orbits of an atom
and represents therefore an atomic property.>® Hence,
the VBM splitting energy in 1L is insensitive to the
temperature variation. Unlike 1L MoS, with a structural
inversion asymmetry, its 2L counterpart, stacked in
the Bernal configuration, possesses both time-reversal
and inversion symmetries. As a result, it splits to the
degenerate spin-up and spin-down bands.*® The VBM
splitting thus arises from a combined effect of SOC and
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Figure 4. Temperature dependence of VBM splitting in
MoS,. VBM splitting energies for MoS, with layers from 1L
to 5L as a function of temperature. Solid lines are the fitting
results according to eq 2. Error bars are determined from
the standard deviations incurred in the curve fitting of the
PL spectra of MoS, with a Gaussian function.

interlayer coupling. The splitting energy increases
from 130 meV in 1L to 140 meV in 2L. However, it has
been recently reported that the interlayer hopping energy
for holes is smaller than the spin splitting energy due to
alarge layer separation in 2L MoS,.>*'*? Consequently, the
interlayer hole hopping, i.e., holes consecutively hopping
between neighboring layers, is virtually suppressed. The
mixture of the wave function of the holes in different layers
is negligible, and thus, the 2L MoS; can be treated as two
separated 1L. This explains the small difference in VBM
splitting between 1L and 2L in terms of both energy and
temperature behavior. The interlayer scattering, which is
an effective relaxation mechanism for few-layer Bernal
stackings,” is significantly suppressed, and thus the hole
mobility in 2L is expectedly identical to that of 1L MoS,.
The interlayer hopping amplitude can be tuned by
varying the interlayer distance.” Reducing the layer
separation, by increasing number of layers, can im-
prove the interlayer hopping and coupling,** which is
indeed observed in Figure 4 with VBM splitting en-
ergies around 175 meV for 3L to 5L below 100 K. At
high temperatures, the VBM splitting energy ap-
proaches that of 2L. Thermal expansion can effectively
decouple adjacent layers by increasing interlayer spa-
cing and reducing interlayer interaction and scattering.
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At sufficiently high temperatures, the coupling be-
tween layers becomes so weak that they behave as
isolated single layers. The temperature dependence of
the VBM splitting in 3L to 5L in a fairly large tempera-
ture interval can be approximately described using a
Bose—Einstein type of expression**

(08

——e
exp m —1

where Eg_(0) is the VBM splitting energy at 0 Kand o
and © are fitting parameters. Curve fitting in Figure 4
yields a equal to zero for both 1L and 2L (in which
interlayer hopping is totally quenched) ,32 meV for 3L, and
556 meV for both 4L and 5L. This trend with an increasing
o is consistent with the behavior of interlayer coupling
with increasing number of layers. Thus, o can be correlated
to the interlayer coupling strength. Along this line, an
enhanced interlayer coupling leads to an increased ©
from 24 meV for 3 L to 85—87 meV for 4L—5L. It has been
established that the out-of-plane vibration represented by
A, stiffens with increasing number of layers. Hence, @ in
eq 2 can be correlated to the out-of-plane transverse
optical (TO) phonon energy. However, it should be men-
tioned that this simplified Bose—Einstein model, assuming
a temperature-independent a, may overestimate the
interlayer hopping strength and phonon energy and result
in appreciable deviations from experimental data espe-
cially at high temperatures.

Eg_a(T) = Eg_a(0) )]

CONCLUSION

In this work, we have carried out an extensive
investigation in order to experimentally determine

METHODS

Thin MoS, flakes were peeled off from bulk MoS, (SPI
supplies) by mechanical exfoliation. They were subsequently
transferred to a heavily doped p-type Si substrate with a 300 nm
thick thermally grown SiO,. The transferred MoS, flakes were
identified using an optical microscope (Keyence digital micro-
scope VHX-600). The thickness of the flakes was measured using
AFM (Dimension 3100 with Nanoscope llla controller, Veeco)
operated in tapping mode under ambient conditions. Raman
and PL spectra were acquired using confocal micro-Raman
spectroscopy (Renishaw inVia) in a backscattering configuration
with an Ar ion laser at 514.5 nm. The backscattered light was
collected through a 100 x objective and dispersed by a grating of
1800 lines/mm with a spectral resolution of ~1.0 cm™" and a
peak position accuracy of 0.1 cm™". The power of the excitation
laser line was kept well below 0.1 mW in order to avoid sample
heating.
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