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ABSTRACT: The stacking configuration in few-layer two-
dimensional (2D) materials results in different structural
symmetries and layer-to-layer interactions, and hence it
provides a very useful parameter for tuning their electronic
properties. For example, ABA-stacking trilayer graphene
remains semimetallic similar to that of monolayer, while
ABC-stacking is predicted to be a tunable band gap
semiconductor under an external electric field. Such stacking
dependence resulting from many-body interactions has
recently been the focus of intense research activities. Here
we demonstrate that few-layer MoS, samples grown by
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chemical vapor deposition with different stacking configurations (AA, AB for bilayer; AAB, ABB, ABA, AAA for trilayer)
exhibit distinct coupling phenomena in both photoluminescence and Raman spectra. By means of ultralow-frequency (ULF)
Raman spectroscopy, we demonstrate that the evolution of interlayer interaction with various stacking configurations correlates
strongly with layer-breathing mode (LBM) vibrations. Our ab initio calculations reveal that the layer-dependent properties arise
from both the spin—orbit coupling (SOC) and interlayer coupling in different structural symmetries. Such detailed understanding
provides useful guidance for future spintronics fabrication using various stacked few-layer MoS, blocks.
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In 2D materials, stacking affects the nature of electronic
properties by means of the number of layers and their
stacking conﬁgurations.l_5 In principle, stacking governs the
crystal symmetry and hence the Coulomb interactions which
are crucial in mediating magnetism, superconductivity, and
other physical properties.” Such stacking-dependent effects are
obviously projected onto transition-metal dichalcogenides
(TMDs).”™"* As an archetypal TMD, MoS, undergoes a
transition from the direct-band gap (monolayer) to indirect-
band gap semiconductor (few-layer and bulk).”®"® This
crossover of bandgap in MoS, gives rise to its exotic electronic
and optical properties and make it a promising material for the
next-generation electronics and optoelectronics. Apart from the
changes of electronic properties, another intriguing character
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related to valley polarization is also mediated by stacking
configurations.”' """ In even-layer TMD samples, the
introduction of inversion symmetry and time-reversal symmetry
ensures that the electronic states are doubly spin-degenerate.
However, the inversion symmetry is broken in these TMDs
with odd-layers, resulting in the splitting of valence bands due
to spin—orbit couplings (SOC). Specific to monolayer MoS,,
the SOC splits the valence bands by 160 meV with opposite
spin signs in the vicinity of K (K') valley. Together with the
time-reversal symmetry, the spin and valley are inherently
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Figure 1. Atomic structures and STEM Z-contrast imaging of bilayer MoS,. (a,b) Stick-and-ball lattice structure (side view) of layered MoS, with
typical 2H phase (a) and 3R phase (b). S atoms are shown as red spheres, while Mo atoms sandwiched by two S atomic layers in each unit cell are
presented by blue spheres. (c) The optical reflection image of measured AA- and AB bilayer MoS,. (d) All five classical atomic structures of bilayer
MoS,. (e,f) Z-contrast images of the step edge of AB-stacking MoS, bilayer (f) and monolayer. (gh) Z-contrast images of the step edge of AA-
stacking MoS, bilayer (h) and monolayer, where the three sites in the AA stacking are Mo(top layer) + S, (bottom layer), Mo (bottom layer), and S,
(top layer) with decreasing image intensity. The two triangles indicate the orientation of the top and bottom MoS, layer.

coupled, leading to valley-contrasting optical dichroism.
Consequently, one can selectively excite or detect the carriers
using left (right) circularly polarized light at K (K') valley,
making monolayer MoS, the ideal material for valleytroincs."”
Unlike monolayer MoS,, 2H bilayer MoS, is inversion
symmetric, and the valley-contrasting optical selection rule
becomes invalid.'"" Recently, pioneering experiments have
demonstrated that valley-dependent spin polarization can be
realized in noncentrosymmetric phases including 3R phase or
folded bilayer,''® bilayer systems by breaking inversion
symmetry using a perpendicular electric field.'” Such
manipulation of intrinsic symmetry and spin in even-layer or
bulk TMDs has greatly enriched the scope of valley physics and
plays a crucial role toward spintronics and valleytronics.
Figure la and b shows the two natural polytypes of MoS,,
2H (space group: P6s/mmc) and 3R (space group: R3m),
respectively, both of which have trigonal prismatic coordination
of the Mo atoms but with distinct stacking orders. In the 2H
polytype, the S (Mo) atoms of each layer reside upon the Mo
(S) atoms of the other layer, and the bottom layer is fully
eclipsed. The 3R polytype consists of three staggered layers,
where the S atoms of the middle layer are situated above the
Mo atoms of the bottom layer and below the hollow sites of the
top layer. In practice, few-layer MoS, grown via the bottom-up
approach, e.g, by chemical vapor deposition (CVD), may
exhibit various stacking orders with interlayer rotations (see
Figure lc for bilayers and Figure 3a for trilayers). The optical
images show that CVD grown bilayer MoS, sheets typically
exhibit two configurations: two triangles in the same
orientation (marked as AA) and in reverse orientation (marked
as AB). In the trilayer samples, there are four typical stacking
patterns: ABA, AAA, AAB, and ABB. Note that the
nomenclature we used here is based on the macroscopic
geometries based on the optical images directly, which are not
necessarily reflection of the atomic stacking configurations.®"”
On the other hand, it is imperative to establish direct
correlation between the optical images and the atomic
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structures. Recently, a related work using optical second-
harmonic generation (SHG) measurements found that the AB-
stacked bilayer was 2H phase, while the AA-stacked bilayer was
3R phase."””" In this Letter, we first identify the stacking
configurations of various CVD grown MoS, trilayer samples
using ULF Raman spectroscopy approach and aberration-
corrected scanning transmission electron microscopy (STEM).
We adopt the Raman spectra and intensity mappings in terms
of Aj, and Ezg1 vibration modes to characterize the thickness of
the MoS, flakes used in our experiments. Combining with the
first-principles calculations, we reveal the stacking-dependent
coupling behaviors in photoluminescence and Raman spectra.
We also find that spin-polarized electronic states can be
mediated by adopting different stacking orders. Our study
broadens the scope of 2D TMD research and uncovers the
critical role of stacking on the electronic properties in few-layer
MoS,.

As shown in Figure 1d, we consider all five high-symmetry
stacking configurations for bilayer MoS,, which can be classified
into two groups depending on whether the S (Mo) atoms in
the top layer are directly situated above the Mo (S) atoms of
the bottom layer. As a direct and powerful tool to examine the
crystal atomic structures, STEM can provide real space images
at the atomic scale with single atom resolution. Such
technology has been successfully employed to characterize a
large variety of 2D materials including graphene,”' ~>* BN,**~*°
and TMDs,”” ™ especially for defect analysis. Our STEM
images clearly show the distinct arrangements between AA and
AB stacking bilayers (Figure le—h). It is because the intensity
sensitively relies on the atomic weight and the number of layer.
In general, the high intensity sites correspond to the heavy
atoms (Mo) and thicker samples, leading a contrast step edge.
As shown in Figure le and g, there is an obvious contrast
boundary across the monolayer and bilayer regions. Figure 1f
and h show the Z-contrast images of AB and AA stacking
bilayers. The alternant bright and dark columns within the
hexagonal lattice represent the 2H stacking, in which the bright
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Figure 2. Shear and interlayer breathing vibration behaviors of AA and AB bilayer MoS,. (a—c) Stokes and anti-Stokes low wavenumber Raman
spectra of AA and AB bilayer MoS, taken without polarization (a), and under the Z(xx)z and Z(xy)z polarized backscattering configurations of AB-
stacking bilayer MoS, (b) and AA-stacking bilayer MoS, (c), respectively. The red and blue curves show the in-plane collection (//) and out-of-
plane collection (L), respectively. The peak structures are assigned as shear modes (left peak) and interlayer breathing modes (right peak) of bilayer
MoS, respectively. (d) Vibrational schematics of shear modes (left panel) and interlayer breathing modes (right panel) in bilayer MoS,
corresponding to the two anti-Stokes peaks in b and ¢, respectively. The numerical values inserted below are taken from experiments (black) and
calculations (red) separately which shows great matching. All of the Raman experiments were conducted using a 532 nm laser.
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Figure 3. Structural characterization of ABA, ABB, AAB, and AAA trilayer MoS,. (a, Upper panel) Optical micrograph of trilayer MoS, with four
different stackings ABA, ABB, AAB, and AAA. (a, Lower panel) Raman intensity mappings of corresponding samples in (a) and the color bar
inserted beside. (b, Upper panel) The low wavenumber Raman spectra of the second layer of trilayer MoS,. The measurement region corresponds to
the second layer in (a). (b, Lower panel) The low wavenumber Raman spectra of the third layer of trilayer MoS, in (a). (c) The intensity ratio of the
interlayer breathing mode and shear mode (blue dots) for bilayer MoS,, and the Z(xx)z (//) and Z(xy)z (L) collection (red dots) for trilayer MoS,
with error bars of experimental standard deviation for several samples.

columns are the Mo (S) atoms of the top layer with the although the hollow sites are filled from the top view similar to
overlaid S (Mo) atoms of the bottom layer. In the AA stacking AA stacking, the images should possess the alternative bright
(3R-like) regions, the brightest are the Mo atoms of the top and dark columns (two Mo and two S atoms from each layer),
layer with the overlaid S atoms of the bottom layer, the less rather than three decreasing image intensity in Figure Ih.
bright are the Mo atoms of the bottom layer, and the least Therefore, the STEM images unambiguously provides an
bright in the hollow sites are the S atoms of the top layer. The identification of the stacking orders in bilayer MoS,. We
possibility of the metastable A’B stacking here can be ruled out: calculated the total energies and phonon dispersions of all five
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Figure 4. Effects of stacking configuration on the band structure of trilayer MoS,. (a) Photoluminescence spectra of ABA-, ABB-, AAB-, and AAA-
stacking trilayer MoS,. (b) Stacking dependence of the PL peak separation between P, and Py of trilayer MoS, with error bars of experimental
standard deviation for several samples. (c) Raman spectra of ABA-, ABB-, AAB-, and AAA-stacking trilayer MoS,. (d) Stacking dependence of the
Raman peak separation between A;, and Elzg of trilayer MoS, with error bars of experimental standard deviation for several samples. All spectra are
acquired using 532 nm laser. (e) Schematics of calculated band structure of ABA- (left panel) and AAA-stacking (right panel) trilayer MoS,. The
band curves in red and blue correspond to the spin-up and spin-down states, respectively.

configurations, as shown in Supplementary Figure S2. Our
results indicate that AB’ and AA’ are energetically unfavorable
among all configurations because the S atoms of one layer are
placed directly above the S atoms of the other layer. Due to the
strong repulsion between the S atoms, these two stacking
configurations are dynamically unstable with imaginary
frequencies in the gamma point. The other three configurations
have lower energy and are dynamically stable with distinct
frequencies of Raman modes, especially in the ULF region
(Supplementary Figure S2). The A’B configuration has two
ULF peaks at ~16.6 and ~32.0 cm™" belonging to the in-plane
shear mode and out-of-plane breathing mode, respectively.
These two modes are found at ~25.6 (~26.0) and ~40.3 cm™"
(~38.3) in the AB (AA) configuration. Compared to our
experimental Raman spectra shown in Figure 2a, the frequency
values and the relative peak position changes are at ~22.6
(~22.8) and ~41.6 (~38.7) cm™’, in excellent agreement with
the calculated results of two most stable configurations (AB and
AA stacking). Thus, another dynamically stable metastable A'B
configuration is excluded. We also note that the shear mode
only red shift a little, while the breathing mode blue shift from
AB to AA stacking. As for the peak position shift, we analyzed
the force constants in AB- and AA- stacking bilayer MoS, up to
the second-nearest neighbors. As shown in Figure SS, the
stacking sequence not only changes the interactions between
the two layers (k;4), but also involves the interactions up to the
second-nearest neighbors (k,,). The calculated force constants
are listed in Table S1. First, the force constants which
determine the in-plane shear modes (SM) are smaller than
those of the out-of-plane breathing modes (BM). That is the
reason for the stronger shift in BM rather than SM.
Furthermore, the stacking affects both k,, and k;,, leading to
the different behaviors for BM and SM. For instance, for BM,
the force constant of k;, increases, but k,, decreases
significantly between AB and AA stackings, resulting in the
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red shift of BM. However, the SM are not sensitive to stacking,
which can be attributed to the almost equal change in force
constant of ks, (decreasing) and k,, (increasing) between AB
and AA stacking. More importantly, the intensity ratio between
the breathing mode and shear mode is very distinct: ~ 1.2 for
AB and ~4.1 for AA stacking, calculated using the integrated
areas of the Stokes Raman peaks. We also performed the
polarized Raman measurements in backscattering configura-
tions with parallel and crossed polarization geometry. As shown
in Figure 2b, in the crossed geometry, all breathing modes are
forbidden.”® The relative intensity ratio of shear modes to
breathing modes is consistent with unpolarized measurements.
The Raman spectra for AA and AB configurations within the
high-frequency range (around 400 cm™) as well as the
photoluminescence (PL) spectra are also shown in Supple-
mentary Figure S6. There is no prominent stacking-dependence
in the high-frequency range. Therefore, the ratio of shear
modes to breathing modes in the ULF range (<50 cm™) can
conveniently identify the stacking orders of bilayer MoS, and
also confirm our previous STEM results and first-principles
calculations: macroscopic AA and AB stacking patterns
correspond to 3R-like and 2H atomic stacking orders,
respectively.

We now turn to study the trilayer systems. Figure 3a shows
the optical images of CVD grown trilayer MoS, with four
different stackings, ABA, ABB, AAB, and AAA following the
nomenclature of bilayer system. The layer number is precisely
determined using Raman intensity mappings of corresponding
samples. The corresponding Raman profiles with intensity
changes are plotted in Supporting Information. Before
identification of the stacking configurations for trilayer systems,
we first examine the bottom two layers in the trilayer MoS,
samples. As mentioned above, we can identify the stacking
orders of bilayer region using the relative intensity of breathing
modes and shear modes by integrating the peak areas. Indeed,

DOI: 10.1021/acs.nanolett.5b03597
Nano Lett. 2015, 15, 8155-8161


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03597/suppl_file/nl5b03597_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03597/suppl_file/nl5b03597_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03597/suppl_file/nl5b03597_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03597/suppl_file/nl5b03597_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03597/suppl_file/nl5b03597_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03597/suppl_file/nl5b03597_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03597/suppl_file/nl5b03597_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.5b03597
http://pubs.acs.org/action/showImage?doi=10.1021/acs.nanolett.5b03597&iName=master.img-004.jpg&w=408&h=219

Nano Letters

as shown in Figure 3b, the ratio of the intensity of BM to that
of SM (I,/I,) can be used to classify the bilayer regions of the
four trilayer samples (ABA, ABB, AAB, AAA stacking) into two
groups: the first two stackings (ABA and ABB) with I,/I, = ~1
could be classified as AB stacking for the bilayer, while the last
two stackings (AAB and AAA) with I/I, = ~ 4 should be
considered as AA stacking, respectively, which are in perfect
agreement with previous bilayer results. Based on the above
bilayer results, we now construct the atomic structure models
for trilayer system (see Supporting Information), in which the
ABB and AAB atomic configurations are completely equivalent.
The calculated Raman-active modes in both low and high
frequencies of all configurations are given and match well with
the experimental data. As shown in Figure 3b, we find the shear
modes and the breathing modes in ULF range are almost
merged into one peak, where I,/I; cannot be directly used to
identify the stacking configurations. In order to quantify the
difference between the two modes, we use the polarization
measurements to identify the different features between the
shear mode and breathing I,,/I) mode. Here, I, is the
summation of the parallel components of both shear mode and
breathing mode, while I, contains only the perpendicular
component of shear mode, as the breathing mode is entirely
suppressed under perpendicular collection configuration. Thus,
I/I; in bilayer systems changes to I, /I, for the trilayer
systems. By changing the stacking orders we find the intensity
ratio I,,/I} for AAA stacking is most dramatically reduced,
followed by AAB (ABB) stacking, with ABA stacking changes
the least. We summarize the intensity ratios of the interlayer
breathing modes to shear modes for bilayer (~1 for AB
stacking and ~4 for AA stacking) and trilayer MoS, (~3 for
ABA stacking, ~6 for AAB and ABB stacking, ~8 for AAA
stacking) in Figure 3c. Obviously, the intensity ratio is stacking-
dependent for both bilayer and trilayer MoS,, which can be
used to identify the stacking orders in few-layer MoS,.

Now we turn to examine the interlayer coupling in different
stackings for the trilayer samples. Figure 4a plots the
photoluminescence (PL) spectra of a set of trilayer MoS,
with various stackings. Figure 4b shows the stacking depend-
ence of the PL peak separation between two prominent peaks
P, and Py, which attribute to the A and B excitons generated by
the direct transitions from the edges of two splitting valence
bands to the conduction bands at K points. Interestingly, the
splitting in ABA stacking samples is the largest (~62 nm),
followed by those with ABB (AAB) stacking (~56 nm), while
AAA stacking has the smallest splitting (48 nm). A similar trend
is also found in our bilayer systems with AA and AB stacking
(see SI). Such stacking-dependent splitting patterns in few-layer
samples arise as a resultant of the spin—orbit coupling and the
interlayer hopping effects. In even- layer samples with inversion
symmetry, both SOC and interlayer hopping effects contribute
to the splitting between A and B peaks at K points. The
different behaviors in splitting patterns have been reported in
optical reflection spectra and transmission spectra for the 2H
and 3R bulk phases."**"

As for the Raman vibration modes in the high frequency
region, distinct behaviors also exhibit in Figure 4c,d. The in-
plane Ezg1 modes almost remain unchanged, while the out-of-
plane A;, modes blue shift with altering the 2H stacking,
leading to the largest frequency difference in AAA stacking
samples (~25.35 cm™'), followed by AAB (ABB) trilayer
(~24.25 cm™'), and the smallest in that with ABA stacking
(~24.07 cm™). Such stacking-dependent frequency separations
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130,32-3
of Ezg1 mode and Aj, mode can be understood easily. 32735

The red shift of Ezg1 modes may be attributed to the long-range
Coulombic interlayer interactions, while the blue shift of A,
modes is due to increasing restoring forces as the van der Waals
bonds are contracted. For few-layer samples with various
stacking orders, each monolayer MoS, is identical and just
assembled in various sequences, leading to different lateral
registrations but almost identical interlayer distances. The
stacking-dependent Raman feature manifests the stacking-
dependent interlayer coupling, similar to the trend on the
layer number.****7°

Figure 4e shows the spin-polarized band structures of ABA-
and AAA-stacking trilayer MoS, considering SOC effects. The
band curves in red (blue) represent the spin-up (spin-down)
states. SOC effects dominate the energy splitting in the top
valence bands for ABA-stacking, while both SOC and interlayer
hopping effects contribute to the splitting patterns for AAA-
stacking trilayer, which corresponds to the observed stacking-
dependent PL peak separation in Figure 4ab. Another
interesting feature is the different spin-valley polarizations in
different stackings: the valence band edges at K point in ABA
stacking are dominantly from spin-up states with some mixing
of spin-down states, while in AAA stacking the VBM bands are
completely spin-polarized. Our ab initio calculations indicate
the enhanced spin-valley polarization in the AAA stacking
contrast to the ABA stacking, which is similar to the observed
spin-polarized states in the 3R phase by circularly polarized
photoluminescence measurements. In ref 16, the authors have
argued that the characters of the valence bands are exchanged
between two valleys for 2H stacking, but preserved for 3R
stacking. Our first-principles calculations also reproduce such
scene for bilayer samples: the charge states are localized within
each layer for AA-stacking bilayer, while for AB-stacking the
charges are distributed dispersedly among layers (see Figure
S12). This suggests that the interlayer hopping in AAA stacking
is greatly suppressed, and the circular polarization is not
affected. Note that the above calculations do not include SOC
effects. Due to the comparable SOC and interlayer hopping, the
above simple view becomes vague and the charge density
distributions become nonlocal. For tungsten dichalcogenides
with giant SOC (~0.4 eV), the VBM bands are completely
spin-polarized in AAA stacking that are the same as in
monolayer and the Bloch states are localized in each layer,
because the interlayer hopping is greatly suppressed.

In summary, for the first time we establish the one-to-one
correspondence between the macroscopic stacking patterns and
the atomic stacking orders, by means of ULF Raman
spectroscopy approach and STEM. Our experimental and
theoretical results reveal that distinct interlayer coupling
behaviors emerge in different structural symmetries, as well as
the spin-polarized states. Such findings afford new insight in
few-layer 2D systems and provide new possibilities for future
spintronics based on various stacking of MoS, blocks.

Methods. Sample Preparation. Few-layered MoS, nano-
flakes were synthesized using chemical vapor deposition (CVD)
technology. For the growth, 1g MoS, in a ceramic boat was put
at the center of a 1 in. quartz tube with a piece of SiO,/Si wafer
(1 X 10 cm?) following behind. The system was pumped down
to 30 Torr before heated up to 900 °C in 35 min; the pressure
remained at 30 Torr for another 10 min, then increased to 760
Torr in 1 min, and remained for another 20 min. After the
reaction, the system was cooled down to room temperature
naturally. 20 sccm Ar was used as the carrier gas.
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Raman Spectra and Photoluminescence Measurements.
For all of the optical contrast images and Raman single spectra,
Raman intensity mappings, as well as PL spectra at room
temperature as shown in Figures 1—4 and Figures S6, S8—S11,
we use a Witec CRM200 backscattering Raman system
equipped with a solid-state YAG laser at 2.33 eV with a proper
power avoiding sample heating (below 1 mW). The size of the
laser beam is around 250 nm which was focused on the sample
using an objective (Olympus, 100X/NA0.95). For ultralow-
frequency Raman spectra, we use two BragGrate Notch Filters
(BNF) centered at 532 nm with bandwidths as narrow as §
cm™" and a large OD (>4) to achieve low frequency region.
Meanwhile, a linear polarizer with different collection angles
was used to realize the parallel (z(xx)z) and perpendicular
(Z(xy)z) and backscattering configurations, respectively.

Ab Initio Calculations. The first-principles calculations to
compute the electronic structures are performed with the plane
wave basis set as implemented in the QUANTUM ESPRESSO
program package.”® The norm-conserving pseudopotentials,””
including spin—orbit coupling effects, were adopted, and a
cutoft energy for the basis set was 140 Ry. The exchange
correlation potential was described using the local-density
approximation in the parametrization of Perdew and Zunger.**
The Brillouin zone was sampled by a 15 X 15 X 1 k-point mesh.
The energy convergence for the relaxation was chosen to be
less than 10™° eV/A. A 20 A vacuum layer along the z-axis is
added to avoid the mirror interactions between the neighboring
images. We calculated the phonon spectrum and Raman
intensities within density-functional perturbation theory
(DFPT).* To do the spin projection calculations, we
computed the Wannier functions by the maximally localized
algorithm,40 implemented in the package WANNIER90*! using
Mo d orbitals and S p orbitals. Taking account of nonlocal van
der Waals interaction, we adopted the newly developed vdW
density functional (vdW-DF) in our study.”~**
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