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ecent advances in the formation of
atomically thin layers of van der
Waals (vdW)-bonded solids by mechanical exfoliation have opened up important new possibilities for the investigation
of two-dimensional systems.1 Single-layer
graphene, for example, exhibits many distinctive physical properties not found in its
bulk counterpart, graphite.2 Further, the
ability to form samples with a controlled
number of atomic layers permits one to examine precisely the evolution of material
properties with thickness. Because the vibrational spectrum is sensitive to the
sample thickness, Raman spectroscopy has
been widely used to determine the number
of layers, as well as to examine the changes
in material properties with thickness.3⫺5 A
largely unexplored question, however, is
how weak vdW-like interlayer interactions
affect the intralayer bonding and lattice vibrations of stacked few-layer samples. In
bulk graphite, this weak interaction leads
to rigid-layer vibrations at very low frequency (E2g at 42 cm⫺1) and a negligible
splitting between conjugate modes (E2g
and E1u both at 1582 cm⫺1).6 Experimental
investigations of interlayer interactions in
few-layer graphene samples have, however,
been hampered by the sensitivity of the vibrations to environmental charge doping
through the presence of strong nonadiabatic electron⫺phonon
interactions.7⫺9
Molybdenum disulfide (MoS2), a naturally occurring molybdenite, is one of the
most stable layered metal
dichalcogenides.10,11 It is built up from layers consisting of an atomic plane of Mo
sandwiched between two atomic planes of
S in a trigonal prismatic arrangement.12 In
the bulk, it is a semiconductor with a direct
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Anomalous Lattice Vibrations of Singleand Few-Layer MoS2

ABSTRACT Molybdenum disulfide (MoS2) of single- and few-layer thickness was exfoliated on SiO2/Si substrate

and characterized by Raman spectroscopy. The number of SⴚMoⴚS layers of the samples was independently
determined by contact-mode atomic force microscopy. Two Raman modes, E12g and A1g, exhibited sensitive
thickness dependence, with the frequency of the former decreasing and that of the latter increasing with
thickness. The results provide a convenient and reliable means for determining layer thickness with atomic-level
precision. The opposite direction of the frequency shifts, which cannot be explained solely by van der Waals
interlayer coupling, is attributed to Coulombic interactions and possible stacking-induced changes of the intralayer
bonding. This work exemplifies the evolution of structural parameters in layered materials in changing from the
three-dimensional to the two-dimensional regime.
KEYWORDS: MoS2 · Raman spectroscopy · layered material · two-dimensional
crystal · interlayer interaction · vibration · phonon

(indirect) band gap of 1.96 eV (1.2 eV)13
and therefore does not exhibit the complexities associated with the non-adiabatic
electron⫺phonon coupling present in
graphene. The material has attracted interest for diverse applications. In addition to its
role as a catalyst in dehydrosulfurization,10
the layered structure of MoS2 allows its use
as a dry lubricant.11 The material has also
been investigated for photovoltaic power
generation and photoelectrochemical hydrogen production.14⫺16 A recent study
demonstrated that nanoclusters of MoS2
can significantly enhance photocatalytic hydrogen production when it is mixed with
CdS.17 Because of its capability to form intercalation compounds,18 MoS2 is an ingredient in some Li ion batteries.19 As exemplified by the recent studies on few-layer
graphene films, its physical properties
should depend sensitively on the number
of layers in atomically thin samples of
MoS2.20 However, no systematic studies of
these effects have yet been reported for
atomically thin films, although researchers
have identified interesting size-dependent
properties in MoS2 nanoparticles (20⫺200
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Figure 1. (a) Optical micrograph of thin MoS2 films deposited on the SiO2/Si substrate. (b) AFM height image taken for
the 8 ⴛ 8 m2 area indicated by dotted lines in (a). The thickness of each layer is shown by the height profile (in green)
taken along the blue line in the AFM image. (c) Schematic
model of the MoS2 bilayer structure.

nm in diameter)21 and nanoribbons (3⫺100 nm in
thickness).22
In this article, we present the first report of Raman
scattering studies of single- and few-layer MoS2
samples. We observe clear signals of the in-plane (E12g)
and out-of-plane Raman modes for samples of 1, 2, 3,
..., 6 layers. We find that these modes exhibit a welldefined thickness dependence, with the two modes
shifting away from each other in frequency with increasing thickness. This provides a convenient and precise diagnostic for determination of the layer thickness
of samples. The behavior of the frequency shifts with
layer thickness cannot be explained solely in terms of
weak vdW interlayer interactions. We also observed a
distinctive thickness dependence of the intensities and
line widths of both Raman modes.
Single- and few-layer MoS2 films were deposited
from bulk MoS2 crystals onto Si substrates covered
with a 285 nm thick SiO2 layer. The MoS2 layers were
formed by the mechanical exfoliation method widely
employed for the deposition of graphene samples.1
Atomically thin films were first identified by optical microscopy. They were then imaged by atomic force microscopy (AFM) to determine the sample thickness (Figure 1). The contact mode of measurement (in the
repulsive force regime) was chosen because it was recently shown to produce better accuracy in the characterization of graphene samples than the non-contact
or tapping-mode of operation.23 For MoS2 samples exhibiting lateral thickness variation, we observed step
heights of individual layers of 0.6⫺0.7 nm. This value is
compatible with the 0.62 nm interlayer spacing of a
single layer of the S⫺Mo⫺S building block of the MoS2
2696
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crystal.24 The measurements show that exfoliation produces layers with a discrete number of these units. We
consequently designate the thickness of our films in
terms of the number of these MoS2 layers (nL). In the
AFM measurements, single-layer films on the bare substrates showed a wider distribution in heights (0.6⫺0.9
nm). This may reflect the presence of adsorbates below
the film or other interactions between the film and oxide substrate surface.23 From extensive AFM scanning
of freshly deposited samples, we found no evidence of
structural irregularity on the nanometer length scale.
Figure 2 shows representative Raman spectra for
single- and few-layer MoS2 samples. Among the four
Raman-active modes of the bulk 2H-MoS2 crystal (Figure 2e),12 we observed the E12g and A1g modes near
400 cm⫺1. The other two modes (E1g, E22g) could not
be detected either because of selection rules for our
scattering geometry (E1g)12 or because of the limited rejection of the Rayleigh scattered radiation (E22g).25 We
find that single-layer MoS2 exhibits a strong in-plane vibrational mode at ⬃384 cm⫺1, corresponding to the
E12g mode of the bulk 2H-MoS2 crystal. In contrast, this
mode was not observed in earlier studies of single-layer
MoS2 suspensions prepared from Li-intercalated
MoS2.26 Its absence was attributed to the existence of
metastable octahedral coordination, which renders the
vibration Raman-inactive (Eu).26 Our data indicate that
exfoliated single layers maintain the trigonal prismatic
coordination of bulk MoS2 and also suggest that the octahedral coordination found in dispersed single layers
arises from an intercalation-assisted phase transformation.26
For all film thicknesses, the Raman spectra in Figure
2 show strong signals from both the in-plane E12g and
the out-of-plane A1g vibration. The behavior as a function of film thickness has several intriguing characteristics. Most strikingly, we find (Figure 2a,b) that the E12g
vibration softens (red shifts), while the A1g vibration
stiffens (blue shifts) with increasing sample thickness.
For films of four or more layers, the frequencies of both
modes converge to the bulk values. The rate of frequency change is twice as large for the A1g as for E12g
mode. Spatial maps of the Raman frequency for the E12g
(Figure 2c) and A1g mode (Figure 2d) clearly show these
opposing shifts with layer thickness. The maps also
demonstrate that the frequencies of the two modes
have only very slight variation for different locations
within a sample of a given layer thickness. This permits
the Raman frequencies to be used as an indicator of the
layer thickness. The opposite variation with layer thickness of the frequencies of these two Raman modes renders the difference in their frequencies (⌬) a particularly effective “thickness indicator”. For single MoS2
layers, for example, ⌬ is ⬃3 cm⫺1 smaller than the
value of ⌬ for bilayers. This change is several times
larger than the typical variation of ⌬ within or between different single-layer samples (Figure 2b). The inwww.acsnano.org
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tensities and line widths of the two
modes also show distinctive variation as
a function of film thickness, as we discuss
below.
The vibrations of bulk materials built
up from vdW-bonded layers are often
analyzed in terms of the two-dimensional
layers from which they are formed.12,27
Many approaches have been developed
within this weak coupling limit to describe the relation between the vibrational modes within thin layers and the
those of bulk material.12,24,27,28 Within a
classical model for coupled harmonic oscillators,20 the E12g and A1g modes are
expected to stiffen as additional layers
are added to form the bulk material from
individual layers because the interlayer
vdW interactions increase the effective
restoring forces acting on the atoms.
While the shift of A1g mode observed in
our measurements with increasing layer
number agrees with this prediction, the
behavior of the E12g mode does not. The
failure of the model could reflect the
presence of additional interlayer interactions; it could also indicate that the imFigure 2. (a) Raman spectra of thin (nL) and bulk MoS2 films. The solid line for the 2L specplicit assumption that stacking does not
trum is a double Voigt fit through data (circles for 2L, solid lines for the rest). (b) Frequenaffect intralayer bonding is incorrect. Re- cies of E12g and A1g Raman modes (left vertical axis) and their difference (right vertical axis)
garding the latter, a low-energy electron as a function1 of layer thickness. (c,d) Spatial maps (23 m ⴛ 10 m) of the Raman frequency of E 2g (c) and A1g modes (d) for the sample in Figure 1. (e) Atomic displacements
diffraction study of MoS2 single crystals29 of the four Raman-active modes and one IR-active mode (E1u) in the unit cell of the bulk
MoS2 crystal as viewed along the [1000] direction.
showed that the interplane distance between Mo and S atomic planes within the
latter is barely affected by interlayer interactions.31 Extopmost layer shrinks by ⬃5% compared to its bulk
perimentally, however, the opposite was observed.31
value. The lateral lattice expansion observed for disSuch an anomalous Davydov splitting32 has also been
persed single layers26 may also be related to surface reobserved in GaSe28 and GaS.33 A non-negligible ionic
construction. In addition, the A1g mode of the topmost
interlayer interaction between the metallic and chalcolayer of bulk MoS2 crystals30 was found to soften by 25
gen atoms has been invoked to explain these
⫺1
cm , possibly because of the surface reconstruction.
results.28,31,32
The observed surface reconstruction and vibrational
Another seemingly perplexing result is that the Rasoftening show that even the nominally weak interman
intensities from single layers are stronger than
layer interaction in MoS2 can affect intralayer bonding
from
bulk MoS2 samples (Figure 3a). With increasing
and lattice dynamics. The same considerations may apthickness,
the intensities rise roughly linearly up to
ply to single- and few-layer MoS2 samples.
four
layers
and then decrease for thicker samples. A
The shift in the frequency of the A1g mode as a funcsimilar
enhancement
in the Raman intensity has been
tion of thickness in the current study is consistent with
30
reported for graphene deposited on SiO2/Si substrates,
the transition from surface to bulk layers. The oppo34
site progression for the E12g mode may reflect the influ- where the maximum intensity occurs for ⬃10 layers.
34
As in the case of the graphene layers, much of this efence of stacking-induced structural changes. Alternafect is clearly attributable simply to optical interfertively, the anomalous behavior of E12g may be
ence occurring for both the excitation laser and the
attributed to long-range Coulombic interlayer interactions.28 Indeed, a similar anomaly was observed for the emitted Raman radiation. The presence of the oxide
E12g and E1u conjugate in-plane modes of bulk MoS2,12 film above the silicon substrate leads to significant opwhich would be degenerate in the absence of interlayer tical field enhancements. The importance of this optical
interference effect is highlighted by the fact that singleinteractions. According to the weak coupling model,
layer MoS2 on quartz produced only 20% of the Rathe symmetric E12g should have a higher frequency
man signal observed for such samples deposited on
than the antisymmetric (IR-active) E1u mode since the
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The reduced sensitivity of
⌫[E12g] to thickness can be attributed to the less efficient interlayer coupling of the in-plane
E12g mode.36 The fact that the
maximum of ⌫[A1g] occurs for bilayers rather than for single layers may reflect the intrinsic differences in symmetry between
single and bilayer samples.37 The
ratio of the integrated Raman intensities for the two modes (Figure 3a) also shows distinctive beFigure 3. (a) Thickness dependence of integrated intensity (left vertical axis) and ratio of intehavior for single-layer samples.
grated intensity (right vertical axis) for the two Raman modes. (b) Line widths ⌫ of the two
The origin of this difference is unmodes as a function of sample thickness.
clear, but it should not arise from
the SiO2/Si substrates. In addition, changes in the elec- the optical effects described above since they will affect both modes almost identically. It also does not aptronic structure of the MoS2 samples with layer thickness35 may also play a role in the observed variation of pear to arise from the existence of phases lacking trigonal prismatic coordination, such as the octahedrally
Raman intensities.
Figure 3b presents line widths (⌫) of both of the Ra- coordinated metastable phase. The presence of such
man modes as a function of layer thickness. While
phases would reduce the E12g Raman response. How⌫[E12g] ⬇ 2.1 cm⫺1 is largely independent of thickever, we found no change in the signal when annealness, we find that ⌫[A1g] increases from 3 to 6 cm⫺1 as ing the samples to 100⫺300 °C, a procedure which
the thickness decreases from 6 to 2 layers. The increase should accelerate any possible phase transformation.37
of ⌫[A1g] with decreasing thickness may reflect the
Differences in the electronic structure of the samples as
presence of varying force constants associated with
a function of layer thickness35 may, however, also constructural changes between the inner and outer layers
tribute to the change in the ratio of the Raman
of the material. For thicker layers, the bulk-like inner lay- response.
ers will begin to dominate the Raman intensity, leadIn conclusion, we have characterized single- and
ing to a reduced line width. Among other factors that
few-layer MoS2 films by AFM and Raman spectrosmight contribute to the observed broadening, we can
copy. We observed that the frequency of the E12g
exclude lateral sample inhomogeneity (including inmode decreases and that of A1g mode increases with
plane strain). We find that ⌫[A1g] is larger for bilayers
increasing layer thickness. Since the sign of the shift
than for single layers, while single layers show the
of the E12g mode is unexpected within models of
greatest frequency variation among different samples
weak vdW interlayer coupling, the results suggest a
(Figure 2b). We are also able to exclude any significant
role for stacking-induced changes in intralayer bondeffect of interactions of the substrate with our atomiing and/or the presence of Coulombic interlayer incally thin MoS2 samples. To understand the influence of
teractions in MoS2. We show that the frequency difthe underlying SiO2/Si substrates
on the observed phonon dynamics, freestanding MoS2 layers
(1L⫺4L in thickness) were studied in comparison with MoS2 layers supported on SiO2 (see Methods for details). We examined
freestanding MoS2 films suspended over micrometer-sized
holes (Figure 4a). As shown in
Figure 4b, we did not observe
meaningful differences in the
Figure 4. (a) Optical micrograph of single- (1L) and few-layer (⬎5L) MoS2 films placed
Raman frequencies and line
on a patterned substrate with 1 and 1.5 m diameter holes. Raman measurements
widths of either mode comwere carried out on both supported and suspended portions of such samples. (b) Frepared with the samples on the quencies of E12g and A1g Raman modes as a function of layer thickness for MoS2
samples supported on the substrate (blue triangles) and suspended over the holes
oxide surface (see Supporting
(red circles). For comparison, the corresponding data for MoS2 samples prepared on
Information for a comparison
unpatterned substrates (from Figure 2b, measured at a slightly different wavelength)
of the line widths).
are shown as open black squares.
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assist future investigations of the electronic, optical,
chemical, and mechanical properties of atomically
thin MoS2 films.

METHODS

REFERENCES AND NOTES

Preparation of Single and Few-Layer MoS2 Films. Single- and fewlayer MoS2 films were isolated from bulk crystals of 2H-MoS2
(SPI, natural molybdenite) using the micromechanical exfoliation method widely adopted for preparation of graphene
samples.1 In a typical run, a small piece of bulk MoS2 was put
on the sticky side of a piece of adhesive tape. This was followed
by repeated folding and unfolding of the tape to produce thin
flakes along the tape’s surface. The tape was then pressed onto
a silicon substrate covered by a 285 nm thick SiO2 layer. After
mild rubbing, we removed the tape from the substrate, leaving
behind some atomically thin MoS2 flakes. The size of single layers ranged from 1 to 10 m, dimensions somewhat smaller than
are typical for single-layer graphene exfoliated from kish graphite. The overall yield of atomically thin films of MoS2 was, however, comparable to that for the production of graphene. As can
be seen in Figure 1a, even MoS2 films of single-layer thickness
provided high optical visibility on SiO2/Si substrates. The contrast decreased somewhat for the substrates used for the suspended samples, which had slightly thicker (⬃300 nm) epilayers of SiO2.
Preparation of Suspended Samples. The substrates for suspended
samples were fabricated using nanoimprint lithography followed by reactive-ion etching (RIE). Using electron-beam lithography, a 5 ⫻ 5 mm array of circles of 1 and 1.5 m in diameter
was patterned onto a nanoimprint master. The circles were then
etched to a depth of 100 nm using RIE. A chromium layer of 10
nm thickness was deposited onto a Si wafer with a 300 nm SiO2
epilayer by thermal evaporation. Before imprinting arrays of
micrometer-sized circular holes, the Si wafer was coated by a
120 nm thick PMMA layer. The imprint master coated with an
anti-adhesion agent (NXT-110, Nanonex) was then used to imprint the PMMA to a depth of 100 nm. The thin PMMA layers remaining in the imprinted circular areas were etched by oxygen
RIE; the exposed chromium layer was removed using a chromium etchant (Cyantek Cr-7S). To etch through the oxide and
into the silicon to a total depth of 500 nm, fluorine-based RIE was
exploited using the remaining chromium layer as an etch mask.
Following the last RIE step, the chromium etch mask was
removed.
Raman Spectroscopy. Analysis of the samples by micro-Raman
spectroscopy was performed under ambient conditions. The
pump radiation was supplied by an Ar ion laser operating at a
wavelength of 514.5 nm; the Raman emission was collected by
a 40⫻ objective in a backscattering geometry. The instrumental
spectral resolution was 2.7 cm⫺1, and the Si Raman band at 520
cm⫺1 was used as an internal frequency reference. The Raman
measurements were reproducible, as checked by characterization of ⬃30 single- and few-layer samples. The Raman characterization of suspended samples was carried out with a different
micro-Raman instrument, which was operated at an excitation
wavelength of 532 nm and a spectral resolution of 1.0 cm⫺1.
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