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ABSTRACT: We have measured optical second-harmonic
generation (SHG) from atomically thin samples of MoS2 and
h-BN with one to ﬁve layers. We observe strong SHG from
materials with odd layer thickness, for which a noncentrosymmetric structure is expected, while the centrosymmetric materials with even layer thickness do not yield
appreciable SHG. SHG for materials with odd layer thickness
was measured as a function of crystal orientation. This
dependence reveals the rotational symmetry of the lattice and
is shown to provide a purely optical method of determining the orientation of crystallographic axes. We report values for the
nonlinearity of monolayers and odd-layers of MoS2 and h-BN and compare the variation as a function of layer thickness with a
model that accounts for wave propagation eﬀects.
KEYWORDS: Molybdenum disulﬁde, hexagonal boron nitride, optical second-harmonic generation, symmetry,
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I

order, with pairs of layers forming a unit that is repeated along
the c-axis.12,13 Because of their similar structure, bulk MoS2 and
h-BN crystals belong to the same centrosymmetric D6h4 space
group. However, few-layer segments of the bulk crystal will
generally exhibit diﬀerent symmetry properties. In the case of
few-layer MoS2 and h-BN, slices of even layer thickness belong
to the centrosymmetric D3d3 space group, while slices of odd
layer thickness belong to the noncentrosymmetric D3h1 space
group. It has been demonstrated that stable few-layer units of
both of these materials can be isolated by mechanical
exfoliation.14 Since the surface of a bulk crystal can undergo
lattice reconstruction, whether these isolated atomically thin
sheets exhibit the varying crystallographic symmetries expected
from their bulk parents is a question of fundamental scientiﬁc
interest.
In this work, we probe the symmetry variations in few-layer
MoS2 and h-BN by optical second-harmonic generation
(SHG). The SHG process, which is described in the electricdipole approximation by a third-rank tensor, is known to be a
sensitive probe of symmetry of surface layers.15−17 Using this
method, we verify that inversion symmetry is indeed broken in
MoS2 and h-BN samples of odd layer thickness. This is
manifested by the large enhancement of the second-harmonic

n atomically layered materials, the individual layers will
generally exhibit diﬀerent symmetry from the corresponding
bulk crystals. Few-layer materials of diﬀerent layer thickness can
moreover have distinct symmetries from one another, even
when their thickness diﬀers by only one atomic layer. Since
symmetry plays a critical role in deﬁning the material
properties, such diﬀerences in symmetry lead to signiﬁcant
diﬀerences in material properties. Among the layered materials,
few-layer graphene, MoS2, and hexagonal BN have attracted
great interest due to their distinctive properties and potential
for novel applications. Monolayer graphene is a semimetal
without a band gap. However, in bilayer graphene, a sizable
band gap can be opened when inversion symmetry is lifted by
an out-of-plane electric ﬁeld.1−4 Single-layer MoS2 and h-BN
are noncentrosymmetric materials, while their bilayers and bulk
counterparts are expected to exhibit inversion symmetry. The
broken inversion symmetry in transition metal dichalcogenides
of single-layer thickness has been shown to permit the
production of long-lived valley polarization by optical
helicity.5−7 It has also been predicted that the noncentrosymmetric single-layer sheets will exhibit a strong intrinsic
piezoelectric response.8−11
Bulk MoS2 is built from layers consisting of two hexagonal
lattices of S atoms and a sheet of Mo atoms occupying trigonal
prismatic sites between the S sheets (Figure 1a). Bulk h-BN is
formed from layers of honeycomb lattices of B and N atoms,
occupying, respectively, the A and B sublattices in each layer
(Figure 1b). Both MoS2 and h-BN layers are stacked in 2H
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The SH measurements were performed in a reﬂection
geometry using normal incidence excitation. The pump
radiation was supplied by a mode-locked Ti:sapphire oscillator
operating at an 80 MHz repetition rate. The pulses were of 90
fs duration and centered at a wavelength of 810 nm. Using a
100× objective, we focused the pump radiation to a spot size of
about 1 μm on the sample. For measurements of MoS2, we
limited the average laser power to 1 mW; for measurements of
h-BN, laser powers up to 10 mW were employed. The
retroreﬂected SH signal was collected by the same objective,
separated by a beam splitter and ﬁltered to block reﬂected
fundamental radiation. An analyzer was used to select the
polarization components of the SH radiation lying either
parallel or perpendicular to the polarization of the pump beam.
The SH signal was detected by a thermoelectrically cooled
CCD camera after it was dispersed in a spectrometer. The SH
character of the detected radiation was veriﬁed by its
wavelength and quadratic power dependence on the pump
intensity. In our setup, we could freely rotate the samples to
obtain the orientational dependence of the SH response.
We describe the second-order nonlinear response from the
various single- and few-layer samples in terms of a surface
nonlinear susceptibility tensor ds that relates the applied laser
ﬁeld to the induced nonlinear sheet polarization in the sample.
Calibrated values of the second-order nonlinear coeﬃcients for
few-layer MoS2 and h-BN samples were obtained by comparing
the corresponding SH intensity Is to the reference SH intensity
Ir from the surface of a z-cut bulk crystal of α-quartz. For this
measurement, the quartz crystal was oriented so that its largest
SH coeﬃcient (d11) was accessed. We then determined the
relevant element of the surface second-order nonlinear
response ds from the ratio Is /Ir using the relation

Figure 1. (a,b) Structure of repeating two-layer units in 2H-stacked
MoS2 and h-BN. (c) The SH intensity and surface nonlinear
susceptibility for single-layer MoS2 and from the surface of bulk
MoS2. The vertical axes are broken to allow the display of the very
diﬀerent SH response from the single-layer and bulk material.

(SH) response of these samples compared both to samples of
even numbers of layers and to the bulk crystals.18 The threefold rotational symmetry of the layered materials (for odd
numbers of layers) was probed by the orientational dependence
of SH intensity. In this manner, we establish SHG as a precise
optical probe of the orientation of the crystallographic axes. A
recent study clearly demonstrated the orientational dependence
of SHG from single-layer MoS2 and applied this sensitivity to
imaging crystal domains in monolayer MoS2 samples grown by
chemical vapor deposition.19 (After the submission of our
paper, ref 20 discussing symmetry variations in tungsten
dichalcoginde and ref 21 discussing SHG from MoS2 layers
appeared in the literature.20,21) Our ﬁndings further indicate
that the isolated few-layer MoS2 and h-BN retain the
crystallographic structure of the layers in the bulk crystals.
For odd-layer MoS2 and h-BN samples, we further determine
the absolute strength of the SH susceptibility and study its
evolution with layer thickness. To describe the diﬀerent
behavior observed for the two material systems with layer
thickness, we introduce a model accounting for the phase shift
and absorption of the optical ﬁelds. In MoS2, the interlayer
electronic coupling and the corresponding change in electronic
structure as a function of layer thickness are found to be of
importance in deﬁning the linear and nonlinear response.
We prepared few-layer MoS2 and h-BN samples on fused
silica substrates using mechanical exfoliation.14 The layer
thicknesses of the diﬀerent exfoliated MoS2 samples were
determined by the central wavelength and intensities of the
photoluminescence from the direct gap (for monolayers) and
from indirect band gap transition (for thicker samples).22,23 For
analysis of the h-BN samples, we relied on the relative intensity
of the Raman peak of E2g optical phonon mode near 1370
cm−1,24 conﬁrming our assignments of layer thickness by
measurements with atomic-force microscopy (AFM).

ds
c
=
d11
4ω[n(ω) + n(2ω)]

Is
Ir

(1)

Here ω is the fundamental (angular) frequency, and n(ω) and
n(2ω) represent the (ordinary) refractive indices of crystalline
quartz at the fundamental and SH frequencies, respectively.
Equation 1 is derived by taking the ratio of an analytic
expression for the SH intensity produced by a 2D polarizable
sheet on a semi-inﬁnite dielectric substrate25 to that produced
by the boundary of a semi-inﬁnite nonlinear medium with a
bulk second-order response.26 It should be noted that the
surface nonlinear response is expected to be a complex quantity
for the (resonant) MoS2 samples. We did not determine the
phase of the response, and ds should be understood as the
modulus of the complex surface nonlinear susceptibility.
The dramatic role of symmetry can be seen in the contrast of
the SH response of a monolayer of MoS2 and of the bulk MoS2
crystal. We observed an increase in the reﬂected SH intensity
by more than a thousand times for the monolayer compared to
the surface of the bulk material (Figure 1c). This enhancement
reﬂects the fact that bulk MoS2 is centrosymmetric, and
previous studies have shown it to have a very weak SH
response.18 The origin for the small, but ﬁnite SH signal from
bulk MoS2 is discussed below.
For both the parallel and perpendicular polarization
components, the SH intensity from single-layer MoS2 exhibited
a strongly varying, six-fold symmetric response as a function of
azimuthal angle for rotation about its surface normal (Figure
2).27 Similar results were obtained for single-layer h-BN
samples (Supporting Information). On the basis of the
3330
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Figure 2, the experimental data agree well with these predicted
expressions for the angular variation. The same orientational
dependence of the SH intensity was also observed in MoS2 and
h-BN with 1, 3, and 5 layers (Supporting Information),
precisely as expected based on the identical space group for all
of these materials. We note that the dependence of SH electric
ﬁeld (not the SH intensity) on crystallographic orientation
actually exhibits three-fold rotational symmetry, in accordance
with the lattice symmetry.
From the intensity maxima in the previous measurement and
known SH nonlinear susceptibility for quartz of d11 = 2.7 ×
10−24 C/V2 (7.4 × 10−10 esu),29 we obtain for single-layer MoS2
and h-BN values of the surface nonlinear susceptibility of dsMoS2
= 8.8 × 10−31 m·C/V2 (2.4 × 10−14esu) and dsh‑BN = 3.0 ×
10−32 m·C/V2 (8.3 × 10−16 esu). The eﬀective volume secondorder nonlinear susceptibilities for MoS2 and h-BN are then
dMoS2 = 1.4 × 10−21 C/V2 and dh‑BN = 9.1 × 10−23 C/V2. Here
we have assumed eﬀective thicknesses of the layers of tMoS2 =
0.62 nm12 and th‑BN = 0.33 nm,13 corresponding to the layer
separation in the bulk materials. The eﬀective nonlinear
susceptibility of h-BN is seen to be comparable to that of
common transparent nonlinear crystals such as LiNbO3 and βBaB 2 O 4 . Because of resonant enhancement, the MoS 2
monolayer has an eﬀective nonlinear susceptibility that is 1
order of magnitude larger, similar to that of absorbing nonlinear
crystals such as GaAs and Te.30
For few-layer h-BN, strong SH radiation with similar
intensity occurs for odd numbers of layers, while even numbers
of layers do not show measurable SHG (Figure 3a). The
intensity values for diﬀerent layer thicknesses were taken at the
lattice orientations corresponding to the peak SH response.
The signal for even numbers of layers is at most 2% of that
emitted from the single layer. This large suppression of SH
radiation in even numbers of layers shows that these structures
do indeed exhibit inversion symmetry, as expected from the
bulk crystal.
To understand the thickness dependence of the SHG
response more quantitatively, we introduce a simple model of
the expected response based on electronically decoupled layers,
but that still accounts for electromagnetic propagation eﬀects at
both the fundamental and SH frequencies. In computing phase
shifts and absorption, we assume the thin slabs to have the
same linear dielectric constants as their bulk counterparts.31,32
In addition to propagation through the sample material, we also

Figure 2. Polar plot of the SH intensity from single-layer MoS2 as a
function of the crystal’s azimuthal angle θ. The SH radiation
components detected parallel (red) and perpendicular (blue) to the
polarization of the fundamental ﬁeld are shown. The symbols are
experimental data27 and the solid lines are ﬁts to the symmetry analysis
described in the text. The angle θ = 0 corresponds to an orientation
where the polarization of the pump beam lies along a mirror plane of
the crystal, as shown in the inset.

structure of the bulk crystal, as discussed above, exfoliated
monolayers of both MoS2 and h-BN are expected to belong to
the D3h1 symmetry group. For this case, we expect only one
independent nonvanishing element of the nonlinear response:
ds = dsyyy = −dsyxx = −dsxxy = −dsxyx.28 This symmetry
information determines the dependence of the two polarization
components of SH response on sample orientation:

I = I0 cos2(3θ )

(2)

I⊥ = I0 sin 2(3θ )

Here θ denotes the angle between the mirror plane in the
crystal structure and the polarization of the pump beam, and I0
is the maximum intensity of the SH response. As shown in

Figure 3. (a) The layer dependence of SH intensity and surface nonlinear susceptibility for few-layer h-BN. The histogram shows the experimental
results, with uncertainties indicated by the error bars. The red squares display the results of a model (described in the text) that considers the phase
evolution of the fundamental and SH ﬁelds, but neglects changes in the electronic structure from interlayer coupling. The model is calibrated to the
results for the single-layer sample. (b) Illustration of the model for the calculation of the SH intensity as a function of layer thickness. The individual
layers of h-BN are approximated as thin slabs and the polarization is assumed to be generated at the center of each layer. The alternating orientation
of successive layers leads to an alternation in the nonlinear susceptibility of each layer.
3331
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Figure 4. (a) The layer dependence of SH intensity and surface nonlinear susceptibility for few-layer MoS2 samples. The histogram shows the
experimental results, with uncertainties indicated by the error bars. The red squares show the results of the model (described in the text) that has
been applied for h-BN, but now also includes the eﬀect of absorption of the fundamental and SH ﬁelds. (b) The relative change of reﬂectance of fewlayer MoS2 samples on a fused silica substrate. Successive spectra from the bottom to the top correspond to 1−5 layers. The spectra have been
normalized for layer thickness. For clarity, the spectra have also been displaced vertically by 50 percentage units for each additional layer. The arrows
indicate the wavelengths of fundamental and SH photons. (Based on Figure S1a in the Supporting Information of ref 22).

response. This response is expected even without accounting
for any change (symmetry lowering) in the inherent properties
of the top monolayer of material, the eﬀect typically considered
in analysis of surface SHG.17 Our simple model predicts the
bulk SH response to be 0.20% of that of a monolayer,
comparable to the experimentally observed ratio.
The SH probe has several useful properties for characterizing
few-layer MoS2 and h-BN materials. First, the high contrast of
SH intensities between even and odd numbers of layers can be
used to supplement other optical characterization tools of layer
number. The method is distinctive in providing strong contrast
between single and bilayer samples. For MoS2 with odd
numbers of layers, even the exact layer number can be
determined from the strong variation of SH intensity with layer
number. Second, from the dependence of the SHG on the
orientation of the crystal, we can determine the orientation of
the crystallographic axes for odd-layer MoS2 and h-BN. This
purely optical method requires minimal sample preparation, is
noninvasive, and imposes no special environmental requirements. Third, owing to the strong SH response for odd number
of layers of MoS2, the approach can be used for high
throughput spatial mapping of domain orientation in
polycrystalline samples, like those recently synthesized by
chemical vapor deposition.19,33−36
In conclusion, we have experimentally probed the symmetry
properties of few-layer MoS2 and h-BN by optical secondharmonic generation. We veriﬁed that the few-layer samples
retain the lattice symmetry they possess as part of the bulk
material. The strong enhancement of SH intensity for odd
numbers of layers compared to even numbers of layers shows
that samples of even layer thickness possess inversion
symmetry, while inversion symmetry is broken for odd layer
thickness. The expected layer dependence of SH intensity from
few-layer MoS2 and h-BN was considered within a model
accounting for wave propagation eﬀects. Good agreement with
the measured layer dependence was obtained for few-layer hBN, but only the correct trend was predicted for few-layer
MoS2. The discrepancy between the model and experiment for
MoS2 indicates the importance of the material’s evolving
electronic structure with layer thickness as a result of interlayer
electronic coupling. The orientational dependences of the SH
intensity from MoS2 and h-BN for odd layer thickness is
consistent with the three-fold rotational symmetry of the lattice

include the inﬂuence of the reﬂection of both the fundamental
and SH ﬁelds from the underlying substrate. The SH radiation
from each layer is calculated taking into account the alternating
sign of the SH susceptibility in adjacent layers (Figure 3b). As
shown Figure 3a, the model captures the dramatic reduction in
SHG in samples of even layer thickness. For two layers, for
example, the model predicts a SH response that is just 0.008%
of that from a monolayer. The nonzero result arises from the
small but ﬁnite optical phase shift between the layers, which
acts to prevent complete cancellation. This eﬀect corresponds
formally to the inclusion of nonlinear response beyond the
electric-dipole approximation in orders of spatial nonlocality.
For odd layer numbers N, in the simplest picture, the signal
from a block of N − 1 layers fully cancels out, leaving the
residual signal from just one layer. Thus, no thickness
dependence would be expected. The aforementioned propagation eﬀects in the transparent h-BN system modify this
expectation only very slightly. The predicted signal from ﬁve
layers is, for example, 99.8% of that from a monolayer, in
reasonable agreement with the experimental results.
For the case of MoS2, we again observed strong enhancement of the SH intensity in odd numbers of layers compared to
the response for even numbers of layers. The SH intensity from
odd numbers of layers, however, decreases signiﬁcantly from
one layer to ﬁve layers (Figure 4a), in contrast to the nearly
constant response for h-BN. Because the band gap of MoS2 is
smaller than the SH photon energy, we expect light absorption
to play a signiﬁcant role. We applied the model described above
to determine the expected inﬂuence of these propagation
eﬀects, including attenuation (Figure 4a). The results are in
agreement with the experimental trends for the variation of the
SH intensity with layer thickness. The model, however,
underestimates the decrease in SHG actually observed with
increasing layer thickness. The additional reduction can be
attributed to interlayer coupling. These eﬀects modify the
electronic structure of few-layer MoS2 and induce further
changes in the linear and nonlinear susceptibilities. The
evolving electronic structure with layer number for few-layer
MoS2 is demonstrated by reﬂectivity contrast measurements
(Figure 4b). In particular, the change of resonance feature close
to 2ω can have a substantial eﬀect on both the linear response
and the SH susceptibility of few-layer MoS2.28 In the limit of a
bulk crystal, the strong, but imperfect, cancellation of SHG
from neighboring layers leads to a weak, but ﬁnite, SH
3332
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and was demonstrated to be a useful tool for the determination
of the orientation of the material’s crystallographic axes.
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