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Xiang Zhang2,8* and Lain-Jong Li1*
Structural symmetry-breaking plays a crucial role in determining the electronic band structures of two-dimensional
materials. Tremendous efforts have been devoted to breaking
the in-plane symmetry of graphene with electric ﬁelds on
AB-stacked bilayers1,2 or stacked van der Waals heterostructures3,4. In contrast, transition metal dichalcogenide monolayers are semiconductors with intrinsic in-plane asymmetry,
leading to direct electronic bandgaps, distinctive optical properties and great potential in optoelectronics5,6. Apart from
their in-plane inversion asymmetry, an additional degree of
freedom allowing spin manipulation can be induced by breaking
the out-of-plane mirror symmetry with external electric
ﬁelds7,8 or, as theoretically proposed, with an asymmetric
out-of-plane structural conﬁguration9. Here, we report a
synthetic strategy to grow Janus monolayers of transition
metal dichalcogenides breaking the out-of-plane structural
symmetry. In particular, based on a MoS2 monolayer, we fully
replace the top-layer S with Se atoms. We conﬁrm the Janus
structure of MoSSe directly by means of scanning transmission
electron microscopy and energy-dependent X-ray photoelectron spectroscopy, and prove the existence of vertical
dipoles by second harmonic generation and piezoresponse
force microscopy measurements.
We ﬁrst prepare single-crystalline triangular molybdenum disulﬁde (MoS2) monolayers on c-plane sapphire substrates using
chemical vapour deposition10,11, then strip off the top-layer sulfur
atoms and replace them with hydrogen atoms using a remote hydrogen plasma (Fig. 1a). Without breaking the vacuum, the subsequent
thermal selenization allows Se to replace the H atoms, forming a
structurally stable Janus MoSSe monolayer in which the Mo
atoms are covalently bonded to underlying S and top-layer Se
atoms. Optical microscope images for the monolayer at each stage
are presented in Fig. 1a, where the stripped MoS2 (MoSH) is
shown to retain its triangular shape. Atomic force microscope
images reveal an apparent change in the cross-sectional height
from 1.0 nm for pristine MoS2 to 0.7–0.8 nm for MoSH and
1.1 nm for Janus MoSSe. The reduced thickness after H2-plasma
indicates the successful S-stripping. Our ﬁrst-principles calculations
further predict that the H2-plasma-treated MoS2 should generate

hydrogenated MoS with nearly full H-coverage (MoSH), due to
the large absorption energy of H atoms at the vacancy sites
(∼1 eV per H atom) (see Supplementary Section ‘Theoretical
calculation’). The plasma power needs to be at an optimum value
to break the surface Mo–S bonds but still preserve the underlying
two-dimensional Mo–S structure. In this respect, the remote
plasma produced from light molecules (hydrogen) works better
than that from heavy molecules such as argon plasma12, which
easily destroys the entire two-dimensional structure (as shown in
Supplementary Fig. 1a). The selenization temperature also plays a
critical role. The substrate temperature needs to be higher than
350 °C for Mo–Se bond formation but not higher than 450 °C,
where the two-dimensional structure becomes unstable and holes
appears in the monolayer (Supplementary Fig. 1b). When the temperature is higher than 600 °C, randomized MoSSe alloy structures
are obtained, and the Se and S are mixed in a disordered arrangement at both the top and bottom surfaces, reaching a state of
maximum entropy with a thermodynamically favoured structure
in an Ar/H2 environment, consistent with previous reports13,14.
Hence, the key to the synthetic strategy for Janus MoSSe is to
control the reaction by kinetics rather than thermodynamics.
Figure 1b shows that the intensities of Raman out-of-plane
A1 (406 cm−1) and in-plane E′ (387 cm−1) modes for a MoS2 monolayer decrease (curve for 5 min stripping) and eventually vanish
(curve for 20 min stripping) with increasing stripping time, agreeing
well with the calculated phonon dispersion of the expected MoSH
structure (Supplementary Fig. 3a). Note that we perform the subsequent thermal sulfurization or selenization only for the samples
not showing any Raman A1 and E′ peaks. Interestingly, the
A1 and E′ peaks appear again after sulfurization, indicating the
recovery of MoS2 monolayers from MoSH and the reversibility of
this process. When we perform the selenization for MoSH, the
A1 peak shifts to 288 cm−1 from the original 406 cm−1, and the
E′ peak shifts to 355 cm−1 from 387 cm−1 in MoS2. These peaks
match well with the two major phonon energies predicted in
Supplementary Fig. 3b,c. The shift of the A1 frequency is caused
by the out-of-plane symmetry change upon selenization, while the
shift of the E′ mode is related to a change in the lattice constant.
Figure 1c shows that the optical gap of a pristine MoS2 monolayer
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Figure 1 | Synthesis of the Janus MoSSe monolayer. a, A MoS2 monolayer grown by chemical vapour deposition was exposed to H2 plasma to strip the
top-layer S. The plasma was then switched off and a quartz boat loaded with Se powder was moved next to the sample without breaking the vacuum.
Se powders were then thermally vaporized to achieve selenization and complete the synthesis of Janus MoSSe monolayers. Optical microscopy and atomic
force microscopy images for each structure are shown below the corresponding molecular model. b,c, Raman characteristics (b) and photoluminescence
results (c) for the MoS2 and those after H2 plasma treatment, sulfurization and selenization. d, Annular dark-ﬁeld scanning transmission electron microscopy
image of the sample cross-section, showing the asymmetric MoSSe monolayer structure with Se (orange) on top and S (yellow) at the bottom of the
Mo atoms (blue).

at 1.88 eV disappears after S-stripping, agreeing with the metallic
property of the MoSH predicted by density functional theory
calculations (Supplementary Fig. 4). The photoluminescence for
the MoSH samples recovers to that of MoS2 after sulfurization,
consistent with the observation in Raman measurements. The
optical gap for the Janus MoSSe monolayer is at 1.68 eV, close to
the average of the optical gaps of MoS2 and MoSe2 , and consistent
with the calculated energy gap in these monolayers (Supplementary
Fig. 5a). Note that the major effect of mirror symmetry breaking is
Rashba spin splitting, where the valence band maxima at the Γ point
displays a horizontal shift in E–k dispersion and is governed by
out-of-plane dz2 orbitals. However, the photoluminescence energy
is dominated by the valence band maxima at the K point, which
is determined by the in-plane dx2 −y2 /dxy orbital; hence, the photoluminescence energy of Janus MoSSe seems indistinguishable from
that of the randomized MoSSe monolayer (see Supplementary
Fig. 5b for details). Meanwhile, we examined the helicity of the
Janus MoSSe monolayer by measuring circularly polarized photoluminescence (Supplementary Fig. 6a,b), a typical way to identify
the valley degree of freedom15,16. The helicity at the emission peak
is ∼9% at room temperature and 50% at 90 K, which conﬁrms the
preservation of valley properties and is consistent with the calculation
of valley-dependent Berry curvature (Supplementary Fig. 6c).
Figure 1d presents an annular dark-ﬁeld scanning transmission
electron microscopy image of a cross-section of the Janus MoSSe
monolayer. Since the image contrast is proportional to the square
of the atomic number, the bottom S and top Se atoms are clearly distinguishable, conﬁrming the success of our proposed
synthetic approach.
The atomic percentage of Se atoms in the top layer of the Janus
MoSSe monolayer was determined to be 96.2% by energy-dispersive
2

X-ray spectroscopy and transmission electron microscopy measurements (Supplementary Fig. 8 and Supplementary Table 3). We also
used energy-dependent X-ray photoelectron spectroscopy to probe
the asymmetric structure of the MoSSe monolayers, where the
photon energy varies from 250 to 1,150 eV and the incident beam
angle is 20°, as shown in Fig. 2a. In general, the doublet peaks
originating from the S 2p and Se 3p orbitals for a MoSSe monolayer
appear at around (162.4; 163.6) eV and (161.3; 167.1) eV, respectively (Fig. 2b). To verify the Janus structure, we compared these
results with several MoSxSey monolayer samples with a randomized
S and Se distribution13. The percentage of Se is derived from the
X-ray photoelectron spectroscopy peak intensity and corrected by
a relative sensitivity factor17 for each atom (SeXPS% = N(Se)/[N(Se)
+ N(S)], see Supplementary Information and Supplementary
Table 5 for details), should be independent of the X-ray photon
energy if the sample is vertically homogeneous in composition, as
shown in Fig. 2c. The value of SeXPS% for the Janus MoSSe monolayer
is plotted as black circles in Fig. 2d, where the strong energy dependence indicates structural inhomogeneity in the vertical directions.
This energy dependence can be understood as follows. Assuming
that the electron intensity I0 emitted from the bottom S layer is attenuated according to the Beer–Lambert law, the intensity reaching the
surface will be I = I0 exp(–d/L(E))18, where L(E) is an energy-dependent electron attenuation length and d is the separation between the
bottom S layers and the surface Se layers predicted by density functional theory calculations in Fig. 2a. This will introduce an energy
dependence in SeXPS% for the Janus MoSSe monolayer, as discussed
in the Supplementary Materials. A plot of the best ﬁt of the calculated
Se percentage is compared with the experimental data in Fig. 2d.
The asymmetry in the chemical bonding within monolayers can
be revealed by optical second harmonic generation (SHG)19. In a
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Figure 2 | Energy-dependent X-ray photoelectron spectroscopy. a, The incident angle is set to 20°. The molecular model is optimized by density functional
theory calculations. b, Energy-dependent X-ray photoelectron spectra for Janus and randomized MoSSe monolayers. c, Dependence of SeXPS% on photon
energy for the randomized MoSSe monolayer. There is no obvious energy dependence. Various annealing conditions result in samples with different
Se percentages. d, Dependence of SeXPS% on photon energy for the Janus MoSSe monolayer, extracted based on the X-ray photoelectron spectroscopy
results in b (and Supplementary Information). The real SeXPS% on the top layer is 96.2%, as determined by energy-dispersive X-ray spectroscopy.
Theoretical ﬁtting results were calculated using the effective electron attenuation length (LEAL) for two-dimensional materials (based on an equation provided
in Supplementary Section ‘Energy-dependent X-ray photoelectron spectroscopy’). Error bars indicate ±1 standard deviation.

Janus MoSSe monolayer, the imbalance of the electronic wavefunction over the S and Se atom results in an out-of-plane optical
dipole transition. To observe such an inﬂuence, we performed
angle-resolved polarization-selective SHG measurements (Fig. 3a
and Supplementary Fig. 9). First, the p-polarized fundamental
light excites the sample under normal incidence, and p-polarized
SHG signal Ip is collected. Because of the C3v crystalline symmetry,
the SHG induced by the in-plane dipole can be extinguished by
rotating the crystal in-plane with the Mo–X bond direction
perpendicular to the electric ﬁeld20,21. To drive the out-of-plane
dipole, a vertical electric ﬁeld in a tilted incident beam is generated
by positioning the scanning beam off-centre at the back aperture of
the microscope objective. Because the projected z-component of the
ﬁeld increases as the tilt angle increases, the SHG intensity is
expected to increase in the Janus MoSSe (Supplementary Fig. 10).
In contrast, SHG from a randomized MoSSe alloy without the
out-of-plane dipole should be insensitive to the increasing
z-component electrical ﬁeld. Note that the trend for the absolute
SHG intensity not only includes information from the out-of-plane
dipole, but is also affected by the system’s angle (or position)-dependent collection efﬁciency. To exclude such extrinsic factors, the
s-polarized SHG Is induced by the in-plane dipole with the same
collection efﬁciency is measured, and the ratio Ip/Is is used to
evaluate the intrinsic dipole contribution.

Figure 3b plots the angle-dependent SHG ratio Ip/Is from Janus
and randomized MoSSe monolayers. The SHG of the Janus
sample strongly depends on the incident angle, while that from
the alloy sample shows almost no change. In addition, the response
is symmetric for positive and negative tilt angle incidences. This
observation conﬁrms the presence of an out-of-plane dipole in
the MoSSe monolayers. To extract the second-order susceptibility
associated with the out-of-plane dipole, the data were ﬁtted by an
angle-dependent SHG model (Supplementary Fig. 11 and
Supplementary Information). The well-matched ﬁtting conﬁrms
(2)
(2)
that second-order susceptibilities χ (2)
xxz , χ xzx and χ zxx play a role and
(2)
:χ
of
10:1
at
1,080
nm pump. To
indicate a magnitude ratio χ (2)
yxx xxz
statistically conﬁrm the vertical dipole SHG response, we measured
ﬁve MoSSe Janus samples and three MoSSe alloy samples, whose
second-order susceptibilities are summarized in Fig. 3c. For all
asymmetric samples, the out-of-plane dipole generates observable
(2)
(2)
χ (2)
xxz , χ xzx and χ zxx , with little variation, whereas for all randomized
samples, the out-of-plane dipole response is almost one order of
magnitude smaller and within measurement limits. Note that our
simulations for the in-plane and out-of-plane second-order susceptibilities for the MoSSe monolayer do show anisotropic features
(Supplementary Fig. 12).
As a result of the out-of-plane asymmetry, Janus MoSSe experimentally shows an intrinsic vertical piezoelectric response, the
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Figure 3 | Out-of-plane dipole probed by angle-resolved SHG. a, Schematics of out-of-plane induced SHG. A collimated p-polarized (along the x direction)
pump beam with 1 mm spot size is guided to the objective back aperture (D = 7.6 mm). The beam (red) is focused at the sample with a tilted angle and
generates an oscillating vertical electrical ﬁeld to drive the out-of-plane dipole (blue arrow) for SHG. The SHG (green) is collected by the same objective
and analysed by a polarizer. The beam position at the objective back aperture can be scanned along the x direction with a motorized stage, which tunes
the incident angle accordingly. b, Angle-dependent SHG intensity ratio between p and s polarization in the Janus MoSSe and randomized alloy samples.
In the Janus MoSSe sample, the Ip/Is ratio (blue circles) increases symmetrically with more tilted incidence, and is ﬁtted well by an angle-dependent SHG
model (blue curve; see Supplementary Section ‘Second-harmonic generation’ for model details). In the MoSSe alloy, the Ip/Is ratio (red circles) undergoes
almost no change as the incident angle varies, and the ﬂat ﬁtting (red curve) suggests a negligible out-of-plane dipole. c, Second-order susceptibility ratio
statistics. Five Janus MoSSe samples show a consistent out-of-plane and in-plane second-order susceptibility ratio (1:10); in contrast, three MoSSe alloy
samples show a one order of magnitude smaller ratio. The error bars represent ﬁtting error.

ﬁrst demonstration in a single-molecular-layer crystal22,23. Because
the distortion of Mo–S and Mo–Se bonds under an electric ﬁeld
do not cancel, a net thickness change is induced by applying a
vertical voltage. To measure this out-of-plane deformation of this
subnanometre layer, we used piezoresponse force microscopy,
with resonance enhancement to boost the sensitivity by two orders
of magnitude (Supplementary Figs 13 and 14)24,25. Optimized
surface quality and electrical back contacts are achieved by synthesizing Janus MoSSe directly on atomically ﬂat conductive substrates
(highly oriented pyrolytic graphite, HOPG). As a result, we observe
a clear piezoelectric contrast between the Janus MoSSe monolayer
and the substrate (Fig. 4a,b and Supplementary Fig. 16). A sufﬁcient
signal-to-background ratio is only possible after balancing the
potential of the tip and the substrate to minimize the electrostatic
effect (Supplementary Fig. 15)26. This contrast cannot come from
topographic, mechanical or electrochemical artefacts, because the
randomized alloy monolayer does not provide visible contrast
under the same experimental condition (Supplementary Fig. 17).
While most as-grown monolayers are topographically uniform,
we obtained additional insight on those ﬂakes carrying backfolding areas comprising a bilayer and a hole, created by thermal
expansion mismatch. Because the vertical polarization of each
layer is opposite in bilayers, the total piezoelectricity of the bilayer
region should be suppressed27. This ‘more is less’ effect is
4

highlighted in a parallel comparison of the crosssections (Fig. 4c), where a peak in height always corresponds to a
dip in piezoelectric amplitude. Such a strong correlation
(Supplementary Fig. 18) further veriﬁes that the piezoresponse
force microscopy contrast comes from piezoelectricity with a
structural symmetry origin. The corresponding piezoelectric
coefﬁcient d33 is ∼0.1 pm V–1 and can potentially be improved by
one order of magnitude by increasing the dipolar contrast of the
chemical bonds. Meanwhile, we caution that the value is qualitative,
because the effective piezoelectricity of semiconducting MoSSe can
be sensitive to a variation in electrical properties, as the cross-section
also suggests some non-uniformity of the piezoresponse within the
monolayer region28.
In summary, the presented synthetic strategy achieves asymmetric transition metal dichalcogenide monolayers with symmetry
breaking in the out-of-plane direction. The optically active vertical
dipole provides a two-dimensional platform to study light–matter
interactions where dipole orientation is critical, such as dipole–
dipole correlations and strong coupling with plasmonic structures29.
The out-of-plane piezoelectricity in two-dimensional monolayers
brings an additional degree of freedom to the design and motion
control of practical nanoelectromechanical devices30. Moreover,
this polar monolayer with enhanced Rashba spin–orbit interaction
sets an important milestone for future spintronics9,31.
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Figure 4 | Characterization of out-of-plane piezoelectricity in the Janus MoSSe monolayer. a,b, Topography (a) and piezoelectric amplitude (b) of an
isolated Janus MoSSe monolayer directly grown on HOPG, measured by resonance-enhanced piezoresponse force microscopy. The layer is uniform in most
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Methods

Chemical vapour deposition synthesis and characterization of the MoSSe
monolayer. We synthesized an asymmetric MoSSe monolayer using a home-made
chemical vapour deposition system equipped with an inductively coupled plasma
coil. As-grown MoS2 was placed 10 cm downstream of the plasma coil inside a
furnace tube, and the base pressure was pumped down to 1 mtorr at room
temperature. Hydrogen plasma with a power of 50 W and a ﬂow of 20 s.c.c.m. at a
pressure of 100 mtorr was used for the sulfur stripping process, forming a MoSH
monolayer. Without breaking vacuum, Se powder was evaporated at 240 °C using a
heating belt to produce a thin Se layer coating on top of the MoSH. The furnace was
heated to 450 °C with a heating rate of 20 °C min–1 in an Ar/H2 mixed-gas ﬂow
(65:5 s.c.c.m.) environment and kept for 1 h for thermal sulfurization/selenization
followed by slow cooling down to room temperature.
Characterizations of the MoSSe monolayer were performed by Raman
spectroscopy (WITec alpha 300 confocal Raman microscope), atomic force
microscopy (Cypher ES, Asylum Research Oxford Instruments), energy-dependent
synchrotron X-ray photoelectron spectroscopy (at SLAC), energy-dispersive X-ray
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spectroscopy (FEI Titan ST, operated at 200 kV) and scanning transmission electron
microscopy (FEI TITAN, operated at 120 kV with a probe current of ∼10 pA).
SHG. A collimated p-polarized pulsed laser beam with 1 mm spot size was guided to
the objective back aperture (D = 7.6 mm). The incident angle, determined by the
beam position at the objective back aperture, was scanned by a motorized stage. The
SHG was collected by the same objective and analysed by a polarizer. The sample
was mounted on a rotation stage and rotated to a speciﬁc crystal angle, under normal
incidence, to achieve in-plane dipole-induced SHG extinction along the p polarization.
Piezoresponse force microscopy. The piezoresponse of both the Janus and
randomized MoSSe was measured under the same bias and force conditions with a
dual a.c. resonance tracking piezoresponse force microscope (MFP-3D, Asylum
Research). The a.c. amplitude was limited to 1.5 V to avoid electrical damage.
Data availability. The data that support the ﬁndings of this study are available from
the corresponding authors upon reasonable request.
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