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Coherent, atomically thin
transition-metal dichalcogenide
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Epitaxy forms the basis of modern electronics and optoelectronics.We report coherent
atomically thin superlattices in which different transition metal dichalcogenide monolayers—
despite large lattice mismatches—are repeated and laterally integrated without dislocations
within the monolayer plane. Grown by an omnidirectional epitaxy, these superlattices display
fully matched lattice constants across heterointerfaces while maintaining an isotropic lattice
structure and triangular symmetry.This strong epitaxial strain is precisely engineered via
the nanoscale supercell dimensions, therebyenabling broad tuning of the optical properties and
producing photoluminescence peak shifts as large as 250 millielectron volts.We present
theoretical models to explain this coherent growth and the energetic interplay governing the
ripple formation in these strained monolayers. Such coherent superlattices provide building
blocks with targeted functionalities at the atomically thin limit.

E
pitaxial structures with coherent hetero-
interfaces, in which lattices of dissimilar
materials arematchedwithout dislocations,
enable advanced scientific and technological
applications, including multiferroic oxides

with engineered strain and symmetry (1, 2), high-
performance quantum cascade lasers (3), and
high-efficiency light-emitting diodes (4). Two-
dimensional (2D) coherent heterostructures and
superlattices (Fig. 1, A andB) can serve as ultrathin
building blocks for advanced stacking and hetero-
integration with other materials (5–7) and provide
opportunities not available with their 3D analogs.
Realizing this goal would require the integration
of various 2Dmaterials whose properties can be
tuned by the strain required for coherent lattice
matching, as well as a method for precisely con-
trolling the superlattice dimensions while main-
taining lattice coherence over the entire structure.
Monolayer transition metal dichalcogenides
(TMDs), many of which share similar crystal
structures, provide an ideal material platform
with diverse electrical, optical (8, 9), piezoelectric
(10, 11), and valley properties (12). However, re-
cent studies on TMD heterostructure synthesis
have shown only limited capabilities toward
realizing coherent 2D superlattices (13–21).
We report coherent monolayer TMD super-

lattices with precisely controlled supercell di-
mensions and lattice coherence maintained over
the entire structure, which result in broad tuning

of their optical properties. We used WS2 and
WSe2 as the two main TMDs for our hetero-
structures and superlattices (Fig. 1A, inset), where
the repeat direction of the superlattice is in the
growth plane of a monolayer, rather than the
out-of-plane direction of conventional thin-film
superlattices. These TMDs have a substantial
lattice mismatch (D) of ~4%, with WSe2 having

the larger lattice constant. In scanning electron
microscope (SEM) images of three representative
WS2/WSe2 heterostructures with controlled super-
cell dimensions (Fig. 1C), dark (bright) regions
correspond to WS2 (WSe2) monolayers. Every
triangular unit of WS2 and WSe2 shows a highly
symmetric, equilateral triangular shape of uni-
form width, each defined by straight, parallel
heterointerfaces, that could be directly controlled
with nanoscale precision. These widths could
be as narrow as 20 nm (Fig. 1C, center) and
periodically modulated to form superlattices
with different dimensions, represented by the
two widths {dWS2 and dWSe2}. Two examples of
superlattices are shown, one primarily composed
of WS2 (dWS2 >> dWSe2) (Fig. 1C, left) and the
other by WSe2 (dWS2 << dWSe2) (Fig. 1C, right).
Heterostructures consisting of different metal
and chalcogen elements could also be synthesized
with a similar level of control (see fig. S1C for an
example of a WSe2/MoS2/WS2 heterostructure).
These crystalline TMD superlattices were syn-

thesized by a modulated metal-organic chemical
vapor deposition (MOCVD) (22) process (see
Fig. 1, supplementary materials, and fig. S1),
with two distinctive features compared with
previous approaches (13–21). First, the con-
centration of each precursor was individually
and precisely controlled, which allowed the
direct tuning of the supercell dimensions. The
composition of TMD could be switched, for ex-
ample, from WS2 to WSe2 and vice versa, by
simply changing the chalcogen precursors. The
width of each component was determined by
controlling the timing of the switch, according
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Fig. 1. 2D monolayer TMD superlattices. (A) Schematic of 2D superlattices based on monolayer
TMDs. (B) Schematic of incoherent and coherent epitaxy,with the epitaxy direction represented by the
outlined arrow. (C) SEM images of three monolayer WS2/WSe2 superlattices. Scale bars, 200 nm.
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to a simple linear dependence between thewidth
and the growth time (see supplementary ma-
terials, table S1, and fig. S1).
Second, the growth environment was main-

tained constant throughout the synthesis regard-
less of the specific TMD composition, which was
crucial for producing coherent heterointerfaces.
For example, both WS2 and WSe2 were grown
under constant temperature, pressure, and over-
all flow rate, with the only difference being the
chalcogen precursors. In our experiment, dif-
ferent components of our superlattices were
grown with a slow growth rate (ranging between
20 and 60 nm/min) near thermodynamic equi-
librium and exhibited straight heterointerfaces
with the most stable W-zigzag edges (fig. S2)
(23, 24).
OurWS2/WSe2 superlattices maintained lattice

coherence over the entire crystal (Fig. 2). First,
the superlattices were free of misfit dislocations.
Figure 2A shows an annular dark-field scanning
transmission electron microscope (ADF-STEM)
image near a heterointerface (dashed line) be-

tweenWS2 (lower) andWSe2 (upper). The ADF-
STEM data taken from a larger area (Fig. 2B)
shows continuous lines of atoms with no misfit
dislocations near the heterointerface across ~160
unit cells [shown after the inverse fast Fourier
transform (FFT)]. One dislocation is expected
every 25 unit cells on average for incoherent het-
erointerfaces with D ≈ 4%, so these images are
consistent with our superlattice forming coherent
heterointerfaces.
Second, our superlattices displayed lattice con-

stants that were uniformover the entire structure.
Figure 2C shows selective-area electrondiffraction
(SAED) data measured from a representative
superlattice {50 and 40 nm}within a regionwith
a single epitaxy direction (denoted by the ar-
row). These data exhibited a single-crystal–like
pattern with sharp and isotropic diffraction spots.
We used their positions to measure the lattice
constants along the directions parallel (a//) or
perpendicular (a⊥) to the heterointerfaces (sche-
matic, Fig. 1B), as well as the lattice mismatch
along each direction [e.g., d// = 2|a//,1 – a//,2|/

(a//,1 + a//,2)]. Diffraction data corresponding to
a// (circles in Fig. 2C, enlarged in Fig. 2D) showed
a single diffraction spot with no separation, con-
firming perfect lattice matching (d// = 0). Dif-
fraction data corresponding to a⊥ (squares in Fig.
2C, enlarged in Fig. 2D) also showed similar
lattice constants; although two spots were ob-
served, each originating from the WS2 and WSe2
regions (see below), the mismatch d⊥ = 1.2% was
much smaller than D. In contrast, the same dif-
fraction spotsmeasured from an incoherentWS2/
WSe2 heterostructure displayed a 4% concentric
separation, with d// = d⊥ = D (Fig. 2E; see fig. S3
for original SAED patterns).
Lattice coherence was directly confirmed with

nanoscale resolution over the entire WS2/WSe2
superlattice. We used our newly developed
electronmicroscope pixel array detector (EMPAD),
which measures local diffraction maps pixel by
pixel, providing structural information for imag-
ing with nanoscale resolution (see supplementary
materials) (25). Figure 2, F and G, shows three
maps generated based on EMPAD data taken
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Fig. 2. Lattice coherence of WS2/WSe2 superlattices. (A) An ADF-STEM
image at the heterointerface area between WS2 and WSe2 (epitaxy direction
represented by the arrow; same for all). Scale bar, 2 nm. (B) Inverse FFTof an
ADF-STEM image from a larger area near the heterointerface, based on the
circled spots in its FFT (inset). Scale bar, 5 nm. (C) SAED pattern of
superlattice {50 and 40 nm}, taken from an area with a diameter of 280 nm.
(D) Enlarged diffraction spots as indicated in (C). (E) The same diffraction
spots as in (D) from an incoherent WS2/WSe2 heterostructure. (F and G)

Spatial maps of normalized lattice constants a//, a⊥, and lattice rotation
map of superlattice {75 and 60 nm}. Scale bar, 500 nm. (H) Histograms of
a//and a⊥ from experiment [for region a in (F)] and theory [for the superlattice
depicted in (J)]. (I) Schematic of the isotropic expansion of the WS2 lattice
in an omnidirectional coherent WS2/WSe2 heterostructure. (J) Composite
maps of a// (left) and a⊥ (right) of a superlattice with ratio dWS2/dWSe2 = 1.25,
computed from a coarse-grained theoretical simulation (see fig. S7 and
supplementary materials).
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from another superlattice {75 and 60 nm}, each
plotting a//, a⊥, and lattice rotation. The super-
lattice consists of three regions (a, b, and g, as
outlined in Fig. 2F), with heterointerface orienta-
tions rotated by 120° from each other. The orienta-
tions of a// and a⊥ are different for a, b, and g and
are defined relative to the heterointerfaces in
each region. The a// map (Fig. 2F, left) showed
little contrast between WS2 and WSe2, generat-
ing a single histogram peak as shown in Fig. 2H,
left (region a; see fig. S4 for b and g histograms).
The a⊥ map showed a small contrast between
theWS2 andWSe2 regions, generating two peaks
(Fig. 2H, left) centered 0.4% below (correspond-
ing to WS2) and 0.8% above (corresponding
to WSe2) the a// peak, resulting in d⊥ = 1.2%,
as seen in Fig. 2D. Third, the lattice rotation
map resolved only one dislocation clearly (arrow)
within the entire superlattice (lateral size ~3.2 mm),
suggesting the existence of a dislocation-free,
coherent lattice everywhere, including the bound-
ary regions between the a, b, and g regions. In
contrast, incoherent heterostructures showed
arrays of dislocations at heterointerfaces (fig. S5).
Figure 2 shows that d// = 0 everywhere, con-

firming coherent heterointerfaces in our super-
lattice. In addition, the lattice isotropy and
rotational symmetry were maintained over the
entire superlattice. Our TEM and EMPAD data

confirm (i) nearly identical and isotropic unit
cell dimensions for both the WS2 and WSe2 re-
gions; (ii) that the lattice orientation in our
EMPAD map (Fig. 2G) was highly uniform
(standard deviation < 1 mrad), consistent with
the observed sharp and isotropic TEM diffrac-
tion spots (Fig. 2, C and D); and (iii) that the
superlattice is triangular with straight edges and
heterointerfaces. This result is in sharp contrast
to the lattice anisotropy expected from conven-
tional unidirectional epitaxy, where a// ismatched
for the epilayers and a⊥ is free from any con-
straints, causing the superlattice to have a dif-
ferent symmetry from that of the original crystal.
Instead, our superlattice grew with coherent
omnidirectional epitaxy (see supplementary
text and fig. S6), where regions of different epitaxy
directions (a, b, and g) coherently connect with
each other whilemaintaining the same symmetry
of the original crystal.
The perfect symmetry in our coherent super-

lattices imposes an additional constraint that
requires identical values of a⊥ for bothWS2 and
WSe2. This feature is further illustrated in Fig. 2I:
When a triangular WSe2 unit was replaced by
WS2, the latter needed to expand by the same
amount in all directions (i.e., larger a// and a⊥)
to coherently bridge the inner andouter triangular
WSe2 units. This ideal picture changes in real

superlattices with finite bulk and shear moduli
values, where the final structure will minimize
the total elastic strain energy. In this case, the
lattice would deviate from having identical a⊥
values for WS2 andWSe2, resulting in 0 ≲ d⊥ < D,
as seen from our data.
These observations were quantitatively pre-

dicted by coarse-grained simulations of these
superlattices that account for both bond and angle
interactions on an appropriate footing (Fig. 2H,
right, and 2J). In this regard, it is the inclusion
of angular interactions, in particular, that ac-
counts for the shear stiffness inside the TMD
superlattice and thereby introduces local frustration
(analogous to the antiferromagnetic triangular-
lattice Ising model) that is key to predicting
coherent omnidirectional epitaxy across the en-
tire lattice, as well as a small but nonvanishing
d⊥ (see fig. S7 and supplementary materials).
The lattice coherence further allows for high-
performance p-n diodes showing high rectifica-
tion ratios (>106) and electroluminescence, as
well as double heterostructure transistors, which
we successfully fabricated using our heterostruc-
tures (see figs. S8 and S9 and supplementary text).
This lattice coherence also resulted in a tensile

(compressive) strain within the WS2 (WSe2) re-
gion in our superlattices, themagnitude of which
varied depending on the supercell dimensions.
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Fig. 3. Strain engineering of PL of WS2/WSe2 superlattices. (A) Plot of
WS2/WSe2 superlattices I to V with different ratios r = dWS2/dWSe2 (values
shown in parentheses). (Insets) Schematic of supercell dimension-dependent
strain magnitude in the superlattice. (B) False-color SEM images of super-
lattices I to V. Scale bars, 200 nm. (C) Normalized PL spectra of WS2 for
intrinsicWS2 (dashed line) and superlattices I to V. (Inset) A representative PL
spectrum of a WS2/WSe2 superlattice showing the WS2 peak red-shifted by

DWS2 and theWSe2 peak blue-shifted by DWSe2. (D) Plot of DWSe2-DWS2 forWS2/
WSe2 superlattices with different supercell dimensions. (E) (Left) SEM
image of a narrow WS2 stripe embedded in WSe2. (Right) PL image of a
heterostructure similar to the left, taken at photon energy of 1.75 eV.
(F) PL images of two WS2/WSe2 superlattices at photon energies near
their WS2 peak positions (left and middle, at 1.82 eV and 1.91 eV, respectively)
and an intrinsic monolayer WS2 (right, at 2.00 eV). Scale bars, 1 mm.
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Figure 3A illustrates such strain control. For ex-
ample, a smaller dWS2 or larger dWSe2 (with a small
ratio r = dWS2/dWSe2) increased the tensile strain
in WS2 and decreased the compressive strain in
WSe2 as it brought a// and a⊥ closer to the intrinsic
values forWSe2. In addition, the band structure of
both WS2 and WSe2 was sensitive to the applied
strain; the size of the direct band gap decreased
(increased)whensubjected to tensile (compressive)
strain (26–29).
This strain-dependent band structure allowed

for broad tuning of the optical properties by
superlattice design. Figure 3B shows the false-
color SEM images of five representative WS2
(blue)/WSe2 (yellow) coherent superlattices I to
V with different r (dimensions plotted in Fig.
3A). The resulting photoluminescence (PL) spectra
showed two peaks, with one corresponding to
WS2 and the other to WSe2 (Fig. 3C, inset). How-
ever, the WS2 peak was red-shifted from the in-
trinsic peak energy of 1.97 eV by DWS2, whereas
the WSe2 peak was blue-shifted from the in-
trinsic value of 1.61 eV by DWSe2. Figure 3C com-
pares the normalizedWS2 peaksmeasured from
superlattices I to V (each extracted from the full
PL spectra) to the intrinsic WS2 peak (dashed
curve). Superlattices with smaller r showed larger
DWS2, as large as 250 meV (see fig. S10 for rep-
resentative original PL spectra). Figure 3D further
plots DWS2 versus DWSe2 for additional super-
lattices with different supercell dimensions.

These PL characteristics were consistent with
the strain engineered by the superlattice design.
The positive values for both DWS2 and DWSe2 con-
firmed the tensile (compressive) strain in WS2
(WSe2). Their magnitudes showed a negative cor-
relation, which is consistent with their expected
negatively correlated strain magnitude (Fig. 3A).
The largest DWS2 of 250 meV, corresponding to a
3.4% uniaxial strain or a 1.4% isotropic biaxial
strain (26), was consistent with the large tensile
strain expected from superlattice V with a small
r = 0.1. Moreover, the PL image (Fig. 3E, right;
taken at 1.75 eV) confirmed that the highly red-
shifted WS2 PL peak indeed originated from the
strained WS2 region (SEM image of a similarly
grown sample shown in Fig. 3E, left). In general,
superlattices with supercell dimensions below
the diffraction limit (Fig. 3F, left and middle)
showed uniform PL intensities at their respec-
tive peak energies over the entire structure, with
a similar uniformity compared with intrinsic
WS2 (Fig. 3F, right).
Strained thin films relax through out-of-plane

deformations such as wrinkles and ripples, which
makes these films nonflat and their edges curved
(30–32). However, our ultrathin superlattices
maintained lattice coherence and symmetry,
despite being highly strained and their edges
being under alternating compressive and tensile
stress during growth, because of strong van der
Waals (vdW) interactions between the super-

lattice and the underlying growth substrate (5, 33)
(SiO2 in our experiment), which keep the 2D
superlattice flat. Figure 4A plots the theoretically
calculated total energy (Etot, circles) per WSe2 of
a strainedWSe2 monolayer on SiO2 as a function
of the out-of-plane ripple height (A, measured
frompeak to valley; see schematic in Fig. 4B).Etot
consists of the elastic strain energy (Eel, triangles),
computed using a macroscopic elastic energy
model (that accounts for both stretching and
bending energy components in an ultrathin film),
and the interlayer vdW binding energy between
the WSe2 and SiO2 (EvdW, squares), computed
using an all-atom quantum-mechanical vdW
energy model (see supplementary text and fig.
S11). Although the rippled state (A ≈ 3 nm) that
relaxes the compressive strain is lowest in energy,
the energetic profile shows another minimum at
A = 0 nm, corresponding to the flat state. These
two states have similar energies because the
reduction in Eel roughly equals the increase in
EvdW for the rippled state.
The rippled and flat states are separated by

an energetic barrier (with an activation energy
of 10 to 20meVperWSe2), because the increase in
A in the regime 0 < A < 1 nm rapidly destabilizes
EvdW without substantially stabilizing Eel. Figure
4A thus predicts that the attractive vdW force
from the substrate keeps WSe2 flat and that the
transition from the flat to rippled state can only
occur in thepresence of a substantial perturbation.
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Fig. 4. Formation of out-of-plane ripples in WSe2. (A) Theoretically cal-
culated elastic strain energy (Eel), interlayer van der Waals binding energy
(EvdW), and total energy (Etot) per WSe2 as a function of WSe2 ripple
height (A) (Eel and EvdW shifted by –32 meV and 53 meV, respectively, for
clarity). (Inset) Schematic of the rippled WSe2 on substrate. (B) Schematic

of rippled WSe2 and flat WS2, where the ripple wavelength (l), A, and
dWSe2 are indicated. (C) AFM height image of a representative WS2/WSe2
superlattice. Scale bar, 500 nm. (D) Enlarged AFM image of the boxed
area in (C) and height profile along the dashed line. Scale bar, 100 nm.
(E) l of superlattices with different dWSe2.
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As a result, these theoretical findings suggest
that the synthesis conditions in our experiment,
whichmaintained a constant growth environment
with no strong perturbations, allowed the super-
lattice to remain flat and the growth edge straight
during growth.
The superlattices reported herewere subjected

to a cool-down process after growth, from a rel-
atively high growth temperature (600°C) to room
temperature. This process could perturb the sam-
ples (e.g., thermal expansion/contraction of the
superlattice and SiO2) and induce ripples inWSe2,
which is what we observed in our samples. The
atomic forcemicroscope (AFM) height image of a
representative WS2/WSe2 superlattice (Fig. 4C)
shows out-of-plane ripples inWSe2 (schematically
illustrated in Fig. 4B). These ripples ran con-
tinuously across the WSe2 stripes only and were
periodic along the heterointerfaces, as shown
in the enlarged AFM image (Fig. 4D, top). The
peak-to-valley height (A) was between 1 and 2 nm
(measured from the AFM profile shown in Fig.
4D, bottom). This value is surprisingly near that
ofA for the lowest energy state in Fig. 4A, despite
the use of a simple energetic model and an ideal-
ized superlattice geometry. We also observed
that the ripple wavelengths (l) for superlattices
with different dWSe2 remained relatively constant
(near 30 nm, as shown in Fig. 4E), with little
dependence on dWSe2 over one order of magni-
tude (ranging from 20 to 320 nm). This result
suggests that the presence of WS2/WSe2 inter-
faces had minimal effect on the energetics of the
ripple formation in this regime and that the con-
stant compressive strain in WSe2 (even up to
dWSe2 = 320 nm) was released through rippling.
This finding also explains the smaller range of
DWSe2 shown in Fig. 3D.
For superlattices with dWSe2 > 320 nm, how-

ever, the periodic ripples were no longer contin-
uous across the WSe2 area (see fig. S12). This
difference indicates the presence of an alternative
strain relaxation mechanism, including the for-
mation of misfit dislocations and a coherence
length of ~320 nm for our WS2/WSe2 super-
lattices. This coherence length was substantially
greater than the critical thickness of 2 nm for the
Si/Ge system with a similar D ~ 4% (34), as well
as the critical thickness for theWS2/WSe2 system
estimated using the People-Bean model (below
20 nm) (see supplementarymaterials and fig. S13)

(35). A full explanation for such a long coherence
length would require a general theory optimized
for 2D, which is currently lacking. However, we
expect that our stable superlattice growth con-
ditions and a larger energetic barrier for dis-
location formation in 2D systems may account
for the long coherence length. For example, there
are limited configurations of covalent bonding
for dislocations in 2D systems and no screw dis-
locations. Our demonstration of omnidirectional
coherent 2D superlattices not only presents a
powerful framework for the epitaxial synthesis
of nanomaterials and the engineering of their
properties but also opens up the possibility of a
new interdisciplinary research direction because
our coherent superlattice is crystalline yet highly
deformable. Generation of ordered arrays of co-
herent superlatticeswould further accelerate their
electronic and optoelectronic applications, which
may be achieved with improved spatial control
of nucleation (36) and superlattice orientation
(37, 38).
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