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Ultra-thin 2D transition metal monochalcogenide crystals by
planarized reactions
Hao-Ting Chin1, Mario Hofmann 2, Su-Yu Huang3, Song-Fu Yao4, Jian-Jhang Lee2, Chia-Chun Chen4, Chu-Chi Ting3 and
Ya-Ping Hsieh 1,3✉

We here present a planarized solid-state chemical reaction that can produce transition metal monochalcogenide (TMMC) 2D
crystals with large lateral extent and finely controllable thickness down to individual layers. The enhanced lateral diffusion of a
gaseous reactant at the interface between a solid precursor and graphene was found to provide a universal route towards layered
TMMCs of different compositions. A unique layer-by-layer growth mechanism yields atomically abrupt crystal interfaces and
kinetically controllable thickness down to a single TMMC layer. Our approach stabilizes 2D crystals with commonly unattainable
thermodynamic phases, such as β-Cu2S and γ-CuSe, and spectroscopic characterization reveals ultra-large phase transition
depression and interesting electronic properties. The presented ability to produce large-scale 2D crystals with high environmental
stability was applied to highly sensitive and fast optoelectronic sensors. Our approach extends the morphological, compositional,
and thermodynamic complexity of 2D materials.
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INTRODUCTION
The fundamental effect of dimensional confinement on electrons
is exemplified in 2D materials, which restrict their wave functions
to atomic dimensions. Extending the thickness of a 2D material
has been shown to fundamentally alter its properties as evidenced
by changes to the band structure1, metallicity2, thermodynamic
phase3, and superconducitivity4. The gained insight into elemen-
tary structure-property relations5 and the prospect of applications
in future optoelectronic devices6 has attracted significant interest
in the realization of 2D materials multi-layers and van-der-Waals
crystals7,8. Such structures represent specific examples of a class of
nanostructures-2D crystals, which are laterally extended and span
the thickness range between atomic-scale 2D materials and
mesoscopic crystals of a few nanometers thickness.
To date, however, no method exists to controllably produce 2D

crystals at sufficient scale and quality to support such research.
Currently, the most common approach to producing 2D crystals
with controllable thickness is the thinning of bulk crystals9.
However, the required exfoliation step results in small crystallites
with uncontrollable thickness and location. Alternatively, conver-
sion of thin films, molecular beam epitaxy, or atomic layer
deposition can produce ultrathin 2D materials with controlled
thickness but they yield small grain sizes and inhomogeneous
morphology10. Finally, CVD growth generates high-quality materi-
als at large lateral scale but thickness-dependent growth
energetics11 yields self-limiting synthesis processes of predomi-
nantly single-layers or bilayers with little control over thickness or
stacking order12.
We here present a reaction process that produces 2D crystals

with controllable thickness, high quality, and unique composi-
tional, electronic, and thermodynamic properties. This advance is
achieved by conducting solid-state chemical reactions where one
reagent exhibits an enhanced lateral diffusion compared to

vertical interdiffusion (Fig. 1a) leading to a ‘planarized reaction’
that favors two-dimensional growth.
Planarizing a chemical reaction between a gaseous and a solid

precursor using a graphene layer was demonstrated to produce
layered 2D crystals with atomically sharp interfaces. Moreover, the
confinement of the reaction at the graphene interface imparted
such 2D crystals with unexpected compositions and provided a
general synthesis method of previously unattainable transition
metal mono-chalcogenides (TMMCs). Our approach is found to
fundamentally differ from conventional CVD as it permits the
control of the 2D crystal thickness by kinetic parameters, such as
growth duration. Optimization of the growth process was
demonstrated to achieve synthesis of TMMCs with single- and
few-layer thickness and micrometer grain size. Surprisingly, several
TMMCs exhibited thermodynamically unfavorable phases, such as
β‐Cu2S and γ‐Cu2S, with ultra-large phase transition temperature
depressions and interesting electronic properties. Finally, our
realization of high-performance optoelectronic devices highlights
the potential of 2D crystals for future applications.

RESULT AND DISCUSSION
Planarized solid-state chemical reaction
We carry out solid-state chemical reactions of a solid transition
metal with a gaseous chalcogenide at 180 °C (see Methods section
for more details). At these low temperatures interdiffusion
between the reactants proceeds at a few nanometers per hour13

which indicates the potential of this approach to control the
thickness of thus produced materials with atomic resolution. While
such approaches have been successful at creating nanoparticles
with high precision14, the isotropic nature of the materials
transport in the solid limit the usefulness towards the synthesis
of 2D materials.
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To address this issue, we introduce a planarization layer
between the solid and gaseous precursors whose attractive van-
der-Waals force on intercalated gaseous reactants decreases their
interdiffusion into the solid compared to the lateral diffusion
along its surface (Fig. 1a). Graphene is chosen as the planarization
layer, due to its inert structure and strong van-der-Waals
interaction15,16.
The success of such planarized solid-state chemical reactions

can be seen when exposing a graphene-planarized copper crystal
to sulfur vapor for 90 min. The produced material has a distinctly
different structure than conventional alloys as evidenced by cross-
sectional transmission electron microscopy (TEM) images (Fig. 1b),
which show that the outgrown layer is separated from the
substrate by a clear interface. Moreover, the crystal orientation of
the outgrown 2D crystal is different from the underlying copper
crystal, ruling out the topotactic conversion of the copper.
To demonstrate the universal applicability of the proposed

planarized solid-state chemical reaction process, we carry out
growth with different transition metal and chalcogen precursors
(Fig. 1c). Raman spectroscopic characterization of the resulting
materials indicates the formation of layered transition metal mono
chalcogenides (TMMCs) in all cases.
These results are surprising, as previous synthesis methods,

such as topotactic conversion17,18, and epitaxial thin-film deposi-
tion19,20, could only be applied to produce TMMCs with limited
compositions, restricted morphology and insufficient quality for
confirming theoretical predictions of TMMC properties21,22.
Future work has to identify the reason for the preferential

composition, but we hypothesize that this effect may be due to the
high van-der-Waals pressure at the graphene/2D crystal interface23.
Optical micrographs of the synthesized structures demonstrate

large differences in the TMMC morphologies (Supplementary Fig.
2). Whereas copper-based TMMCs, such as CuSe and Cu2S, are
very thin and laterally extended over large areas, iron- and nickel-
based TMMCs, such as FeS and NiS, are relatively thick and exhibit

small lateral crystallite sizes. This difference agrees with the low
diffusion coefficient of chalcogens in copper compared to other
transition metals24 and demonstrates the particular suitability of
copper for the synthesis of ultrathin 2D crystals, which will be the
subsequent focus of this work.

Properties of planarized reactions
The difference of the planarized-reaction approach from conven-
tional synthesis is further corroborated when comparing the 2D
crystal to material produced without a planarization layer.
Conventionally grown Cu2S exhibits 3D clusters for short growth
times that merge into a compact film at long growth times (Fig. 2a
and Supplementary Fig. 5). In contrast, planarized growth
produces a planar morphology regardless of growth time (Fig. 2b).
The observed independence of 2D crystal roughness with

growth time raises the question about the growth mechanism.
Electron absorption provides a simple tool for the visualization of
thickness variations in 2D crystals25 and we conduct absorption
measurements on freestanding Cu2S crystals that were trans-
ferred onto TEM grids by etching of the copper substrate. We
observe distinct absorption differences that correspond to
individual layers (Fig. 2c) which were found to exhibit fractal
boundaries. The observed shapes suggest that each layer is
grown independently by a diffusion-limited attachment pro-
cess26. Based on models developed for the initial stages of silicon
oxidation27,28, we propose that chalcogen atoms, which are
intercalated through cracks in the graphene, are freely diffusing
at the graphene/copper interface until they attach to a nucleation
seed and are then saturated by reaction with copper. Subsequent
layers are formed in the same way through reaction of
chalcogens that are mobile at the graphene/2D material interface
and saturated by copper which diffuses through the grown layer
(Fig. 2d). This layer-by-layer growth process through copper out-
diffusion can explain the nanometer-scale thickness and may be

Fig. 1 Planarized solid-state chemical reaction. a Schematic of the planarized reaction process with indications of enhanced lateral diffusion
and occuring reaction. b cross-sectional TEM image of copper/2D crystal interface indicated in a (the transition region exhibits FIB-induced
amorphization of Cu53). c Schematic of experimental realization of 2D crystal growth, d Raman spectra of obtained materials with indication of
assigned modes for high-chalcocite (Cu2S)

54, covellite (CuSe)55, mackinawite (FeS)56, millerite (NiS)57 and corresponding crystal structure.
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assisted by the superionic conduction in β-Cu2S
29 or wrinkles in

the graphene30.
The proposed planarized growth mechanism is furthermore

supported by secondary ion mass spectroscopy (SIMS) which
shows a lower concentration of copper and a higher concentra-
tion of sulfur at the top, indicating the preferential sulfurization
from the top (Fig. 2e).

Thickness control towards single TMMC layer
The presented 2D crystal growth process is fundamentally
different from CVD as the thickness of the crystal is controlled
by kinetic factors, such as diffusion coefficient, reaction rate, and
growth time. Consequently, atomic thickness can be achieved by
conducting planarized growth for sufficiently short times. To

estimate the achievable lateral 2D crystal size at such thicknesses,
we introduce a planarization ratio (δ) that represents the
preference towards lateral growth compared to out-of-plane
growth. Assuming a transport limited growth, the planarization
can be expressed as

δ ¼ Dsurf

Dbulk
(1)

where Dsurf is the coefficient of surface diffusion and Dbulk is the
diffusion coefficient into the bulk. Comparison of surface and bulk
diffusion coefficients of sulfur and copper31 suggest that
planarization ratios of 107 could be obtained, indicating the
theoretical ability to synthesize single-atomic layers over several
centimeters using through such solid-state chemical reactions.
To support these predictions, we carry out planarized growth at

varying durations and observe a clear dependence of average
sample thickness on growth duration (Fig. 3a). The average
thickness (<t > ) can be fitted to a simple diffusion model <t> ¼
ffiffiffiffiffiffiffiffi

2Dt
p

(Fig. 3b) and yields a diffusion coefficient (D) of D= 1.3 ×
10−16 cm2 s−1. This parameter is at least four orders of magnitude
smaller than the diffusion coefficient of sulfur in copper at the
investigated temperatures13 which indicates the suppression of
interdiffusion by the planarization layer and suggests that even
larger values of δ can be achieved that predicted from bulk
diffusion parameters.
Due to its larger atomic radius, we expect that selenium may

diffuse even slower than sulfur and investigate the minimum
achievable thickness of CuSe 2D crystals. For growth durations of
15min, CuSe crystals with a significantly lower thickness than Cu2S
could be synthesized. Atomic force micrographs (AFM) of CuSe
after transfer to Silicon oxide substrates (Fig. 3c) demonstrate a
minimum thickness of 1.8 nm (Fig. 3d). The apparent wrinkles in
the AFM image serve as a reminder that the graphene
planarization layer is still present and has to be considered when
extrapolating towards the thickness of the underlying 2D crystal.
Given the out-of-plane spacing between graphite layers (0.34 nm)
and CuSe layers (0.8 nm)32 this thickness is smaller than expected
for a stack of graphene/CuSe bilayer and thus represents a stack of
single-layer graphene/single-layer CuSe in the presence of surface
adsorbates, such as water (inset of Fig. 3d)33.
Our results not only demonstrate the growth of an atomically

thin TMMC layer34 but the micrometer-scale lateral size of single-
layer regions indicates that the interdiffusion reaction occurs with
atomic abruptness over large areas. Moreover, electron diffraction
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analysis indicates that single-crystal regions extend over several
micrometers (Supplementary Fig. 4) which is comparable to the
crystallite size of CVD-grown 2D materials, and highlights the
potential of applying 2D crystal growth towards large-scale 2D
materials synthesis.

Properties of 2D crystals grown by planarized reaction
In addition to their composition, TMMCs produced by planarized
growth exhibit a number of surprising properties. First, selected
area electron diffraction (SAED) characterization of freestanding
Cu2S reveals two hexagonal lattices (Fig. 4a). The fainter diffraction
points correspond to the graphene planarizing layer (the low
intensity originating from graphene’s atomic thickness). The
second pattern belongs to the grown crystal and shows no
epitaxial ordering with the graphene, suggesting the growth
process to rely on van-der-Waals heteroepitaxy35. Moreover, the
uniform distribution and intensity of the second diffraction
pattern indicates precise stacking between the lattice planes
which has been a challenge for conventional 2D materials
synthesis36.
The extracted lattice parameters for the grown 2D crystal fit

within 0.1% of expected values for β‐Cu2S
37. This phase represents

a layered arrangement which has not been previously obtained in
bulk form at room temperature22. Moreover, β‐Cu2S has been
linked to interesting topological ordering38 but should not be
thermodynamically stable at room temperature. Indeed, conven-
tional growth, produces the thermodynamically stable cubic γ-
phase as confirmed by diffraction measurements (Fig. 4a) and
Raman spectroscopy (Fig. 4b).
Under normal growth conditions the synthesized β-Cu2S is only

stable at high temperatures (380–700 K)39 and could previously
only be synthesized by non-equilibrium processing, such as
quenching40 and surface stabilization20. The occurrence of these
two mechanisms can be ruled out for planarized growth reactions,
based on Raman characterization of 2D crystal regions with
different thicknesses (Fig. 4c). We observe a constant peak
position, indicative of β-Cu2S, for both thin and thick regions,
which suggests that interfacial strain buildup as observed for

surface-stabilized growth41 and out-of-equilibrium formation
mechanisms40 does not occur.
To further investigate the phase transition, we conduct

temperature-dependent Raman spectroscopy by extracting the
Raman peak intensities of two Lorentzian peaks centered at
472 cm−1 and 474 cm−1, respectively (Fig. 4d). We observe that at
room temperature β-Cu2S is formed exclusively and the transition
from β to γ phase Cu2S occurs only at 240 K which represents a
lowering of the phase transition temperature by 140 K (Fig. 4c).
The large impact of the planarization process on fundamental

thermodynamic characteristics is furthermore evidenced when
characterizing the SAED of CuSe which indicates the formation of
hexagonal gamma-phase CuSe42 (Fig. 4e). Layered, hexagonal
CuSe is also not expected to be thermodynamically stable at room
temperature and has, to our knowledge, not been synthesized
before43. The successful realization of hexagonal CuSe can shed
light on some of the theoretical predictions on this material, which
is considered promising for applications in solar cells44, super
conductors45, and phase change memory46. Recent first-principles
calculations for covellite-type CuSe47 suggested a semimetallic
band structure with a 2.6 eV gap between Cu 3d and S 3p orbitals.
Absorption measurements confirm that CuSe exhibits an
enhanced interaction for short-wavelength light (Fig. 4f) that
indicates an energy gap of 1.9 eV.

Application of TMMCs to optoelectronic devices
Finally, we investigate the potential of applying 2D crystals in
optoelectronic devices. The graphene planarization layer was
found to not only enable the presented growth approach but
imparts the 2D crystal with impressive environmental stability.
Upon exposure of a Cu2S crystal to UV-generated ozone radicals,
the graphene is found to significantly deteriorate as evidenced by
an increasing Raman D-Band intensity and a decreasing G-Band
intensity (Fig. 5a). Even after 150min exposure, however, the Cu2S
E2g peak remains unchanged in position and intensity and no
evidence of copper oxide is observed48. This chemical robustness
represents an advantage of our approach over conventional

Fig. 4 Features of 2D crystals grown by planarized reaction. a Selected area diffraction (SAED) of Cu2S grown under planarized growth
conditions and graphene-free conditions, b Raman spectra of planarized and conventionally grown Cu2S, c Raman A1g peak position map (the
substrate peak position was set to zero) (inset) optical micrograph of Cu2S on Si/90 nm SiO2 d temperature-dependent Raman peak position
indicating large phase-transition lowering, e SAED of CuSe, f absorption measurement, (inset) Tauc Plot with indication of band-gap.
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TMDCs, which experience significant oxidation at ambient
conditions49.
While we have so far focused on growth conditions that

produce incompletely grown TMMCs, an increase of the growth
duration yields continuous and uniform films over large scales
(Fig. 5b) which permits the fabrication of optoelectronic devices.
We demonstrate the application of Cu2S to photosensing by

comparing the current-voltage characteristics under dark and
illuminated conditions (Fig. 5c). The large increase in device
current upon illumination and the non-linear IV curve suggest that
the sensor’s performance is dominated by the response from the
semiconducting Cu2S while leakage through the metallic gra-
phene is minimal. Moreover, the detectivity of the device was
estimated to be D� ¼ 1010Jones which is comparable to state-of-
the-art 2D material photodetectors50. Finally, a high carrier
mobility can be inferred from the fast response times (2.7 ms) of
the sensors under pulsed illumination (Fig. 5d) which further
imparts the sensor with attractive device features.
In conclusion, we have introduced a growth method to produce

2D materials crystals. By conducting a solid-state chemical
reaction process at the interface between graphene and a bulk
crystal, a planarized reaction is achieved that favors lateral growth
over vertical growth with a ratio in excess of 1000. Different from
conventional CVD synthesis, the thickness of produced materials is
determined by the growth duration and can be adjusted down to
a single 2D material layer. The resulting material exhibits attractive
properties that set it apart from MBE and CVD-grown materials,
such as atomically precise interfaces, large crystalline domain size,
and thickness-independent morphology. Distinctive compositions
and unexpected thermodynamic phases highlight the potential of
the presented growth process for extending the complexity and
potential of 2D materials. Future work will need to establish the
applicability to other crystalline substrates and precursors, as well
as other 2D materials-based planarization layers. Finally, our
approach could be employed in the future to produce complex

2D-material morphologies by modifying the gaseous precursor
during growth, for the scalable production of complex van-der-
Waals heterojunctions.

METHODS
Synthesis and fabrication
Monolayer graphene was synthesized on copper foils(Alfa Aesar 46365,
purity 99.8%, thickness 25 µm) by LPCVD using CH4 (10 sccm), H2
(200 sccm) carrier gasses at 1020 °C following previous reports51.
Planarized growth was conducted in a 1” quarz tube using a solid
chalcogen source (Sulfur, Selenium powder Alfa Aesar, used as received)
(Supplementary Fig. 1). For this purpose, both the copper/graphene
sample were positioned inside the single heating zone of clamshell
furnace. After displacing air with argon flow for 20min, the chamber was
heated to 180 °C and remained at that temperature for the growth
duration.

Characterization
Transfer of the grown 2D crystals to silicon substrates and TEM grids
followed established procedures for graphene transfer52, using an
ammonium-persulfate-based etchant. Raman spectroscopy was carried
out in a home-built confocal micro-Raman system at an excitation
wavelength of 532 nm. Transmission Electron microscopy was conducted
in Spherical Aberration Corrected Scanning Transmission Electron Micro-
scope. Atomic force microscopy was conducted using a Force AFM Genie
E7 and optical microscopy employed an Olympus BX53. Transmittance of
2D crystals was measured on samples that were transferred onto quartz
substrates using a Jasco (V-670) UV/visible spectrophotometer.

DATA AVAILABILITY
The data of this study are available from the corresponding author upon reasonable
request.
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