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Two-dimensional single crystal monoclinic gallium telluride on
silicon substrate via transformation of epitaxial hexagonal
phase
Eugenio Zallo 1✉, Andrea Pianetti2,7, Alexander S. Prikhodko 3, Stefano Cecchi 4, Yuliya S. Zaytseva 3, Alessandro Giuliani5,
Malte Kremser 1, Nikolai I. Borgardt 3, Jonathan J. Finley 1, Fabrizio Arciprete2, Maurizia Palummo5, Olivia Pulci5 and
Raffaella Calarco6

Van der Waals (vdW) epitaxial growth of large-area and stable two-dimensional (2D) materials of high structural quality on
crystalline substrates is crucial for the development of novel device technologies. 2D gallium monochalcogenides with low in-plane
symmetry stand out among the layered semiconductor materials family for next-generation optoelectronic and energy conversion
applications. Here, we demonstrate the formation of large-area, single crystal and optically active 2D monoclinic gallium telluride
(m-GaTe) on silicon substrate via rapid thermal annealing induced phase transformation of vdW epitaxial metastable hexagonal
gallium telluride (h-GaTe). Stabilization of multilayer h-GaTe on Si occurs due to the role of the first layer symmetry together with
efficient GaTe surface passivation. Moreover, we show that the phase transformation of h-GaTe to m-GaTe is accompanied by the
strain relaxation between Si substrate and GaTe. This work opens the way to the fabrication of single-crystal 2D anisotropic
semiconductors on standard crystalline wafers that are difficult to be obtained by epitaxial methods.
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INTRODUCTION
Two-dimensional (2D) layered materials such as post-transition
metal chalcogenides (PTMCs) MIII− X (MIII = In, Al, Ga and X = Se,
Te, S) semiconductors are promising for electronic applications
due to intriguing optical and vibrational properties1–4, including
bandgap tunability from the IR to the UV spectral range and direct
to indirect gap crossover as the number of layers decreases5,6,
inverted sombrero like valence band dispersion for few layers7,8,
and strong excitonic absorption9,10. Among these, GaTe exhibits
two crystalline phases: a thermodynamically stable monoclinic (m-
GaTe)11 and a metastable hexagonal (h-GaTe)12, as shown by the
bilayer (BL) stacking of Fig. 1a. Although the last one has a quasi-
direct gap with promising thermoelectric applications13, the stable
m-GaTe is attractive for the development of new generation
optoelectronic devices due to its nonlinear optical response14,15

and high photoresponsivity16,17. For potential fabrication of m-
GaTe-based optical 2D devices it is important to form atomically
thin single-crystal films on conventional semiconductors in
controlled manner. Typically, ultra-thin 2D samples are obtained
by exfoliation technique but often the photodetection results are
spoiled due to fast reactivity of the material in ambient conditions
and unintentional defects can be produced in the fabrication
process18. Additionally, these approaches lack of scalability,
controls of both thickness and interface formation, which are
fundamental conditions for standard device production. Van der
Waals (vdW)-type molecular beam epitaxy (MBE) can overcome
these limitations due to the release of the lattice matching
condition of conventional epitaxy by the growth of a 2D material

on another 2D or on passivated 3D materials19–21. On the other
hand, recent growth advances show that high-quality and strain-
free PTMCs are not yet available and pristine material information
are still inaccessible due to the formation of Te oxide on the
surface22. In particular, limited reports are available on MBE of
InSe23 and GaSe24,25, whereas GaTe materials are at an early stage
of development26–28.
In this work, we demonstrate the formation of atomically sharp

interface and single crystal m-GaTe on the silicon substrate with
large-area coverage by using a two-step technique based on the
phase transformation of h-GaTe. Firstly, metastable h-GaTe films
have been grown on silicon via vdW-type MBE process. These
epitaxial layers are protected from oxidation by in-situ encapsula-
tion strategies. Secondly, the proposed rapid temperature
annealing step of the h-GaTe film activates a phase transformation
to strain-free single crystal 2D m-GaTe accompanied by the
appearance of a pronounced photoluminescence (PL) peak.
Grazing incidence diffraction (GID) and high-resolution transmis-
sion electron microscopy (HR-TEM) characterizations of the
multilayer GaTe films down to a BL evidence the formation of
the hexagonal phase after MBE process. Plan and cross-sectional
HR-TEM observations unveil the atomic structure of the Si/GaTe
interface and the crystallographic relationship between Si and
GaTe films. Finally, both the electronic band structures and
energetic stability of h-GaTe and m-GaTe layers on Si substrate
have been studied by means of density functional theory (DFT)
calculations as a function of film thickness explaining the crucial
role of the substrate symmetry on the 2D GaTe growth. This work
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highlights the great potential of activated phase transformation of
MBE-grown metastable systems for the fabrication and study of
high-quality stable 2D materials with in-plane low symmetry on
standard semiconductors.

RESULTS AND DISCUSSION
Epitaxial layered hexagonal GaTe on silicon
The growth of GaTe on silicon is demonstrated in Fig. 1b, c. The
Sb passivated Si(111) surface was prepared using the procedure
described in Methods (see also previous works29–31). The in-situ
reflection high-energy electron diffraction (RHEED) images
were acquired perpendicular to the Sih112i azimuth of the
Si(111)-(

ffiffiffi
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´
ffiffiffi

3
p

)R30∘-Sb surface every 19 s, allowing to follow
the evolution of the RHEED pattern as a function of deposition
time. From the separation between the streaks we have
determined the in-plane lattice spacing of the growing layer,
using the RHEED pattern of the substrate as reference.
For an ideal 2D heteroepitaxy we expect that the first layer will

adopt its unstrained lattice constant, as reported for the vdW
epitaxy of graphene/hBN32, NbSe2/MoS219, TMDs/graphene33,
group-IV monochalcogenides/graphene34, and 2D magnetic
materials/graphene35. Figure 1b shows the almost rapid lattice
relaxation ( ~ 1 monolayer, ML) from 3.9 Å of the substrate to 4.1 Å
of the epitaxial layers due to the successful vdW epitaxy (we note

that a slow increase of the lattice constant to 4.12 Å is detected for
the 11 ML GaTe after 80 min growth). We tentatively attribute the
decrease of the lattice constant at the beginning of the growth to
the formation of a cut half-sheet layer of GaTe36. After the first
GaTe layer, the homoepitaxy proceeds with faster layer growth
periods.
The narrow streaks from the RHEED pattern in the inset of Fig.

1b are the evidence of the 2D epitaxial growth of few layers GaTe.
The weaker intermediate streaks arise from rotational domains
and highlight the effective passivation of the Si surface (see also
the GID characterization below and Supplementary Fig. 2). AFM
revealed the formation of micrometer scale and homogeneous
films, as shown in Fig. 1c by the typical topographic image of an
uncapped BL GaTe measured immediately after the growth in
order to limit the effect of the film oxidation. Interestingly, a
careful observation evidences the presence of terraces with a
period of ~ 220 nm, which we attribute to the Sb passivated silicon
substrate. The depth profile of discontinuity regions in the GaTe
layer is reported in the inset of Fig. 1c: Thicknesses of ~ 0.85 nm
and ~ 1.7 nm represent the size of ML and cell (stacking of two
vdW layers or BL), respectively (see also Fig. 1a).
Further information about the crystalline phase and the domain

alignment of the GaTe film are obtained by ex situ X-ray diffraction
on a thicker film. Figure 2a depicts a conventional out-of-plane
ω− 2θ scan, revealing two substrate reflections [i.e., Si(111) and

Fig. 1 Van der Waals epitaxy of h-GaTe on Sb passivated Si(111). a Supercell bilayers (BLs) GaTe in the hexagonal phase with β stacking (h-
GaTe) and monoclinic phase (m-GaTe), and vertical heterostructure by combining monolayers (MLs) of the two phases together (hetero-BL).
b In-plane lattice spacing evolution as a function of time during the MBE growth. The lattice parameter is calculated from the streak distance
in the in-situ RHEED patterns acquired perpendicular to the Sih112i direction. The layer thickness dependency is obtained from the specular
spot RHEED oscillations (see Supplementary Fig. 1). The inset shows the RHEED pattern from BL h-GaTe. c AFM height image of the BL h-GaTe
measured after taking it out of the MBE chamber without capping layer. Scale bar is 2 μm. The zoomed in AFM in the inset (scale bar is 100
nm) shows the profile highlighted in red of a discontinuity region in the GaTe layer.
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Si(222)] as well as different orders of GaTe(000L) with L= 2n
(n= 1–6). The GaTe(000L) peak positions yield a vertical lattice
parameter of 16.55 Å, which is in a good agreement with the
theoretical prediction of 16.38 Å for the hexagonal phase12. Next
to those layer reflections there are pronounced thickness
oscillations separated by a Δl of 0.0714 Å−1 resulting in a layer
thickness d= 2π/Δl of about 88 _A.
The GID geometry allows for the study of the in-plane lattice

parameters of the layers37. Two relevant line profiles, as shown in
Fig. 2b, are schematically highlighted within the plane of
reciprocal space parallel to the sample surface: (i) The radial scan
intersecting a Si(220) substrate reflection provides information
about the in-plane orientation of the layer with GaTe[2110]
parallel to Si[110], and the respective in-plane lattice parameter
( ≈ 6.2% larger than the Si(220) net plane distance) which matches
the RHEED values; (ii) The angular inspection of the GaTe[2110]
layer peak reveals a marked repetition every 60∘ but also a minor
(1.4% vs. 98.6%) component 30∘ off. The sixfold rotational
symmetry has been already observed for chalcogenide thin films
grown on Si(111)38 and it is the effect of the weak vdW coupling
between the substrate and the epitaxial layer39.
Raman spectroscopy gives more insight into the symmetry of

the GaTe layers (see Fig. 2c). Three main peaks are typically visible
at 100.4, 172.1 and 287.3 cm−1. The number and position of the
active modes resemble the configuration calculated in refs. 40,41

for h-GaTe with thicknesses between ML and bulk. Following this
comparison, the modes are named as A1

1g, E12g and A2
1g,

respectively. However, A21g appears at much lower frequencies
and no complete suppression of the A1

1g and A2
1g in the cross-

polarized configuration (not shown) were found. We anticipate
that misalignment of the sample, local strain fluctuations as well
as crystal deformation in presence of the capping layer and Si
substrate/Sb interface might affect the peak position (especially
for the A modes) and the angular response. Blue laser excitation
improves the signal-to-noise ratio and the relative variation of the
peak intensity with excitation energy is possibly attributed to the
different electron-phonon coupling for these modes42.
The microscopic analysis sheds light on the role of the substrate

for the vdW epitaxy. The bright-field transmission electron
microscopy (TEM) image of h-GaTe on Si(111) substrate plan-
view specimen in Fig. 3a (zoomed fragment in Fig. 3b) shows
moiré pattern with periodicity close to 2.9 nm, due to lattice

mismatch between h-GaTe and Si. It can be seen that h-GaTe
forms on the Si surface as triangular-shaped grains of ~ 20−80 nm
in size. The diffraction pattern presented in Fig. 3c matches very
well on the local scale with the GID results obtained in Fig. 2: Si{
220} and GaTe{1120} reflections are observed with the same
symmetry and h-GaTe grains on Si are almost not rotated with a
mosaicity of 2∘. Supposedly, such mosaicity is caused by the
tendency of h-GaTe to minimize strains arising from its lattice
mismatch with Si substrate. Similar grain rotations have been
recently studied for the GeSbTe layer grown on Si(111)-(
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)
R30∘-Sb substrate with a mosaicity of 4∘43. We assume that the
larger mosaicity in the case of GeSbTe is caused by a larger lattice
mismatch between GeSbTe and Si.
In addition, the cross-sectional HR-TEM image of Fig. 3d

highlights a sharp interface between h-GaTe and Si. Remarkably,
misfit dislocations are visible resulting from the alignment of not
rotated h-GaTe grains with the Si substrate. Two misfit dislocations
are visualized via geometric phase analysis (GPA, see Supplemen-
tary Fig. 3)44 and marked by numbers 1 and 2. The distance
between the dislocations closed to 2.9 nm is determined by the
lattice mismatch between Si and h-GaTe. Figure 3e demonstrates
ϵxx component of strain field around dislocation 2: The strains are
negative and compressive on the Si side (where an extra half-
plane should be considered), whereas positive and tensile strains
are expected on the other side and the largest strain values occur
in the immediate core region. By drawing a Burgers circuit
surrounding the misfit dislocation core, as shown by the dashed
line in Fig. 3d, the Burgers vector is determined as b

!
= a/4[110],

where a is the lattice constant of Si.
For a complete picture of the material under study, we report in

Fig. 4a, c the electronic band structures for the h-GaTe in the bulk
and BLs forms, respectively. Both gaps are indirect with the
conduction-band minimum (CBM) located at the M point and the
valence-band maximum (VBM) at the Γ point for the bulk and near
the Γ point for the BL (where a typical inverted sombrero shape of
last occupied states appears, see Supplementary Fig. 5). As a
consequence, no PL emission is measured from bulk like h-GaTe,
as shown by the gray line in Fig. 5b, where a bump around 550 nm
(2.25 eV) is ascribed to recombination in the Si substrate45. The
same behaviour is found in h-GaTe for thinner layers (not shown).
Finally, the structural and optical data demonstrate the fabrication
by MBE of multilayers GaTe in a highly ordered hexagonal phase

Fig. 2 Synchrotron-based X-ray diffraction and Raman spectroscopy for 9 nm (11 ML) thick epitaxial h-GaTe film capped with ZnS/SiO2.
a Symmetric out-of-plane ω-2θ scan probing exclusively vertical lattice properties of the sample. The coordinates are given in reciprocal lattice

units (rlu) and the corresponding absolute lengths of the scattering vector Q in _A
�1
. b Area in reciprocal space at L= 0 as accessible through

GID. This refers exclusively to in-plane lattice properties. There are two scanning directions shown: (i) a radial scan along the GaTe[2110]
(magenta) and (ii) an azimuthal distribution (cyan) intersecting symmetrically equivalent GaTe peaks. c Raman spectra showing the main
h-GaTe and the Si phonon modes with a 473 nm (blue) and a 632.8 nm (red) laser excitations.
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and the absence of compositional disorder with no monoclinic
phase present in the layers.

Phase transformation to single crystalline monoclinic GaTe
For the potential application of GaTe as optical active material a
strategy to obtain high-quality m-GaTe on Si is essential. In the
following, we consider the formation of h-GaTe as an intermediate
step and we use a thermal treatment of the multilayer h-GaTe to

activate a phase transformation between the metastable h-GaTe
and the stable m-GaTe. GaTe is a very reactive material but the
procedure of capping the as-grown layers efficiently protects the
surface from oxidation, as demonstrated by the preserved Raman
scattering even after two years from the first measurement (see
Supplementary Fig. 6). For this experiment, the layers were
capped with Si3N4, which is thermally stable46 and the annealing
temperature was 550∘C for a duration of 30 min.

Fig. 3 Electron microscopy studies of as-grown h-GaTe and m-GaTe on Si. a, f Bright field plan-view micrograph of as-grown h-GaTe and
m-GaTe (h-GaTe after RTA annealing). The scale bar is 100 nm and 10 nm, respectively. The insets (b, g) show zoomed fragments (scale bar is 5
nm and 1 nm, respectively) and (c, h) diffraction patterns obtained along Si(111) (scale bar is 5 nm−1). d, i Cross sectional high-resolution (HR)-
TEM image of as-grown Si/h-GaTe and Si/m-GaTe interfaces and near interface regions, respectively (scale bar is 1 nm). Panel (d) illustrates the
misfit dislocations arisen at the interface between Si(112) and nonrotated h-GaTe(1100). e ϵxx component of the strain field around the misfit
dislocation core. The color scale indicates strain changes of− 20% to 20% (scale bar is 0.5 nm). Panel (i) shows the codirection of m-GaTe[020]
and Si[112] with “twin-like” boundary highlighted by white solid line.
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Figure 5a represents the Raman spectrum after rapid thermal
annealing (RTA) of 18 ML h-GaTe. Both mode positions and
numbers are in very well agreement with the m-GaTe crystal
structure, as reported in ref. 14. Differently to exfoliation14,16,47 and
physical vapour deposition methods15,22, the full width at half
maximum (FWHM) of the two principal modes at 112.2 and 117.3
cm−1 (0.9 and 0.8 cm−1, respectively, excited with red laser)
suggest a very high crystalline quality and no Te oxidation has
been detected48. The crystal alignment is also confirmed by the
X-ray diffraction (XRD) pattern where a lattice periodicity of
7.4 Å−1 with the (210)n planes oriented parallel to the vdW gaps
(along the Si(111)) were measured (see Supplementary Fig. 7).
Importantly, bright-field TEM image of the plan-view specimen

of m-GaTe on Si shows m-GaTe layer without the presence of any
grains (see Fig. 3f). The zoomed fragment of Fig. 3g evidences the
contrast features similar to moiré pattern caused by overlapping
m-GaTe and Si crystals along the electron beam direction. This
produces rows of ≈ 6 bright spots that are periodically interleaved
within the stripe boundary ( ≈ 1.5 nm in width). The period of rows
is shifted relatively to each other in the neighbour stripes due to
the formation of “twin-like” diffraction spots marked by white
circle in Fig. 3h. In addition, the alignment between m-GaTe and Si
lattices is shown by the codirection of m-GaTe[020] and Si[112]. In
order to elucidate the diffraction pattern, we have performed
simulation of the diffraction process using multislice algorithm
applied to the built atomistic model49. This model contains m-

GaTe[201] layers with vdW gaps parallel to the interface placed
upon the Si[111] substrate and both layers are 15 nm thick. The
topmost Si bilayer is replaced by Sb atoms in accordance with the
Si(111)-(

ffiffiffi
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´
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)R30∘ surface reconstruction and the electron
wave propagates along the Si[111] direction. Precise matching
between experimental and simulated patterns reveals the
correctness of the created model presented in the right corner
of Fig. 3i. The spots of the diffraction pattern are caused by the
double diffraction process (see details in the Supplementary Fig.
8). By using a selective aperture with a diameter of 650 nm, we
obtain equivalent diffraction patterns in regions several microns
apart, which is the evidence of the presence in the layer of sub-
micrometer sized m-GaTe monocrystalline grains. Additionally,
dark-field imaging mode of 020 m-GaTe diffraction spot allows us
to visualize the m-GaTe layer as a bright region with the size of
several micrometers (see Supplementary Figs. 9, 10). Within this
region, 020 m-GaTe planes have the same orientation with respect
to the Si substrate. To the best of our knowledge this is the
highest quality layered m-GaTe observed so far already integrated
on silicon.
The presence of the monoclinic layers close to the interface

with the Si substrate separated by vdW gaps is well shown by the
cross-sectional HR-TEM of Fig. 3i, where a perfect agreement with
Ga and Te atomic positions reported in Fig. 1a is found. The Si/m-
GaTe interface is sharp and matching between Si and m-GaTe
lattices occurs without the presence of any strains, as shown by

Fig. 4 Electronic band structures in GaTe. DFT band structures of h-GaTe (a, c) and m-GaTe (b, d) bulk and BL, respectively. For more details
about the Brillouin zones and k-paths used see the Supplementary Fig. 4.
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the ϵxx obtained via GPA analysis (see Supplementary Fig. 11). It
should be noted that m-GaTe layers close to the interface can be
rotated by 180∘ around m-GaTe[201], as shown for two m-GaTe
unit cells in the upper part of Fig. 3i. In contrast to the Si/h-GaTe
interface, where the lowest Te atoms have the same position with
respect to the substrate, this distance varies in Si/m-GaTe
depending on the Te position within the unit cell (see
Supplementary Fig. 12). Since every third Te atom is closer to
the substrate than the others (see the shaded green atom at the
lower right corner of Fig. 3i), we can attribute the formation of
quite large monocrystalline m-GaTe grains to the lower vdW
interactions between Te and Sb atoms leading to more separation
to the substrate. Moreover, the Si/h-GaTe interface showed misfit
dislocations due to interplanar distance mismatch between
parallel arranged h-GaTe(1120) onto Si(220) planes. Differently,
in the case of m-GaTe on Si, the matched m-GaTe(404) are tilted
with respect to the Si(220) atomic planes by approximately 4.7∘

without any appearance of misfit dislocation (see Supplementary

Fig. 13). This denotes that besides the minimized influence of the
substrate lattice on the film, due to the Sb passivation, and the
special atomic arrangement at the Si/m-GaTe interface, the tilt of
the m-GaTe atomic planes eliminates the mismatch at the Si/m-
GaTe interface leading to the absence of strains, as demonstrated
using the GPA analysis.
Finally, the monocrystalline structure is accompanied by PL

emission at 758.4 nm (1.635 eV, see Fig. 5b), which is the main
signature of the successful transformation to m-GaTe50. Power
dependence analysis of the PL peak reveals excitonic transition
competing with another possibly defect-related decay channel51,
which appears to be saturated at higher excitation power
densities (see the inset of Fig. 5b).
DFT calculations show that bulk m-GaTe has a direct band gap

near the Y point of ~1 eV with a larger quasi-direct gap along Γ-Y
for BL m-GaTe (m-BL), as reported in Fig. 4b, d, respectively. The
almost flat parallel bands predicted by calculation suggests the
presence of an intense PL with excitonic nature, which will

Fig. 5 h-GaTe to m-GaTe phase transformation and phase stability as a function of film thickness. a Low-temperature Raman spectra of 18
ML h-GaTe transformed into m-GaTe after RTA at 550∘C for 30 min. The laser excitations are 473 nm and 632.8 nm. b Low-temperature PL
spectra from Si substrate (gray), 18 ML GaTe in the as-grown h-GaTe (red) and m-GaTe after RTA (blue). The inset shows the power dependence
of the PL peak at 1.635 eV measured with 532 nm laser excitation wavelength at 10 K with superlinear slope (m) of the excitonic
recombination and saturation of the defect-related channel at higher power. c, d Raman spectra of h-GaTe as-grown and after RTA,
respectively, for 4, 6, 12, 18 layers. The vibrational modes from h-GaTe and m-GaTe are highlighted with circles and stars, respectively. e Low-
temperature PL spectra of h-GaTe films after RTA compared with the as-grown (a/g) 18 ML h-GaTe. Both Raman and PL are excited with 473
nm laser. In order to preserve the material integrity and to protect it from oxidation, all the samples have been capped with Si3N4 before
annealing.
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deserve further investigations both at the theoretical and
experimental level. Interestingly, m-BL band dispersion is similar
to the ML m-GaTe (m-ML) case already discussed in the
literature52, but with a stronger flat nature of the VBM.

Phase stability of layered GaTe
Important information about the phase stability of GaTe can be
acquired by looking at the optical response as a function of layer
thickness, as reported in Fig. 5c–e. For the as-grown material,
three main Raman modes are visible with decreased intensity as
the volume of the material probed is reduced53. Raman and PL
spectra after RTA are shown in Fig. 5d, e, respectively. The 12 ML
thick GaTe is optically active with PL peak blue shifted to 1.644 eV
and Raman modes almost unshifted with respect to the 18 ML
film. This is consistent with the theoretical calculations where
direct band transition is found down to the BL m-GaTe (see Fig.
4d). Surprisingly, both the 4 ML and 6 ML cases show Raman and
PL spectra similar to as-grown h-GaTe. These layer thicknesses
exceed the thermodynamic prediction of 1.27 ML reported by
Zhao et al. for the critical value for phase transformation to
m-GaTe54.
In order to clarify this point, the impact of the starting epitaxial

layer on the energy stability of the second layer was calculated.
Table 1 reports the total energy of the various structures, taking as
zero the hexagonal structure in the β stacking configuration. Both
ML and BL with G2 stacking, discussed in ref. 55, were also
simulated, resulting always less stable than the β stacking and the
m-ML. For the sake of completeness, the total energy of the BL
h-GaTe (h-BL) with ϵ stacking, proposed to be present in the few-
layer samples, has been calculated with values very similar to the β
stacking. Even though the m-BL is the energetically preferred
configuration, the h-BL becomes more favourable when the first
layer is in the hexagonal form with respect to that of a second
monoclinic layer (hetero-BL), as observed in the experiments. This
finding highlights the role of the crystal symmetry in vdW epitaxy
for the phase stabilization56,57. Therefore, we can define two
growth regimes for thicknesses ≤6 ML, where h-GaTe is stable,
and > 6 ML, where the effect of the first layer is weaker and GaTe
relaxes in the monoclinic phase after RTA process. It is worth to
point out that the use of a fully passivated Si(111) substrate with
threefold symmetry is fundamental to allow the vdW epitaxy of an
almost unstrained h-GaTe already in the ML form and it clearly
supports the stabilization of this phase with respect to the
monoclinic one. As the growth proceeds, additional energy is
accumulated at the grain boundaries, typical of the triangular-
shaped grain-like structure from h-GaTe (see Fig. 3a), resulting in a
more preferable transformation of h-GaTe into m-GaTe after RTA
process. Moreover, our results suggest that the change of the
growth kinetics and wetting condition for thicker layers58, which
are visualized by an enhanced vertical growth giving rise to
stepped surfaces (see Supplementary Fig. 14), might play a crucial
role to determine the thickness where the monoclinic phase

becomes favored. We leave to future investigations a complete
clarification of this aspect.
In conclusion, the vdW epitaxy of metastable h-GaTe on silicon

down to BL was realized by means of MBE. A complete structural
and morphological characterization demonstrate the large-area
coverage and high crystalline quality of the films in the hexagonal
phase with tenths nm-sized grain-like structure. Phase transforma-
tion of h-GaTe to grain boundary-free m-GaTe with pronounced
PL was activated by thermal annealing in the nitrogen atmosphere
of the 18 ML and 12 ML films while the h-GaTe structure was
stabilized up to at least 6 ML. Such phase transition mechanism
was accompanied by strain relaxation at the interface between the
Si substrate and m-GaTe. The extended stability of the thinner
h-GaTe layers is explained in terms of energetics when the vdW
epitaxy starts on a material with hexagonal symmetry. Moreover,
DFT calculations show that the bandgap of the bulk m-GaTe (h-
GaTe) increases at very small thickness but does not change its
direct (indirect) nature. Our studies show that the high crystalline
quality, scalable and silicon-integrated m-GaTe may be a key
ingredient for next-generation quantum and optoelectronic
devices. Finally, the control of unstable phases of matter makes
novel thin layer-based multifunctional systems now available by
combining the two complementary GaTe phases with TMDs, h-BN
or 2D magnetic materials.

METHODS
Molecular beam epitaxy
The GaTe films with thicknesses between 1.5 and 15.5 nm (from 2
to 18 MLs, where 1 ML = 0.85 nm is a complete assembly of Te/
Ga/Ga/Te slabs enclosed by two vdW gaps) were grown by solid-
source MBE on Sb passivated Si(111)-(

ffiffiffi

3
p

´
ffiffiffi

3
p

)R30∘ surfaces with
0.03∘ miscut. After standard silicon cleaning, the Si(111)-(7 × 7)
reconstruction was obtained by heating up the substrates to 720∘C
at a rate of 0.2∘C for 5 min. Subsequently the surfaces were
exposed to a Sb flux for 5 min and cooled down to 650∘C at a rate
of 0.3∘C. After 5 more minutes, the temperature is cooled down to
300∘C at the same rate and annealed for 3 min before the Sb
shutter was closed. The substrate temperature was 375∘C for all
the growths. RHEED technique was used for confirming the
formation of the Si(111)-(7 × 7) reconstruction prior the Sb
termination of the substrate (see Supplementary Fig. 15) and for
monitoring the vdW epitaxy. Due to the high reactivity of the GaTe
surface in the ambient environment, the films were capped by
sputtering in the load lock with ~ 30 nm thick ZnS/SiO2 or Si3N4

amorphous layers after sample cooling to room temperature and
before taking it out of the MBE chamber.

Atomic force microscopy
Tapping mode atomic force microscopy (AFM, Veeco Nanoscope
III) was employed to probe the surface morphology.

Transmission electron microscopy
HR-TEM studies of 15 nm thick h-GaTe and m-GaTe layers grown
on Si(111) substrate were carried out in a FEI Titan Themis 80-200
TEM operated at 200 kV and equipped with spherical aberration
image corrector, FEI Ceta 16M complementary metal-oxide-
semiconductor (CMOS) camera, and Super-X EDX detector.
Cross-sectional HR-TEM images were obtained with Cs value close
to 0.5 μm and with a bit overfocused objective lens leading to
atomic columns visualization as bright spots in the images in case
of thin enough TEM specimens. In order to reduce noise in HR-
TEM images we used Wiener filter developed in ref. 59, which is
implemented as a plug-in in Digital Micrograph software by Gatan
Inc. Graphic phase analysis44 of the cross-sectional HR-TEM images
was performed via Strain++ software60 for obtaining 2D strain

Table 1. Energetic stability of monolayer (ML) and bilayer (BL) GaTe
with respect to the corresponding structure in the hexagonal β form
whose ground state total energy is set to zero.

Geometry ML E (meV/atom) Geometry BL E (meV/atom)

h-ML β 0 h-BL β 0

h-ML G2 +3 h-BL G2 +2.3

h-BL ϵ −0.4

m-ML +1.3 m-BL −2.3

hetero-BL +8
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fields at the near interface regions between the Si substrate and
epitaxial layer. 2D ϵxx around the misfit dislocation cores was
obtained by carrying out GPA analysis by using non-colinear
reciprocal lattice vectors Si(111) and Si(220), mask diameter of
2 nm−1 and Si substrate as a reference region. Atomic positions
were visualized via OVITO software61. Plan-view and cross-
sectional TEM specimens were prepared by a focused ion beam
technique in a dual-beam workstation Helios NanoLab 650.

X-ray diffraction
In order to probe lattice properties along growth direction as well
as within the GaTe layers, we used, respectively, synchrotron-
based coplanar XRD and GID. The GID experiments were
performed at the PHARAO beamline at the U125/2-KMC (BESSYII,
Helmholtz-Zentrum Berlin) using an X-ray energy of 10 keV. The
layer thicknesses were estimated by high-resolution XRD and
X-ray reflectivity (XRR) by a four-circle PANalytical X’Pert Pro
Materials Research diffractometer equipped with a Ge(220) hybrid
monochromator and Cu Kα1 (λ= 1.540598 Å) X-ray radiation. For
ω-2θ scans, a 1 mm slit at the detector side was used. The data
analysis was carried out using X-ray utilities62.

Raman and PL spectroscopies
Micro-Raman measurements were conducted in backscattering
geometry by means of a continuous wave laser with excitation
wavelengths in the visible (473 nm, 632.8 nm) at room
temperature and 10K (1 μm diameter spot). The character of the
vibrational modes was assigned by means of polarization-resolved
spectroscopy.
PL measurements were carried out using a liquid-He flow

cryostat at 10 K with 473 nm and 532 nm lasers focused to a
diameter of 1 μm.

Rapid thermal annealing
The phase transformation of the as-grown GaTe was activated in a
RTA furnace JetFirst100 under 1 bar nitrogen atmosphere at 550∘C
for 30 min. The annealing (cooling) ramp rate was 40∘C/s (1∘C/s).

DFT calculations
The structural optimizations and electronic structures are obtained
by DFT calculations performed with the Quantum-Espresso code63

and using the Perdew-Burke-Ernzerhof (PBE) functional64. vdW
corrections are applied on top of the PBE functional in order to
take into account the weak interaction between the layers65.
Scalar-relativistic optimized norm-conserving Vanderbilt pseudo-
potentials from the PseudoDojo repository (v0.4) are used with a
plane-wave cutoff of 160 Ry for structural optimization and total
energy calculations66,67. Spin-orbit correction are taken into
account for the electronic band calculations. A careful conver-
gence with k-point meshes is performed, shifted grids of
16 × 16 × 1 and 8 × 16 × 1 for h-GaTe and m-GaTe give errors in
the total energy smaller than 1 meV. The crystal structures (see
Fig. 1a) both in the hexagonal (β stacking, where Te atoms of a
GaTe layer are aligned with the Ga atoms of the adjacent layers,
along the z-direction) and monoclinic phases are obtained by fully
relaxing the atomic positions that are available for the two bulk
phases68. In order to simulate isolated MLs and BLs, we use a
supercell size of 41 Å in the z-direction. To determine if the
deposition of a monoclinic layer on top of a first deposited h-GaTe
ML (h-ML) can be energetically favoured with respect to the
deposition of another hexagonal layer, we build up a supercell for
an hetero-BL, by combining the two unit cells with the CellMatch
python code69 and to be consistent with the experimental
observation, we leave the h-ML practically unstrained. The
supercell contains 452 atoms (see Fig. 1a) and a very small
compressive strain on the monoclinic layer of about 4‰ is

present. For such large cell we use ultrasoft pseudopotentials and
at the Γ point only k-space sampling with a kinetic energy cutoff of
60 Ry and 360 Ry for the charge density. Then, in order to compare
energetically the h-BL and hetero-BL structural models, we use the
same computational setup to simulate also the corresponding
h-BL (β) supercell, containing 472 atoms.

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