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The 2D form of tellurium, named tellurene, is one of the latest discoveries in the family of 2D mono-
elemental materials. In a trilayer configuration, free-standing tellurene was predicted theoretically to
acquire two crystallographic forms, the o and f phases, corresponding to either a 1T-MoS;-like
geometry or a trilayer slab exposing the Te(1010) surface of bulk Te with helical chains lying in-plane
and further reconstructed due to the formation of interchain bonds. Either one or the other of the two
phases was observed experimentally to prevail depending on the substrate they were grown onto. In the
perspective to integrate tellurene on silicon, we here report an ab initio study of the adsorption of
tellurene on the Si(lll)—(\/? X \/§)R30° surface passivated by antinomy. According to the literature, this
substrate is chosen for the growth of several tellurides by molecular beam epitaxy. The calculations
reveal that on this substrate the adsorption energy mostly compensates the energy difference between

Received 15th April 2022,
Accepted 13th July 2022

DOI: 10.1039/d2cp01759n
the o and f phases in the free-standing configuration which suggests that the prevalence of one phase
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1 Introduction

Mono-elemental 2D materials referred to as Xenes, where X is
an element of the groups III, IV, V or VI, have attracted great
interest in recent years because of their extraordinary mechan-
ical, electrical, and optical properties, which are different from
those of their counterparts in the bulk phase.’

The two-dimensional form of tellurium, known as tellurene,
is one of the latest found materials in this class." In the bulk
under normal conditions, tellurium crystallizes in a trigonal
phase (space group P3;21)> made of helical chains with short
(2.835 A) Te-Te intrachain bonds. Weak interchain interactions
lead to a hexagonal arrangement of the chains aligned along
the ¢ axis (in the hexagonal setting of the trigonal phase with
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over the other might in this case strongly depend on the kinetics effects and deposition conditions.

a = 4.45 A and ¢ = 5.93 A). Due to its quasi-one-dimensional
character, Te is less prone to be exfoliated into 2D sheets,
although examples of mechanical exfoliation have been
reported in the literature.> Most often 2D tellurium is grown
in the form of flakes in solution® or is deposited as ultrathin
films on different substrates by several means. For instance,
molecular beam epitaxy (MBE) on graphene supported by a 6H-
SiC(0001) substrate leads to the formation of helical chains
with their axis lying parallel to the substrate which corresponds
to the formation of the Te(1010) face of bulk tellurium.’ This is
actually the truncation of the bulk with the lowest surface
energy.’ No preferred orientation between the Te chains and
the substrate is observed because of the van der Waals epitaxy.’
The band gap of the films increases by decreasing the thickness
from 0.33 eV (bulk) to 0.92 eV (a single chain layer) as measured
by scanning tunneling microscopy.” A field-effect transistor
made of flakes of tellurene grown in solution in the Te(1010)
geometry was actually reported in the literature with hole
mobilities as high as about 700 cm® V™' s~ * at 300 K.*

The growth of helical chains with their axis perpendicular to
that of the substrate has been attained instead by Wang et al.”
on flexible mica sheets with a film thickness of 32 nm. This
geometry corresponds to the exposure of the (0001) surface of
bulk Te.

On the other hand, theoretical calculations based on density
functional theory (DFT) have shown that a free-standing trilayer

This journal is © the Owner Societies 2022
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made of helical chains lying in-plane is unstable with respect to
a reconstruction forming additional interchain bonds.® This
geometry is referred to as the  phase in ref. 8 and it is
consistent with the structure of ultrathin films grown on highly
oriented pyrolytic graphite (HOPG).*®

Moreover, a trilayer corresponding to the truncation of the
helical chains growing perpendicular to the layer plane expos-
ing the Te(0001) face was shown to be unstable with respect to
the formation of a trilayer 1T-MoS,-like geometry, called the o
phase in ref. 8. The 1T-MoS,-like structure was later found to be
consistent with transmission electron microscopy (TEM)
images of ultrathin films grown by physical vapor deposition
(PVD) on silica."

The morphology and crystal structure of tellurene seem thus
dependent on the growth method, the choice of the substrate
and the film thickness.

The exploitation of tellurene in electronic devices, such the
field-effect transistors already mentioned® or photodetector
devices,"! requires the development of large-area deposition
of tellurene on a silicon substrate for eventual integration with
standard microelectronic technologies. To this aim, a suitable
passivation of the silicon surface is needed. Surface oxidation is
a possible option which leads to an amorphous surface for the
growth of 2D materials (see several examples in ref. 12). There
are, however, numerous examples in the literature showing that
the crystalline quality of epitaxial films of layered selenides can
be improved by growing directly on the Si(111) surface with an
adequate termination of the dangling bonds.”**® Concerning
tellurides, it has been shown that GeTe'® and layered Sb,Te;
and (GeTe), (Sb,Te;),,'” can be grown in quasi single-crystalline
films by MBE on the Si(111) surface passivated by Sb and
reconstructed in a Si(111)-(v/3 x v/3)R30°-Sb geometry. In fact,
this choice of the surface passivation mostly suppresses in-
plane rotational domains, and for GeTe, it also reduces twinned
domains, which are typical for chalcogenide thin films grown
on Si(111)."®'® The reduction in the number of rotational
domains is expected to reduce the overall number of defects
leading to an improvement of the electrical mobility of the film
which is beneficial for electronic and optoelectronic applica-
tions. The same Si(111) passivated substrate might thus be
useful to grow ultrathin crystalline Te and tellurene films
as well.

In this perspective, we here investigate the geometry of a
trilayer of Te adsorbed on the Si(111)-(v/3 x v/3)R30°-Sb sur-
face by DFT calculations. In particular, we compare the ener-
getics of the formation of Te(1010) termination, observed in
ref. 5 on graphene, with the 1T-MoS,-like structure proposed in
ref. 8.

2 Computational details

The geometry and adsorption energy of tullerene on the Si(111)-
(V3 x V/3)R30°-Sb surface were studied within the DFT frame-

work implemented in the Quantum Espresso suite of
programs.””*' The exchange and correlation functional by
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Perdew, Burke and Ernzerhof (PBE)*> and norm-conserving
pseudopotentials were employed. The Kohn-Sham (KS) orbitals
were expanded on a plane wave basis set up to a kinetic energy
cutoff of 24 Ry for geometry optimization at a fixed simulation
cell. Optimization of the lattice parameters in a constant
pressure relaxation algorithm was performed with a higher
cutoff of 50 Ry for the convergence of the stress tensor. All
energies reported hereafter refer to the calculation with 24 Ry.
The semiempirical correction due to Grimme (D2)** was added
to include van der Waals (vdW) interactions. The Brillouin zone
(BZ) integration was performed on Monkhorst-Pack meshes.**
The pseudopotential/PBE-D2 framework adopted here was also
used and validated against different functionals for tellurene in
ref. 8.

3 Results and discussion

In order to study the adsorption energy and geometry of
tellurene on the Si surface, we first generated a slab model of
silicon exposing the Si(111)-(v/3 x v/3)R30°-Sb surface on one
side and a H-passivated 1 x 1 surface on the other side. We
then optimized the geometry of pure Te in the bulk and of a
free-standing trilayer of Te in a slab geometry either in the 1T-
MoS,-like structure or exposing the Te(1010) surface of
the bulk.

Although previous DFT calculations® predicted that, in a
free-standing trilayer, tellurene is most stable in the 1T-MoS,-
like structure (¢ geometry of ref. 8), the interaction with the
substrate might favor another configuration such as the
Te(1010) geometry seen experimentally in ref. 5. We therefore
considered both possibilities for the geometry of tellurene
adsorbed on the Si(111)-(v/3 x v/3)R30°-Sb surface.

The results of the individual steps summarized above are
reported in the different subsections below.

3.1 The clean Si(111)-(v/3 x /3)R30°-Sb surface

The theoretical lattice parameter and bulk modulus for bulk Si
within our framework are 5.41 A and 97 GPa which are close to
the experimental values of 5.43 A and 99 GPa.”® We used the
theoretical equilibrium lattice parameter for bulk Si to optimize
the model of the Si(111)-(v/3 x v/3)R30°-Sb surface in a slab
with the bottom surface saturated by Hina 1 x 1 geometry. We
applied 3D periodic boundary conditions with a vacuum 20 A
wide separating the periodic images along the direction
perpendicular to the surface plane. The hexagonal surface unit
cell has a lattice parameter of ape, equal to \/m times the
cubic lattice parameter of bulk Si which in our case yields apex =
V/3/2 x 5.407 A = 6.622 A.

The slab consists of four Si layers, a topmost Sb layer and a
hydrogen bottom layer with three atoms per surface unit cell in
each layer. The top and side views of the slab are shown in
Fig. 1. According to the literature,’® the three Sb atoms per unit
cell (one for each Si atom in the topmost surface layer) form a
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Fig. 1 (Left panel) Top and (right panel) side views of the slab model of the
Si(111)- (v/3 x v/3)R30°-Sb surface with the bottom layer saturated by
hydrogen atoms. In the top view the surface unit cell is shown with Si
atoms in the first, second and fourth layers. The three Sb atoms in the
surface unit cell (orange spheres) form a trimer with its centroid aligned
with the Si atom in the fourth layer. Si, Sb and H atoms are shown by blue,
orange and pink spheres, respectively.

trimer whose center is aligned with the Si atom on the second
layer in a site named T4.

We optimized the atomic positions in two steps: in the first
step only the relaxation of hydrogen atoms was allowed in the
c-direction, while all the other atoms were fixed at the ideal
equilibrium sites of bulk Si. In the second step we relaxed all
the atoms, apart from the hydrogen atoms and the Si atoms in
the bottom layer which were kept fixed. Integration of the BZ
was performed over a 5 x 5 x 1 MP mesh.

The final Si-H distance is 1.516 A, whereas the interplanar
distances between the n-th and the n-th + 1 Si layers (where
n = 1 corresponds to the layer closest to the H atoms) are
0.692 A, 2.297 A and 0.896 A. The distance between the top-
most Si layer and the Sb layer is 2.557 A.

3.2 Free-standing trilayer of tellurene

We first optimized a free-standing trilayer of tellurene in the
1T-MoS,-like structure shown in Fig. 2 which is the most stable
configuration according to previous DFT calculations (o geo-
metry of ref. 8). Integration of the BZ was performed over a
16 x 16 x 1 MP mesh. The equilibrium lattice parameters of
the hexagonal surface unit cell () and the bond length (d) are
a=4.121 A and d = 2.994 A in good agreement with the DFT
results of @ = 4.15 A and d = 3.02 A in ref. 8.

We then moved to a trilayer in a Te(1010) geometry.

Fig. 2 Side and top views of the optimized structure of tellurene in the
1T-MoS;-like geometry. The three atoms per unit cell are labelled.
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Fig. 3 Side and top views of the Te(1010) trilayer slab in the initial

geometry obtained by truncation of the bulk. The three atoms per unit
cell are labelled.
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We first optimized the geometry of bulk trigonal Te which
yielded the theoretical equilibrium lattice parameters of
a =4.318 A and ¢ = 5.934 A to be compared with the experi-
mental values®” of a = 4.45 A and ¢ = 5.93 A.

Starting from the bulk geometry, we built a trilayer slab
exposing the Te(1010) surface with helical chains lying in-plane
as shown in Fig. 3. The unit cell is orthorhombic with the initial
lattice parameters a and b corresponding to the a and ¢
parameters of bulk Te (4.318 A, b = 5.934 A). Geometry optimi-
zation leads to a shrinking of the unit cell area with the
formation of interchain bonds corresponding to the ff geometry
identified in ref. 8. The optimized lattice parameters of
a = 4.142 A and b = 5.449 A are in good agreement with the
previous DFT results of @ = 4.17 A and b = 5.49 A in ref. 8.
Integration of the BZ was performed over a 16 x 12 x 1
MP mesh.

The energy of the ff phase is 68 meV per atom higher than
the energy of the 1T-MoS,-like geometry in agreement with the
value of 60 meV per atom reported in ref. 8.

By expanding the surface unit cell by about 7% with respect
to the configuration of minimal energy of the f§ geometry, the
helical chains are recovered as depicted in Fig. 4 which shows
the energy vs the surface area of the Te(1010) trilayer slab. We
remark that a previous DFT study,*® albeit with a functional
different from ours, showed that the helical chains are stable in
a double trilayer configuration with equilibrium lattice para-
meters of a = 4.36 A and b = 5.81 A the corresponding
equilibrium area of which is shown as a dashed blue line in
Fig. 4.

3.3 Tellurene adsorbed on the Si(111)-(v/3 x v/3)R30°-Sb
surface

3.3.1 The 1T-MoS,-like geometry. Although tellurene might
grow on silicon via van der Waals epitaxy in an incommensu-
rate manner, a DFT modeling with periodic boundary condi-
tions requires the identification of a supercell commensurate
with the Si(111)-(v/3 x v/3)R30°-Sb surface. In the case of 1T-
MosS,-like geometry, a reasonable commensuration is found by

This journal is © the Owner Societies 2022
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Fig. 4 Energy (dots) per unit cell (three atoms per cell) versus surface area
of the Te(1010) trilayer slab from DFT calculations. The surface area is
expressed in variation in % with respect to the area at the minimal energy
(4.142 x 5.449 A% see text). The red line is a fitting of the data with a 2D
version of the Birch—Murnaghan equation of state. In the green region the
system is in the f geometry of ref. 8, while in the violet region the bulk-like
helical chains are recovered. The insets show the crystal structure in the
two regimes. The blue dashed line corresponds to the DFT equilibrium unit
cell area of a Te(1010) double-trilayer from ref. 28.

using a hexagonal supercell made of a 5 x 5 hexagonal cell of
tellurene adsorbed on a 3 x 3 hexagonal cell of the substrate.

The ideal lattice parameter of the adsorbed tellurene would
correspond to 5 x 4.121 A = 20.61 A which is close to the lattice
parameter of the substrate supercell of 3 x 6.622 A=19.87 A (see
Section 3.1) with a linear misfit of about 3.6%.

By using the six-layer slab for the silicon substrate (see
Section 3.1 and Fig. 1), the commensurate supercell contains
237 atoms.

A better commensuration with a misfit of 0.2% could be
obtained by using 8 x 8 cells of tellurene adsorbed on 5 x 5
cells of the substrate. This model would, however, contain 642
atoms which are more difficult to be tackled by DFT simula-
tions within our framework. We therefore restricted ourselves
to the smaller 237-atom slab. Tellurene was initially adsorbed
at a large distance of 5 A from the surface to allow for possible
translation of the trilayer with respect to the substrate. Geo-
metry optimization leads to an interplanar distance between Sb
and Te planes of 3.41 A.

The side and top views of the relaxed slab are shown in
Fig. 5. The atomic positions in Cartesian coordinates and the
cell edges are given in the ESI.{ The calculations are performed
by using a 5 x 5 x 1 MP mesh.

We calculated the formation energy of the trilayer adsorbed
on the substrate with respect to bulk Te as

1
Eform = Z(Etot - Esub —n- Ealom bulk) (1)

where n = 75 is the number of Te atoms in the supercell, E is
the total energy of the relaxed supercell, Ey,}, is the total energy
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Fig. 5 The relaxed configuration of tellurene in a trilayer 1T-MoS,-like
geometry adsorbed on the Si(111)-(v/3 x v/3)R30°-Sb surface in a slab
geometry. Side and top views are shown.

of the clean (no Te) substrate slab and E.iom pulk iS the energy
per atom of bulk Te.

The resulting formation energy is 94 meV per atom which is
positive because the energy gain due to the interaction of Te
with the substrate is lower than the energy paid to form a
trilayer from the bulk.

The adsorption energy of tellurene on the substrate with
respect to the free-standing trilayer is estimated instead by

Eags = %(Etot — Egp —n- ETe—fs) (2)
where 7 is still the number of Te atoms and Er._g is the energy
per atom of free-standing tellurene in the 1T-MoS,-like trilayer
geometry at its equilibrium lattice parameters (see Section 3.2).

The adsorption energy E.qs = —59 meV per atom is negative
due to the attractive interaction with the substrate with an
energy gain with respect to the free-standing tellurene. The
value of E,4¢ is most probably an underestimation because of
the strain experienced by the adsorbed tellurene due to the
constraint of the supercell geometry which features a 3.6%
misfit with respect to the equilibrium lattice parameter of the
free-standing trilayer. We then estimated the energy cost of
straining tellurene by optimizing the free-standing trilayer with
the lattice parameters of the substrate (equivalent to a =
3.974 A). The resulting strain energy with respect to the
equilibrium lattice parameters of the free-standing trilayer is
29 meV per atom. By assuming that the same energy penalty is
paid by tellurene adsorbed on the substrate, one would predict
for tellurene adsorbed in an incommensurate manner on the
substrate a formation energy of 65 meV per atom with respect
to that of bulk Te (eqn (1)) and an adsorption energy of about
—88 meV per atom with respect to that of the optimized free-
standing trilayer.

Phys. Chem. Chem. Phys., 2022, 24,18608-18614 | 18611
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This value of the adsorption energy is larger than the
difference in energy between the Te(1010) and the 1T-MoS,-
like geometries of the free-standing trilayer (68 meV per atom,
see Section 3.2).

One might thus conceive that the interaction with the
substrate might change the hierarchy in energy among the
different configurations of the free-standing trilayer.

In the next subsection we will therefore discuss the optimi-
zation of the trilayer of Te adsorbed on the substrate in the
Te(1010) geometry.

3.3.2 The Te(1010) geometry. For the reconstructed geo-
metry of the Te(1010) structure (f geometry mentioned in ref. 8,
see inset in Fig. 4) a commensuration with the substrate is not
easy. A possibility is to align the a lattice parameter of tellurene
with the a lattice parameter of the hexagonal unit cell in the
geometry shown in Fig. 6 which corresponds to 3 x 2 cells of

tellurene matched with a 2 a x v/3a rectangular supercell of the
substrate. By considering the a and b equilibrium lattice
parameters of tellurene in the Te(1010) trilayer (a = 4.142 A
and b = 5.449 A, see Section 3.2) the mismatch is as large as
5-6% along both the a and b directions.

However, the misfit decreases to 1.2 and 1.3% along the two
directions if we consider the unreconstructed trilayer with the
helical chains at the equilibrium lattice parameters of a bi-
trilayer found in previous DFT calculations®® (a = 4.36 A and
b = 5.81 A, see Section 3.2). As a first attempt, we therefore
considered the supercell geometry sketched in Fig. 6 with an
initial configuration featuring helical Te chains as in the bulk
(see Fig. 3).

The optimized geometry of tellurene adsorbed on the slab of
the substrate is shown in Fig. 7. The Te chains are still present
albeit slightly distorted, with the Te atoms two-fold coordi-
nated. The average interplanar distance between the Sb and the
innermost Te plane is 2.96 A. The atomic positions in Cartesian
coordinates and the cell edges of the slab are given in the ESL ¥

We calculated the formation energy of the trilayer adsorbed
on the surface with respect to bulk Te as given by eqn (1) (n =18
for this geometry) which yields E¢,;m =111 meV per atom. This
value is larger than the formation energy obtained for the 1T-
MoS,-like geometry reported in the previous section. This result
confirms the higher stability of the latter configuration as
it occurs for the free-standing trilayer. The adsorption energy
of tellurene on the substrate with respect to that of the

$
3

Fig. 6 Sketch of the commensuration of tellurene in the Te(1010) geo-
metry with the Si(111)- (\/§ X \/_)R30° Sb surface. The rectangular surface
unit cell has edges a = 13.244 A and b = 11.470 A. For the silicon substrate
only atoms within the surface unit cell in the first, second and fourth layers
are shown.

o
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Fig. 7 Side and top views of the relaxed configuration of tellurene in the
Te(1010) geometry on Si(111)-(v/3 x v/3)R30°-Sb surface.

free-standing trilayer given by eqn (2) is instead E,qs =
—112 meV per atom for the Te(1010) geometry which suggests
a stronger interaction between the trilayer and the substrate
than for the 1T-MoS,-like geometry (—59 meV per atom, see
Section 3.3.1). We must also consider that tellurene adsorbed
on the surface is highly strained with respect to the equilibrium
lattice parameter of the Te(1010) free-standing trilayer. We then
calculated the strain energy from the energy difference between
the trilayer at the equilibrium lattice parameter (ff geometry of
ref. 8) and at the lattice parameters commensurate with the
substrate as given above. The resulting strain energy is 32 meV
per atom. By assuming that the same energy penalty is paid by
tellurene adsorbed on the substrate, one would predict for
tellurene adsorbed in an incommensurate manner on the
substrate a formation energy of 111-31 meV per atom =
80 meV per atom which is higher by only 15 meV per atom
than that of tellurene adsorbed in the 1T-MosS,-like trilayer
(65 meV per atom, see Section 3.3.1).

3.3.3 Electronic properties of tellurene adsorbed on the
passivated silicon surface. We investigated the effect on the
electronic gap of the interaction with the substrate for the « and
S phases by comparing the electronic density of states (DOS) of
the freestanding tellurene in the two phases with the DOS
projected on the Te atoms for tellurene adsorbed on the silicon
surface. To this aim, we used the Heyd-Scuseria-Ernzerhorf
hybrid functional (HSE06)*® which is known to describe well
the electronic band gap of bulk Te.*® The same functional was

This journal is © the Owner Societies 2022
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Fig. 8 Electronic density of states of the (top panel) 1T-MoS,-like («) and
(bottom panel) Te(1010) (B) phases of free-standing tellurene computed
with the HSEO6 functional and the tetrahedra method on 64 x 64 (x phase)
or 64 x 48 (f phase) meshes.

used for free-standing tellurene in ref. 8. The electronic DOS of
the 1T-MoS,-like («) and Te(1010) () phases of free-standing
tellurene reported in Fig. 8 reproduces the band gap already
found in ref. 8.

The DOS projected on the Te atoms 1T-MoS,-like («) and
(bottom panel) Te(1010) (8) phases of tellurene adsorbed on the
Si(111)-(v/3 x v/3)R30°-Sb surface are shown in Fig. 9 and
compared with the DOS of the corresponding free-standing
phases. It turns out that the interaction with the surface leads
to a substantial reduction of the band gap for both phases.

4 Conclusions

In summary, we reported on DFT calculations of the adsorption
of a trilayer tellurene on the Si(111)-(v/3 x v/3)R30°-Sb surface.
This surface has been chosen here as a suitable substrate for
the growth of a high quality tellurene film directly on Si
surfaces for integration with silicon technology. In fact, it has
been shown in the literature that different telluride com-
pounds, such as GeTe'® and layered Sb,Te; and (GeTe),
(Sb,Te3),,,"” can be grown on this substrate as quasi single-
crystalline thin films with minimal rotational disorder of the
crystalline domains which is expected to improve the electrical
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Fig. 9 Electronic density of states projected on the Te atoms of the (top
panel) 1T-MoS,-like (2) and (bottom panel) Te(1010) () phases of tellurene
adsorbed on the Si(111)- (v/3 x v/3)R30°-Sb surface. The DOS is computed
with the HSEO6 functional on a single special point with a smearing of the
Kohn—Sham energy of 0.015 Ry. The DOS of the adsorbed tellurene is
compared with that of the free-standing tellurene in Fig. 8. The DOS are
aligned at the top of the valence band.

properties of the film. Our DFT calculations reveal that the
adsorption energy is substantially different for the two phases,
o and f, of free-standing tellurene. Although in the free-
standing geometry the o phase is 68 meV per atom lower in
energy than the f phase, the adsorption energy partially com-
pensates this energy difference. In spite of the many uncertain-
ties due to the constraints of commensuration with the
substrate, DFT calculations suggest that tellurene in the o
phase, which consists of a trilayer 1T-MoS,-like geometry,
becomes only marginally (15 meV per atom) more stable than
the B geometry when adsorbed on the Si(111)-(v/3 x v/3)R30°-
Sb surface. This result supports the experimental pieces of
evidence that the formation of the « or  phases depends on
the substrate the tellurene is grown on. On the Si(111)-
(V/3 x V/3)R30°-Sb surface, which is here suggested as a suita-
ble substrate for the integration of tellurene on silicon in
analogy with other tellurides, the energy difference of the two
phases is particularly tiny and the prevalence of one trilayer
phase with respect to the other might thus be strongly affected
by the kinetics effects and deposition conditions. Obviously,
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the Te(1010) geometry will finally prevail by increasing the
number of Te layers.
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