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Abstract
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The layer dependent structural, electronic and vibrational properties of the 1T phase of two
dimensional (2D) platinum diselenide are investigated by means of state-of-the-art first-
principles calculations. The main findings of the study are: (i) monolayer platinum diselenide has
a dynamically stable 2D octahedral structure with 1.66 eV indirect band gap, (ii) the
semiconducting nature of 1T-PtSe, monolayers remains unaffected even at high biaxial strains,
(iii) top-to-top (AA) arrangement is found to be energetically the most favorable stacking of
1T-PtSe, layers, (iv) the lattice constant (layer-layer distance) increases (decreases) with
increasing number of layers, (v) while monolayer and bilayer 1T-PtSe, are indirect
semiconductors, bulk and few-layered 1T-PtSe, are metals, (vi) Raman intensity and peak
positions of the A, and E, modes are found to be highly dependent on the layer thickness of the
material, hence; the number of layers of the material can be determined via Raman

measurements.

Keywords: 2D materials, monolayer PtSe,, monolayer-to-bulk properties, Raman,

semiconductor-metal transition
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1. Introduction

Layered materials stacked with weak out-of-plane van der
Waals (vdW) interactions, have aroused considerable interest
for many decades [1, 2]. In addition, advances in the synthesis
techniques of layered two dimensional (2D) materials have
also led to the emergence of a variety of monolayer crystals
such as graphene [3], transition metal dichalcogenides
(TMDs) [4], post-transition metal chalcogenides (PTMCs)
[5], h-BN [6, 7], h-AIN [8], silicene [9, 10] and metal
hydroxides [11, 12].

In the family of 2D materials, TMDs are desirable both
for fundamental research and technological advancement
thanks to their interesting optical and electrical properties, and
their mechanical stability [13—18]. Dichalcogenides of Mo
and W, the most popular materials among TMDs, have

0268-1242/18,/085002+-07$33.00

received considerable interest due to their exceptional phy-
sical properties such as ~250 cm®* V™' s~! room temperature
mobility, excellent on/off ratio (~108), thickness dependent
metallic and semiconducting behavior, tunable band gaps,
and controllable topological electronic properties [5, 19-22].

Among TMDs, apart from well-known Mo and W
dichalcogenides, lamellar crystals of Pt dichalcogenides have
also attracted interest due to their semi-metallic electronic
structure [23, 24], high optoelectronic performance [25], and
enhanced photocatalytic activities [26, 27]. Besides their bulk
form, 2D Pt dichalcogenides are promising materials for
nanoelectronic device applications due to their intriguing
electronic properties such as the transition from metal to
semiconductor [28-30]. It has been shown that few-layer PtS,
phototransistors exhibit a very high responsivity reaching
1.56 x 10° A wW™! [31]. In addition, Zhao et al reported that

© 2018 IOP Publishing Ltd  Printed in the UK
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few-layer PtSe, field effect transistors (FETs) exhibit high
electron mobility at room-temperature (~210cm”>V~'s™"
on an SiO,/Si substrate [32]. Chia er al investigated the
correlation between varying chalcogen types to the electro-
chemical and catalytic performances of Pt dichalcogenides
[33]. Very recently, it was revealed that a vertically aligned
PtSe,/GaAs heterojunction shows broad sensitivity to illu-
mination ranging from deep ultraviolet (UV) to near-infrared
(NIR) light [34]. Similarly it was shown that multilayer
PtSe,/FApgs Cso1s Pblz perovskite heterojunction photo-
detectors are ultrafast, self-driven and air-stable and also
exhibited high sensitivity to illumination ranging from the UV
to NIR spectrum region [35]. Sattar et al reported that
monolayer and bilayer PtSe, form n-type and p-type Schottky
contacts with graphene, respectively [36]. Sajjad et al
demonstrated that monolayer 1T-PtSe; is a good candidate for
gas sensor applications due to high adsorption energy and
robust character of the band edges of the electronic band
structure [37]. Furthermore, Yao et al investigated that cen-
trosymmetric monolayer PtSe, thin film exhibits R-2 Rashba
effect and intrinsic spin-layer locking [38]. In the very recent
study Ciarrocchi et al showed that high electrical conductivity
and efficient transistor operations can be achieved by using
only PtSe, material by varying the thickness from 14 to
2nm [39].

In this study, motivated by the recent studies revealing
the superior optoelectronic properties of TMDs, we present a
comprehensive investigation on the thickness-dependent
characteristics of 1T-PtSe, by performing state of the art first-
principles calculations. The paper is organized as follows:
details of the computational methodology are given in
section 2. The structural, electronic and vibrational properties
of the 1T-PtSe, monolayer are discussed in section 3. In
section 4, the effect of dimensional crossover on electronic
and vibrational characteristics is examined. Finally, our
results are discussed in section 5.

2. Computational methodology

The ab initio calculations were performed within the density
functional theory (DFT) formalism by using the Vienna
ab initio Simulation Package (VASP) [40, 41]. Calculations
were performed using the spin-polarized generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)
functional [42]. Correction for the van der Waals (vdW) to the
PBE functional was done with using the DFT-D2 method of
Grimme [43].

The kinetic energy cutoff for a plane-wave basis set was
taken as 500 eV. The convergence criterion of self-consistent
calculations for ionic relaxations was 10 ®eV between two
consecutive steps and the total force of the all atoms in the
unit cell was reduced to a value of less than 107> eV/A.
Pressures on the used lattice unit cells were decreased to
values less than 1.0 kbar. To hinder interactions between the
adjacent cells along the z-direction, at least 14 A vacuum
space was used. Analysis of the charge transfers in the
structures was determined by using the Bader technique [44].

The vibrational properties were obtained via PHONOPY code
[45] that use the finite-displacement method. The cohesive
energy per atom Ec,, was calculated by using the formula
Econ = [npEp; + nseEse — Eyr]/ni, where Ep, and Eg,
represent the energies of single isolated Pt and Se atoms,
respectively. Ej;;. stands for the total energy of the 1T-PtSe,
structure, n,,,, np, and ng, denote the total number of atoms,
number of Pt and Se atoms within the unit cell, respectively.

3. Monolayer PtSe,

For a complete analysis of how the structural, electronic and
phononic properties of the PtSe, crystal evolve with thick-
ness, we first investigate the characteristics of monolayers
comprehensively.

The optimized atomic structure of the octahedral coor-
dination forming the 1T polytype of PtSe, belongs to P3m1
space group. As shown in figure 1(a), the Bravais lattice of
1T-PtSe, monolayer is hexagonal with lattice vectors,
@ =05a(\3% —9), b =05a(\3% +7), ¢ =cz.
1T-PtSe, structure with D3, point group symmetry is com-
posed of three atomic sub-layers with Pt layer sandwiched
between two Se layers. The lattice constant of the primitive
unit cell of the monolayer 1T-PtSe, structure is calculated to
be 3.70 A which is in perfect agreement with previously
reported scanning transmission electron microscopy (STEM)
data [46]. The Pt-Se bond length in the 1T phase of PtSe,
crystal structure is found to be 2.52A. Moreover, the thick-
ness, defined as vertical distance between uppermost and
lowermost Se layers, of 1T-PtSe, monolayer is (2.68 ,&) is
also close to the reported value of 2.53 A [46].

It is also found that the monolayer 1T-PtSe, is formed by
a cohesive energy of 4.43 eV /atom which is comparable to
the cohesive energy of MoSe, and WSe, (~4.56 and
~5.15eV/atom, respectively) [47]. According to Bader
charge analysis, there is no net charge transfer between
bonded atoms in monolayer 1T-PtSe, structure and the bond
character is entirely covalent in the monolayer 1T-PtSe,
structure. In addition, the work function is obtained as
5.36 eV in the monolayer 1T-PtSe, which is higher than that
of similar dichalcogenides such as MoSe, and WSe, (4.57
and 4.21 eV, respectively) [48].

However, structures obtained from total energy optim-
ization calculations may not correspond to the ground state
structure, therefore; for a reliable analysis on the stability of a
structure it is also necessary to examine the dynamical sta-
bility via phonon calculations. The phonon dispersion curves
of the 1T-PtSe, crystal structure are shown in figure 1(b).

For the primitive unit cell of 1T-PtSe, composed of 3
atoms, the phonon spectrum includes 9 phonon, 3 acoustic
and 6 optical branches. Analysis of lattice dynamics shows
that the decomposition of the vibration representation of
optical modes at the I' point is I' = 2E, + 2E, + A, + Ay,
for the 1T-PtSe, monolayer structure. Optical phonons
include two doubly degenerate in-plane vibrational modes at
169 cm ™! (Eg) and 218 cm™ ! (E,), and two singly degenerate
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Figure 1. (a) Top and side views of geometric structures of 1T-PtSe, monolayer. Gray and green atoms show Pt and Se atoms, respectively.
(b) The phonon band diagram and (c) normalized Raman intensity of 1T-PtSe, monolayer. (d) The electronic band diagram and (e) partial
density of states of the monolayer structure. Dotted yellow lines, dashed red lines and solid blue lines show pure GGA, spin—orbit coupling
included GGA and hybrid HSE06 functional corrected GGA+SOC results for electronic band dispersions, respectively. The Fermi level is

set to zero.

out-of-plane vibrational modes at 200 em ! (A o) and
223 cm™! (A,,). Vibrational spectrum with eigenfrequencies
through whole the Brillouin Zone indicate that of the
1T-PtSe, phase corresponds to a dynamically stable crystal
structure. Besides, due to the atomic mass and bonding type
of Pt and Se atoms, the phonon modes of 1T-PtSe, lie at
much lower energies when compared to those of well-known
2D transition metal diselenides, MoSe, and WSe, [22].

Regarding Raman intensities, in the vibrational spectrum
of 1T-PtSe,, there are two prominent peaks likely to be
observed in experiments. As shown in figure 1(c), (i) one
highly intense in-plane E, mode at 169 em™' and (ii) one
moderate intense out-of-plane A;, mode at 200 cm . Due to
the strong covalent character between Pt and Se atoms, out-
of-plane motion of the Se atoms has less contribution in the
Raman intensity compared to in-plane motion of the Se
atoms. Corresponding eigenvectors of the Raman active E,
and A, modes are also sketched in figure 1(c).

As shown in figure 1(d), 1T-PtSe, monolayer is an
indirect band gap semiconductor with its valence band max-
imum (VBM) residing at I' point and conduction band
minimum (CBM) within I'-M point. Calculations with and
without spin-orbit interactions and HSE corrections show that
the band gaps of 1T-PtSe, monolayer are 1.34, 1.17 and
1.66 eV, besides; no change is seen at the band edges of CBM
and VBM. With the effect of spin—orbit coupling (SOC),
double degenerate VBM is separated at I' point about 0.4 eV
in the 1T-PtSe, monolayer and also CBM splits 170 meV at
the point between I' and M. It is seen that HSE correction
increases the band gap about 0.5 eV.

As seen in figure 1(e), the calculated orbital projected
partial density of states (PDOS) reveals that the valence states
are mainly composed of hybridization of d and p orbitals of
Pt, and p orbitals of Se atoms. However, the conduction states
consist of dy,, d,., d,; and d,>_ orbitals (d,;) of Pt atom and
p orbital of Se atoms. In addition, PDOS shows that d and p
orbitals of Pt, and p orbitals of Se are responsible for the
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Figure 2. The SOC included electronic band diagrams of 1T-PtSe,
monolayer as a function of tensile biaxial strain. The Fermi level is
set to zero. Side views show the valence band maximum (VBM) and
conduction band minimum (CBM) on an enlarged scale.

VBM of the monolayer, whereas only d.,, dy., d., and d,2_2
orbitals (d,,;) of Pt are dominantly responsible for CBM of the
1T-PtSe, structure.

Since the effect of strain due the adjacent layers is
inevitable in such lamellar crystal structures, before studying
the thickness dependent properties, we investigate the elec-
tronic and structural parameters under biaxial strain. Here we
apply the strain by scanning the lattice parameters in between
monolayer and bulk 1T-PtSe,. It is found that the Pt-Se bond
length monotonically increases, while the tensile strain rate
increases. As seen from figure 2, while VBM at the I" point is
quite insensitive against the biaxial strain, CBM at the ['-M
symmetry point shifts upwards slightly in the energy space.
Hence, the reasonable tensile strain causes a slight change in
the electronic band gap of the monolayer 1T-PtSe, structure.
Against tensile deformation, the 1T-PtSe, monolayer is a
robust semiconductor material which is the essential factor for
its utilization in future nanoelectronics.

4. Dimensional crossover from monolayer to bulk

4.1. Stacking types and thickness-dependence of the atomic
structure of 1T-PtSe,

Stacking order of the sublayers in a layered material directly
determines its structural, vibrational, electronic and optical
properties. Therefore, theoretical prediction prior to exper-
imental synthesis of the stacking order is important.

The possible stacking orders in 1T-PtSe, crystal are
namely AA, (Pt atoms aligned on Pt atoms) AB, (Pt atoms
aligned on Se atoms) A’A, (similar to AA but the top layer is
upside-down) and A’B (similar to AB but the top layer is
upside-down) and are presented in figure 3. It is found that the
most energetically favorable stacking order is top to top (AA),
as shown in figure 3(a). In addition, AB, A’A, and A’B,
stackings are found to be 159, 321 and 91 meV, respectively,
less favorable than the ground state structure. The lattice
constant of the AA stacked structure, 3.73 10\, is consistent
with the experimentally reported value [28]. Furthermore, the
interlayer distances are calculated to be 2.14, 2.89, 3.61, and

(a) AA (b) aB
2144 % i 289A:%
o ©iim o e ©
"0 0 o °
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Figure 3. Top and side views of crystal structure of bilayer 1T-PtSe,;
(a) AA, (b) AB (c) A’A, and (d) A’B stacking orders. The ground-
state energy differences are given under each stacking type labeled
with AE. Dashed lines indicate axial alignment of the upper and
lower layer atoms with respect to each other.

263A for AA, AB, A’A, and A'B stacking orders,
respectively.

It is also seen that while the thickness of single layer
PtSe, is 2.68 10\, with additional layers the thickness of each
single layer is reduced and finally reaches a bulk value of
2.56 A. Moreover, going from bilayer to bulk, the interlayer
distance (vertical vacuum spacing between the adjacent lay-
ers) also decreases from 2.14 to 2.07 A. Apparently, there is
an increasing trend in layer-layer interaction in the out-of-
plane direction and therefore, as a result of thickness-driven
compression, covalent Pt-Se bonds are enlarged. As listed in
table 1, the lattice constant of the bilayer, trilayer, four-layer,
and bulk structures are found to be 3.73, 3.74, 3.75, and
377 A, respectively. As monolayer PtSe,, the ground state
structure of the bilayer, trilayer, four-layer, and bulk struc-
tures is also found to be nonmagnetic. Therefore, thickness-
dependence magnetization is absent in the PtSe, structures.

4.2. Thickness dependence of electronic properties

In order to determine how the electronic characteristics are
modified with an increasing number of layers, we also cal-
culate the electronic band dispersions of monolayer, bilayer,
trilayer, and bulk PtSe,. As shown in figure 4, going from a
monolayer to bilayer structure, the electronic band gap of the
material rapidly decreases from 1.17eV to 0.19eV and it is
also found that PtSe, crystals having a thickness larger than
two layers all exhibit metallic behavior. In monolayer and
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Figure 4. The SOC included electronic band dispersions of monolayer, bilayer, trilayer, and bulk 1T-PtSe, structures. The Fermi level is set

to zero.

Table 1. The calculated parameters for the 1T-PtSe, structures are; the lattice constants, a = b; overall thickness as the uppermost-lowermost
Se-Se distance in the unitcell, h; the charge donation from Pt to Se atoms, Ap; the cohesive energy per atom, Ec,;,; ® and p are the values of

work function and magnetization, respectively; E,,,,

the energy band gap of the structure.

a=>b h Ap Econ P 1 Egap

(A)  (A/unitcell) (¢7) (eV/atom) (eV) (uz) (eV)

1L PtSe, 3.70 2.68 0 4.43 53 0 117

2L PtSe, 3.73 7.39 0 453 464 0 019
3L PtSe, 3.74 12.04 0 457 467 0 0
4L PtSe, 3.75 16.67 0 4.59 472 0 0
Bulk PtSe,  3.77 2.56 0 4.65 476 0 0

bilayer structures of PtSe, the CBM states are composed of d
state electrons that occupy d,y, d,., d., and d,2_,> orbitals of
Pt atom.

While the location of CBM in BZ remains the same (at
the I'-M) when going from monolayer to bilayer, VBM is
shifted from the I" to the K-I" high symmetry point. It is also
worth noting that the local minimum energy state of the CBM
of the monolayer within the K-I' translocates its position in
the Brillouin Zone to the K symmetry point with the effect of
additional layers. Rapid decrease in band energy of CB states
and increase in VB states leads to metallization starting from
trilayer.

On the other hand, the VBM state of the monolayer, that
originates from p, and p, states of Se atoms, changes its
energy space and takes position at the states energetically
lower than the VBM state of the few-layer PtSe,. Moreover,
the VBM state of the bilayer, which consists of p, orbitals of
Se atoms, crosses the Fermi level and becomes one of the
metallic transition band at the few-layer PtSe,, as seen in the
first case the same trend appears in the p, orbitals of the Se

atoms. It is obviously seen that the nesting in the corresp-
onding state disappears while the number of layers of PtSe,
increases.

In addition, the work function values of bilayer, trilayer,
four-layer, and bulk structures are found to be 4.64, 4.67,
4.72, and 4.76 eV, respectively. The reason for a sudden
decrease from monolayer to bilayer in the work function
value is related to the rising of p, orbitals of Se atoms from
monolayer to bilayer. Then, the increasing work function
trend from bilayer to bulk is an expected behavior due to the
decrease in surface to bulk ratio of the structure.

4.3. Thickness dependence of vibrational properties

Investigation of the vibrational properties not only allows one
to deduce the dynamical stability of the structure but also
allows the determination of characteristic properties such as
bond strengths, layer thickness and polarizability. In this
subsection, thickness dependency of phonon band disper-
sions, Raman intensities and eigen-frequency shifts of the
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Figure 5. The phonon band dispersions of (a) bilayer, (b) trilayer, (c) four-layer and (d) bulk. The S and LB mode frequencies are indicated.
(e) Layer dependent Raman intensity of E, mode. (f) Frequency shifts of the E, and A, modes with respect to number of layers. 1L, 2L, 3L
and 4L denote monolayer, bilayer, trilayer and four-layer, respectively.

prominent peaks of bilayer, trilayer, four-layer and bulk PtSe,
are investigated.

Figures 5(a)-(d) show the calculated phonon band
structure of bilayer, trilayer, four-layer and bulk PtSe,. It is
seen that all the phonon modes have real eigenfrequencies,
which indicate that bulk and few-layered PtSe, are stable. The
appearance of small imaginary frequencies (less than 5cm ")
near the gamma point are not an indication of instability, they
are numerical artifacts caused by the inaccuracy of the FFT
grid. As shown in figures 5(a)—(d), while LA modes cross the
low-frequency optical modes, highest-frequency dispersion-
less optical modes are well-separated from low-lying phonon
branches. Computationally predicted modes at 152.2 and
212.5cm ™" correspond to the E, and A;, phonons of bulk
PtSe, and are in good agreement with previous experimental
results indicating the reliability of the computational metho-
dology of phonons [49]. As shown in the figure, in addition to
the E, and A, modes of the monolayer structure, additional
peaks with low frequencies corresponding to shear (S) and
layer-breathing (LB) appear with the increasing thickness. It
is found that S and LB modes are Raman active and as the
number of layer increases from bilayer to bulk, the

frequencies of S and LB modes increase from 38.8 and
44.0cm™" to 55.0 and 74.3 cm ™', respectively.

It is also worth noting that, as shown in figure 5(e),
Raman vibrational characteristics of the E, phonon strongly
depend on the material thickness. It appears that with
increasing thickness, layer-layer interaction originated com-
pression on each sublayer yields two consequences in PtSe;;
(i) phonon softening due to enlarged Pt-Se bonds and (ii)
increasing Raman activity due to enhanced polarizability.

It is also seen from figure 5(f) that when the number of
layers is increased, the A;, peak hardens while the E, peak
softens. The downshift in the frequency of the E, peak is
ascribed to the change in the dielectric screening environment
for long-range Coulomb interactions as the thickness of the
material increases. However, the upshift in the frequency of
the A, peak is attributed to increasing interlayer interactions
which enhance the restoring forces on the atoms [50, 51].
Therefore, the strong layer dependency of Raman intensity of
the E, mode and peak positions of the E, and A;, modes can
be used to determine the material thickness.
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5. Conclusions

In this study, we investigated thickness dependency of
structural, vibrational and electronic properties of 1T-PtSe, by
performing first-principles calculations. First, it was found
that the monolayer of platinum diselenide forms a dynami-
cally stable hexagonal 1T phase, and the monolayer is an
indirect band gap semiconductor.

The electronic nature of the monolayer structure changes
negligibly under biaxial tensile deformation revealing the
robust semiconductor character of the material. In addition,
electronic dispersion calculations on crystals of various
thickness showed that while monolayer and bilayer structures
of 1T-PtSe, are indirect band-gap semiconductors, all thicker
structures exhibit a metallic character.

The layer-dependent vibrational spectra of the 1T-PtSe,
structures reveal that Raman active shear mode, layer-
breathing mode, E, mode, and A, mode display significant
shifts indicating the increasing layer-layer interaction. More-
over, the Raman intensity of the E, phonon branch is found to
be quite sensitive to the material thickness and therefore it can
be used for the determination of the number of layers by
Raman spectroscopy.

Our study provides an insight into the electronic and
vibrational properties of ultra-thin 1T-PtSe, materials and
also a computational strategy for identifying the number of
layers of 1T-PtSe, at the atomic scale.
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