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Abstract

Electronic structure calculations based on density functional theory were performed.to
investigate structural, mechanical and electronic properties of the phosphorene-based large
honeycomb dumbbell (LHD) hybrid structures and a new phosphorene allotrope, referred to as
y”-P. The LHD hybrids (i.e. XeP4; X being C/Si/Ge/Sn) and y”-P have significantly higher
bandgaps than the corresponding pristine LHD structures except the case'of CeP4, Which is
metallic. y”-P is found to be highly flexible p-type material which shows strain=engineered
photocatalytic activity in a highly alkaline medium. Moreover, thescarrier mobility of the
considered systems comes out to be as high as 10° cm?V-1s (Specifically the electron mobility
of LHD structures). The calculated STM images display the surface merphologies of LHD
hybrids and y”-P. It is expected that the predicted phosphorus-based 2D structures with novel

electronic properties can be candidate materials for nanoscale devices.
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1 Introduction

Monolayers of group-1V elements i.e., graphene 2, silicene 34, germaneney>® and
stanene " can exist in the honeycomb structure with graphene only being planar. Silicene,
germanene, and stanene prefer buckled structures in their ground state configurations
preserving Dirac cone-like characters at the Fermi level. An absence of the bandgap, therefore,
hinders the use of the group-IV elemental monolayers in the device-related applications
including the one in which the switching property is essential °.

The appropriate experimental methods available are still not advanced enough for the
large scale production of two dimensional materials®!!. Therefore the experimental synthesis
of the 2D materials is slow. However due to the advancement. of eemputational technology
there are various computational methods available (e.g. Density Functional Theory) that can be
used to predict various materials and their properties.

In recent years, stability of several allotropes of the group-1V elemental monolayers
was predicted including MoS;-like, graphene-like (HEX), trigonal dumbbell (TD), honeycomb
dumbbell (HD) and large honeycomb dumbbell (LHD) configL?rations. It has been reported that
the group-1V elemental monolayers except carbon,.energetically prefer the dumbbell
configurations over the all other allotropic configurations, e.g. silicene and germenene are
predicted to prefer LHD configuration asitheir ground state structures 213, Note that sp?- and
sp- hybridized atoms constitute the LHD eonfiguration. An unit cell of LHD configuration
consists of 10 atoms, out of whichfour atoms are three-fold coordinated while rest of the atoms
are four-fold coordinated 4%,

A monolayer of black“phosphorus (i.e. phosphorene) is of great research interest
because of its structural ‘anisotropy, high lateral flexibility, strain engineered electronic
properties'’*8 | controlled conduetion®?°, finite band gap, and high carrier mobility up to 10°
cm?V1s? (experimental) 222 A theoretical study even predicted hole mobility of phosphorene
as high as 10* cm2V:s? 2! its applications include its use in designing various nanoelectronic
devices®, as a sensing device®* and in spintronics?®?%. Also, based on ambipolar phosphorene
FETs, fully.complementary logic inverter has been demonstrated which possess high gain and
high noise margin and are chemical doping free?’. Further for improvement of FET
performance;:high dielectric material such as HfO» can be used which is found to enhance the
mobility at room temperature and instead of using solid state back gate, an electric double layer
ionic liquid gate shows drastic improvement in the subthreshold swing?®. Several allotropic

configurations of phosphorene including a-, -, y-, -, red-, &-, ¢-, n-, 6-, octa-, hexstar- and y-
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phosphorene have been predicted by the calculations based on density functional theory 231,
though only a- and B-phosphorene have been synthesised 3233, o-P, B-P, y-P, 8-P and R-P
exhibit a buckled honeycomb structure consisting of a six-membered ring similar to graphene,
while &-P, 1-P, n-P, 6-P, y--P, O-P, and H-P crystallize into non-honeycomb structural
arrangements. Red phosphorene is constructed by the in-plane connections of the segments of
o-P and B-P 34 &-P and 1-P consist of squared units of phosphorus atoms while n-P and 0-P
have phosphorus atoms in the pentagon structural arrangement®. y-P consists of 4,'6.and 10
membered rings®®, and the octa-P allotrope contains a unique atomic octagonal tiling (OT)
pattern consisting of four and eight membered rings®’. The phosphorus atoms‘in H-P form a
hexagonal lattice with a Magen—David-like top view?®. Considering that-a=Puis formed by sp®
hybridized P atoms in which each P atom is three-fold coordinated with a lone-pair of electrons,
the question naturally arises: Can a dumbbell-like (e.g. LHD) eonfiguration exist for
phosphorene?

In this article, we investigate stability and electronic properties of LHD configuration
for phosphorene by employing density functional theoryx Caleulations are based on initial LHD
configurations of the group-1V elemental monolayers in Which’the group-1V atoms are replaced
with P atoms. We show that the resulting phosphorene allotrope is a highly flexible p-type 2D
material which consists of 4, 6 and 10 membered rings.similar to the y-P configuration, though
arrangement of the atoms is entirely different:, The predicted new phosphorene allotrope is
then referred to as y’’-P in the rest of the paper.

In Sec 2, we provide detalls of the computational model, and the results are discussed
in Sec 3 which is divided inta three parts: (i) LHD allotropes of the group-1V elemental
monolayers; (ii) the hybrid LHD\aIIotropes — Ce6P4, SigPa, GesPs, and SnePs, and (iii) a new

phosphorene allotropes - w*’-P. Finally, Sec 4 summarizes the results.

2 ComputationaliModel
In the calculations based on density functional theory (DFT), the exchange and

correlation functional energies were treated using the generalized gradient approximation
(GGA) within Perdew-Burke-Ernzerhof (PBE) parameterization®® as implemented in SIESTA
software’ package®®. The Kohn-Sham orbitals were expanded as a linear combination of
numerical, pseudo atomic orbitals using a split-valence double zeta basis set with the
polarizatiom functions. The confinement energy of numerical pseudo-atomic orbitals was taken
to be 0:01 Ry, and structures were relaxed until the force on each atom was less than 0.01 eV/A.

The Monkhorst-Pack scheme was used to sample Brillouin zone with a (30x30x1) mesh for all
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the structures considered. The spacing of the real space used to calculate the Hartree, exchange
and correlation contribution of the total energy and Hamiltonian was 450 Ry. A vacuum region
of about 20 A perpendicular to 2D plane was used to prevent the superficial interactions
between the periodic images in calculations. For Sn based systems relativistic pseudopotential
has been used for correct description of its properties.

The cohesive energy was calculated using the formula:

ET—NjyEly—NpEp

E. =
c Nt

1)
where Er is the total energy of the system, Ev (Ep) is the energy of single C/Si/GefSn (P) atom,
N is the total number of atoms, and Niv (Np) is the number of C/Si/Ge/Sn.(P) atoms in a given
configuration. -

The room-temperature electron and hole mobilities were, calculated by applying a
phonon-limited scattering model including the anisotropic<characteristics of effective mass,

elastic modulus and deformation potential using the formila 4

n3c
Uzp = e—f’i (2)

KpTm*myEf’
- - . . . -
where, e is the electronic charge, # is the reduced Plank’s constant, T is the temperature, Kg IS
the Boltzmann constant, m” is the effective mass in either along x- or y- direction, ma™ is the

average effective mass given by ./m;m;,. Ei'is the'deformation potential constant calculated

using the formula E; = % where Eggge IS the energy of the CBM (VBM) for electrons

(holes) and e = Al/lh. In-plane, elastic modulus is calculated using: (E —E,)/S, =
C,p (Al/1,)%/2, where E-Eo representsitotal energy change, So is the area of the 2D cell and
AU/l is the strain along x or y.direction *2. Note that to obtain the accurate values of the carrier
mobilities is quite challenging and the above formula does not take into account the scattering
processes and hence gives onlyiarough estimate of the carrier mobilities 3.

The BTH formalism with STM-like setup was used to study tunnelling characteristics

of given structures, where electron tunnelling current is calculated as follows:

+ o0

< T B2y D] ]

ST

where e is the electronic charge, m is the effective mass of the electron, 7 is the Planck constant,
ps and pt represents the projected densities of states (PDOS) of the sample (monolayers) and

the tip (Auis cluster), respectively; € is the injection energy of the tunnelling electron, d is the
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distance between tip and sample, @av IS the average work-function of the sample and the tip and
f is the Fermi distribution function. The tip was considered to be separated from the sample by
a vacuum barrier width of 5 A, which depicts a non-bonded tip configuration for the/'STM
calculations.

Note that PDOS and the HSE bandgap were obtained from VASP-DFT calculations*. In the
hybrid Heyd-Scuseria-Ernzerhof HSE06 method, the exchange-correlation functional uses a
mixing parameter to incorporate Hartree-Fock (HF) exact exchange functional and the PBE
functional.

3 Results and Discussion 2

To test the reliability and accuracy of the modelling elements;we first consider the LHD
(Large Honeycomb Dumbbell) structures of the group-1V elementalimonolayers (as shown in
figure 1(a) where the top view consists of two type of six membered rings while the side view
looks like chain of dumbbells), and compare the results of our calculations with the previously
reported results 2. Since no information about mechanical property or electronic mobilities are
available in the scientific literature, we provide the corresponding results, for the first time, for
the LHD structures of the group-1V elementalmonolayers:

Next, we consider the hybrid LHD configurations, XeP4 with X being C, Si, Ge and Sn
in which only sp® sites were occupiedby-P.atoms in the 2D lattice. Note that sp® sites are
uppermost and lowermost atoms in the side wiew of figure 1(a). The results discussing stability,
mechanical and electronic properties of the hybrid LHD configurations are presented. Finally,
we report, for the first time, a new phosphorene allotrope, y’’-P which is found to be stable

with p-type electronic properties:s

3.1 Group-1V elemental monolayers: dumbbell configurations
3.1.1 Stability:
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Figure 1: (a) Top and side views of the crystal structure and (b).stress-strain curve along the
zigzag direction of group 1V elements in LHD configuration.

Figure 1 displays top and side views of a LHD configuration consisting of two types of
six-membered rings in the 2D lattice. The calculated lattice constants associated with LHD-C,
LHD-Si, LHD-Ge and LHD-Sn are found to be in goed.agreement with the previously reported
values (Table S1, Supplementary Information) 2. The bucklingfheight (d) (i.e. distance between
atom 5 and atom 3 in Figure 1) is consistent with previeusly reported DFT values (Table S1,
Supplementary Information) 2.

To check the mechanical stability:of LHD configurations of the group-IV elemental
monolayers, calculations were performed ta ebtain the stress-strain relationship. Note that the
stress-strain relation can estimate the ultimate tensile strength of a material which can be
defined as the ultimate value of stress (UTSR) at ultimate value of strain (UTSN) where the
slope of stress-strain curve becomes,zero. This will give us the maximum value of strain and
stress that a material can withstand before breaking (Figures 1(b) and S1 (a) of Supplementary
Information). For LHD-C, the calculated (UTSR, UTSN) is (19 GPa, 20%) along zigzag and
(17 GPa, 16%) along armehairdirections. In case of LHD-Si, (UTSR, UTSN) is (3.2 GPa, 20%)
along zigzag direction and (3 GPa, 16%) along the armchair direction. For LHD-Ge, (UTSR,
UTSN) is (2.2 GPa, 20%).along zigzag, and (2 GPa, 16%) along armchair directions. For LHD-
Sn, (UTSR;, UTSN).4s (1.7 GPa, 20%) along zigzag and (1.6 GPa, 16%) along armchair
directions.

Also;the mechanical flexibility of a 2D configuration can be interpreted in terms of the
in-plane elastic modulus (Czp) in the propagation direction. The in-plane stiffness is found to
be isotropic with magnitude 336 N/m, 77.8 N/m, 57.4 N/m and 39.7 N/m respectively for LHD-
C, LHD-Si, LHD-Ge and LHD-Sn, following the trend LHD-C > LHD-Si > LHD-Ge > LHD-

7
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Sn. The experimental value of elastic modulus of graphene is found to be 340 N/m which is
comparable to our calculated value for LHD-C “°. This trend can be understood in terms of the
bond lengths; a smaller bond length representing a stronger bond corresponds to a larger in-
plane stiffness. The (average) bond lengths in these structures follow the trend of C-C<'Si-Si<
Ge-Ge< Sn-Sn. The high in-plane-stiffness in case of LHD-C can be understood from the
relatively high induced stress in LHD-C structure on application of strain compared to other
group-1V dumbbell configurations which makes it least flexible of all the LHD structures
(Figure 1(b)).

3.1.2 Electronic Properties:

The GGA band gaps of LHD configurations of the group-1V eleffients are calculated to
be 1.8 eV for LHD-C, 0.3 eV for LHD-Si, 0.02 eV for LHD-Ge and0.1 eV for LHD-Sn. These
values are consistent with the scientific literature 2 followingithe trend of LHD-C > LHD-Si >
LHD-Sn > LHD-Ge. Since the DFT is known to underestimate. the bandgap at the GGA level
of theory, we calculate the bandgaps using HSE06 hybrid functional as well'’. A comparison
of the GGA and HSEO06 bandgaps clearly depicts this undekestimation. The HSEQ06 hybrid
functional band gaps of these configurations,are calculated to be 2.69 eV for LHD-C, 0.77 eV
for LHD-Si, 0.37 eV for LHD-Ge and 0.33 eV for LHD-Sn. The major contribution to the
bands near the Fermi level comes from the 2p, 3p, 4p and 5p orbitals of C-, Si- Ge- and Sn-
atoms in LHD-C, LHD-Si, LHD-Ge and,LHD-Sn, respectively (Figure S2, Supplementary
Information).

Table 1. Calculated electron and’hole effective mass (m”), deformation potential (E1), carrier
mobilities (x) and mobility anisotropy (Ra) of LHD-C, LHD-Si, LHD-Ge and LHD-Sn along
the zigzag and armchair directions:

Effective mass Deformation Mobility Mobility
potential anisotropy
Systems m”.(x) m” (y) Eix Eiy u(x) u ) Ra

(me) (me) (eV) (eV) (cm?/VIs) (cm?/VIs)
LHD-C (e) 1.71 1.66 0.31 0.30 2.6 x10* 2.9 x10* 1.10
LHD-C (h) 0.18 0.17 3.44 3.45 1.9 x104 2.1 x10* 1.11
LHD:Si(e) 0.37 0.37 0.88 0.86 4.3 x10* 1.7 x10* 2.58
LHD-Si (h) 0.67 0.12 2.60 2.59 1.3x10° 7.0 x10° 5.44
LHD-Ge (e) 0.33 0.33 0.34 0.41 9.8 x10* 6.6 x10* 1.48
LHD-Ge (h) 0.62 1.0 1.98 2.0 6.5 x10° 3.9 x10? 1.65
LHD-Sn(e) 0.37 0.37 0.29 0.32 7.4 x10% 5.9x10* 1.27
LHD-Sn(h) 0.87 0.44 1.48 1.49 7.20 x10? 1.4 x10° 1.97
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The electronic properties of the material are greatly influenced by the mobility of the
carriers in that material. The carrier transport properties depend on the in-plane stiffness, carrier

oNOYTULT D WN =

effective mass and deformation potential. The carrier effective mass can be calculated by
10 quadratic fitting of the band near the conduction band minima (CBM) or valence band maxima
12 (VBM). A smaller value of the carrier effective mass leads to increase in the carrier mobility.
14 To check the amount of anisotropy in the carrier mobility, the mobility anisotropy is calculated

Max(ﬂx;ﬂy)

- , Where R, = 1 for isotropic systems and Ra>1 for anisotropie.systems “°.
Mln(ﬂx'#y)

16 using: R, =

18 Table 1 lists magnitude of carrier effective mass, deformation potential and carrier
20 mobility obtained using Eq. 2, of the considered systems. For LHD-C, tfgelectron and hole
2 effective masses are nearly isotropic whereas only the electron effective’mass is found to be
23 isotropic for LHD-Si, LHD-Ge and LHD-Sn.

25 The calculated results suggest dumbbell configurations of the group-1V elemental
27 monolayers to be n-type semiconductors with very high'electron mobilities of the order 10*
cm?/V/s [Table 1]. 4

30 The surface morphology of a material can be investigated using STM images. First
32 principles calculations have been well knownto simulate the STM images by applying a small
34 bias voltage Vuias between the STM tiprand. the sample which yields a tunnelling current with
density j(r) proportional to the local density.of states (LDOS) at the centre of the curvature of
37 the tip at (r), approximated by Tersoff and Hamann expression #’. LDOS is integrated from
39 (EF—eV) to Er (Fermi energy)./The s-waves with constant density of states describe the tip
41 states. A positive (negative) bias.\voltage indicates tunnelling from the occupied states of the

sample to the tip (tip to unoccupied States of the sample) “8-52,

g Figure 2:The STM images and distance versus height profile for LHD-Si. The size of STM images
59 is,20A x 20A with an iso-surface value of 0.001 eV/A and the bias voltage is 1.0 V.
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In the STM image, brightest colours indicate atoms on top and dark colours indicate
atom located in bottom in the buckled 2D lattice. A comparison of the top view of the crystal
structure with that of the STM image shows that the STM images can clearly guide the
experimentalists to predict the surface of these considered LHD systems (Figures 2 and'S3 of
Supplementary Information). Three different heights represented by A and B depicted in the
distance-height profile of LHD-Si corresponds to the atom at position 5 and position 2 as given
in Figure 1(a), while C corresponds to no atom. No STM image is obtained ‘for LHD-C since
the bias voltage of 1.0 V is far less than its bandgap of about 1.86 eV.

Tunnelling characteristics calculated within BTH formulation (Eq 3) find LHD-Ge, and
LHD-Sn configurations exhibiting nearly-Ohmic character (=very small band-gaps), though
LHD-Si exhibits diode-like characteristics (~a noticeable finite gap (Figures 3).

Current-Voltage
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Figure 3: The current-voltage characteristics and differential conductance of LHD-Si, Ge and
Sn and the hybrid SisPs, GesP4 and SnsP4

3.2 Hybrid LHD Structures: CsPa, SicP4, GesP4 and SneP4
3.2.1 Stability:

Thesybridizedstructures were formed by replacing completely the sp3-coordinated atoms of
LHD structure with P atoms (Figure 4(a)). Recall that a LHD configuration consists four atoms
with sp® hybridization in the 2D lattice, and sp® hybridization is found to be favoured by P-

atoms as can be seen in its 2D allotropes 22, Note that the calculated results find that an

10

.8



Page 11 of 23

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-124531.R2

incremental addition of P atoms at sp® sites increases the cohesive energy except in LHD-C
where it decreases almost continuously (Figure S4, Supplementary Information). Once all the
sp? sites are occupied by P atoms, further addition of P-atoms at any of the sp? site destroys
dumbbell-like configurations.

The hybrid XsP4 (X: C/Si/Ge/Sn) structures shown in Figure 4(a) are predicted to be
dynamically stable. As a representative case, we present the phonon spectra of SisP4 In‘Figure
S5 of Supplementary Information. Note that the X-P bond length (X3-X4 in Figure 4(a)) is less
than the X-X bond length (X1-X2), except for CeP4 (Table S1, Supplementary Information) in
which the C-C bond length (1.53 A) is less than the C-P bond length (1.94 A). The calculated
buckling heights (d) for the hybrid LHD configurations are 2.55 A (CsP4); 3.37 A (SicPa), 3.44
A (GesP4) and 3.69 A (SnsP4), respectively (Table S1, Supplementary Information).

Figures 5 and S1 (b) of Supplementary Information depicts the stress-strain relationship
for the hybrid XsP4configurations. The values of ultimate tensile strain/strength (UTSR/UTSN)
for CeP4 is (10.4GPa, 16%) along zigzag and (11.1GPa, 16%) aleng armchair directions. For
SisPs (UTSR/UTSN) is (3.1GPa/ 18%) along zigzag»and.(3.2GPa/ 16%) along armchair
directions. For GesPs4, (UTSR, UTSN) is (1.85GPa, 12%) a|3ng zigzag and (1.88GPa, 18%)
along armchair directions, and for SneP4, (UTSR, UTSN)'Is (1.38GPa, 14%) along zigzag and
(1.37GPa, 12%) along armchair directions. Thein-plane stiffness is found to be 76.1 N/m, 61.5
N/m and 44.2 N/m for SisP4, GesP4 and SnsPawhich follows the trend SisP4 > GegP4 > SngPa.

Hybrid LHD Configuration Zigzag Direction
d N/ < 10—
‘ o / Cp,
e ‘ \ ' e Si P,
~ —o -0— Ge P,
: : < —3— Sn P
al \ (=18 B 6 4
S 6
a4t
=
m 2 |
o 1 1 1
2 4 6 8 10
Strain (%)
(b)

Figure 4:(a)- Top and side views of the crystal structure and (b) stress-strain curve along the
zigzag direction of group-1V elements in hybrid LHD configuration. Grey coloured balls
represent group-1V atoms (C/Si/Ge/Sn) while black coloured balls indicate P-atoms.
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3.2.2 Electronic Properties:

The addition of a P atom increases the bandgap exception being LHD-C. In the case of
LHD-C, the bandgap is 1.83 eV which reduces to 0 eV for CeP4, exhibiting a semiconductor. to
metal transition (Figure 5). The GGA (HSEO06) bandgaps of SisP4, GesPs and /SnePs are
calculated to be 1.24eV (1.69eV), 0.94eV (1.23eV) and 0.63eV (1.09eV), respectively, which
is significantly higher than their LHD counterparts. The predicted difference in CgP4 vs. others
hybrid LHD structures may likely to be due to the greater electronegativity af both C and P that
results into a strong C-P bond leading to the localized states at the Fermi level of CgPa.

Energy (eV)

1 4
2 --blh- L _2‘.._<:.>/
S

. ) e S
S T XS YT S I X
Figure 5: Band-structure of the hybrid LHD configurations.

Table 2. Calculated electron and hole effective mass (m”), deformation potential (E1), carrier
mobilities («) and mobility anisetropy (Ra) for SiePs4, GesPsand SneP4 along the zigzag and
armchair directions.

Effective mass Deformation Mobility Mobility
~N potential anisotropy

Systems m” (X) m” (y) Eix Eiy 1 (X) u () Ra

(me) (me) eV) | (V) | (cm?VIis) | (cm?VIs)
SieP4 (e) 0.45 0.45 031 | 0.24 8.6x10* 1.4 x10° 1.6
SisP4 (h) 1.49 0.26 2.06 | 1.87 4.1x10? 2.9 x10° 7.1
GesPs () 0.34 0.08 591 | 6.15 7.1x102 2.9 x10° 4.1
GesP4 (h) 1.72 0.15 1.88 | 1.45 4.3 x10? 8.3 x10° 19.6
SnsP4 (€) 0.47 0.07 5.51 3.75 3.6 x10? 4.9 x10° 13.7
SneP4 (h) 1.87 0.13 1.41 | 0.98 5.3 x102 1.6 x10* 30.7

In hybrid LHD configurations, CBM remains at the I', while VBM moves from a point
between ["and X in the case of pristine LHD configurations to I in the case of the hybrid LHD
configuration. This shift changes the bandgap character from indirect to direct as the hybrids
are formed. CBM in the hybrid monolayers is mainly due to a contribution of the p orbitals of

Si/Ge/Sn while the major contribution to VBM is from the P-p orbitals.
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The isotropy in the electron effective-mass is retained for SisP4 while the electron
effective-mass becomes anisotropic for GesP4 and SnsP4 (Table 2). The hole effective-mass, on
the other hand, remains anisotropic on forming the hybrid LHD structures. In the case 0fSieP4,
the ultra-high electron mobilities were predicted with value of the order of 10° whichuis, the
highest value reported among all the considered configurations. Such high electron mobilities
are of extreme significance in the nano-electronic devices. GegP4 acts as an n-type (p-type)
material along the zigzag (armchair) direction and SnePs possesses p-type character along
zigzag as well as armchair direction. It is worth calculating the effect ofispin orbit coupling
(SOC) on the carrier mobility in Sn based system. Electronic bands structure calculated
including SOC effect show significant reduction in the band gap ©0f SnsPa-(SOC bandgap of
SneP4: 0.52eV) due to splitting of valance band maximum, (Figure S6 Supplementary
Information), however, the carrier mobility does not change to a larger extent (Table S2 of
Supplementary Information). The fitted curves for in-plane stiffness.and deformation potential for
SneP4as a representative case has been shown in Figure S7.

Next, the STM images depict three different regions labelled as A, B and C
corresponding to different heights of atoms in the hybrid Ia?tice (Figure 6). The calculated
tunnelling characteristics find the diode-like characteristics for the hybrid structures unlike the

Ohmic characteristics shown by the pristine LHD structures (Figure 3).
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Figure 6: The STM images and distance versus height profile for (a) CsP4, (b) SisP4, (C) GesPa
and (d) SnePa. The size of STM images is 20A x 20A with an iso-surface value of 0.001 eV/A
and the bias voltage is 1.0V.
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3.3 New P allotrope, y’-P
3.3.1 Stability:

We now address the question of “does a dumbbell-structure exist for phosphorene?’,by
replacing the sp? sites with P-atoms in the hybrid X4Pe configurations. The calculated resuits
find that replacing all C/Si/Ge/Sn atoms with P atoms in LHD configuration gives rise to a new
2D phosphorene allotrope (Figure 7 (a)) which is not yet reported in the scientific literature:
We replace each atom of the LHD structure one by one with P atom beginning with sp® sites
and after that the rest of the sites. The structure evolution is shown in Figure S8, Supplementary
Information. The calculated cohesive energy of this new phosphorene allotrope is 5.52 eV/atom
which is about 0.16 eV/atom lower than a-P (Figure S4, Supplementary Inf&mation). This new
phosphorene allotrope consists of 4, 6 and 10 membered rings similar.to y-P, with entirely
different atomic arrangements yielding P-P bond lengths of 2.22A, 2.29A and 2.32A (Figure
S9 of Supplementary Information) in the 2D lattice. The new.allotrope is now referred to as
y”’-P.

The phonon spectra of y”-P depicts its dynamical stahjlity (Figure S5, Supplementary
Information). The phonon spectra presents little imaginary frequency near gamma point which
are probably due to softening of phonons and strongly depend on the computational parameters
as pointed out in previous literature®>->*. The stress-strain relationship shows y”-P to be
anisotropic. The calculated values of ultimate tenstle strain/strength (UTSR/UTSN) is (2.6GPa/
18%) along zigzag and (18GPal 26%) along armchair directions (Figure 7(b)). The anisotropy
can also be seen in the values of in-plane stiffness. Compared to a-P, it is found that y”-P is
flexible along both zigzag and aqnchair directions with in-plane stiffness value of 72.6 N/m
and 26.8 N/m respectively. For/a-P; the calculated values of C(x) and C(y) are 105 N/m and
26.5 N/m, respectively.

Energy (eV)

6
Strain (%)
(b) (©

4 10
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Figure 7: (a) Top and side views of the unit cell, (b) stress-strain curve and (c) band structure
of y”-P.

3.3.2 Electronic Properties:

The bandgap of y”-P is calculated to be indirect with a value of 1.28 eV, and CBMlies
at I while VBM lies at S point of the Brillouin zone of y”-P [Figure 7(c)]. The band gap value
calculated using HSEO6 hybrid functional is 1.98 eV. We find that both the electron and hole
effective-masses are anisotropic; the hole effective-mass is about 10 times higher-than the
electron effective mass along zigzag direction for y”-P. Along the armchair direction, the
electron effective-mass is 5 times higher than the hole effective mass for.y”-P.

~

Figure 8: The STM images and distance versusiheight profile for y -P. The size of STM images
is 20A x 20A with an iso-surface value of 0.001 eV/A and the bias voltage is 1.0V.

The STM image of y”’-P depicts different regions due to the various heights of the atoms (see
corresponding distance-height profile Figure 8) as can be seen from the side view of the crystal
structure in Figure 7(a). Also, similar to the hybrid LHD structures, y”-P show diode like
characteristics as depicted insits_eurrent-voltage characteristic and differential conductance
(Figure 9).
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Figure 9: (a) The current-voltage characteristics and (b) differential conductance of the y”-P.
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The calculated results of the carrier mobility predict y”-P to be p-type semiconducting 2D
material [Table 3]. The benchmark calculation was performed for a-P for which we find that
the calculated effective mass is in good agreement with that reported in the literature “2.
Additionally, we find that the hole mobility is higher than its electron mobility along'zigzag
(i.e. x) direction. On the other hand, the electron mobility is higher than the hole mability along
armchair (i.e. y) direction. This behaviour then suggests p (n)-type characteristies along zigzag
(armchair) direction for a-P as also previously reported [Table 3] 4.

Table 3. Calculated electron and hole effective mass (m”), deformation petential (E1), carrier
mobilities («) and mobility anisotropy (Ra) for a-P and y”-P alongsthe zigzag and armchair
directions.

Effective mass Deformation Mobility Mobility
potential anisotropy
Systems m” (X) m” (y) Eix Eiy (%) n(y) Ra
(me) (me) V) | (eV) |.(em?V/s) | (cm?/VIs)
a-P (e) 1.24 0.14 566 | 1.12 1.3 xloi 1.1 x10* 84.5
a-P (h) 5.56 0.14 0.46 | 3.54 2.2 X10° 1.2 x10° 1.82
y”-P (e) 0.22 1.53 4.96 »( 3.20 7.4x10! 6.3 x10! 1.2
y”-P (h) 2.33 0.34 2.32° | 44 4.4 x10? 8.5 x10? 1.9

3.4 Application

There are few exampleS in_literature where the indirect bandgap semiconductors are
found to exhibit excellent photocatalytic activity®>>®. The separation and diffusion rate of the
photoinduced electrons and hoIQ are important indexes for an excellent photocatalyst. In
general, if the effective mass of the photogenerated carrier is lighter, the carriers will have more
probability of reaching the surface reaction sites within their life-time, thus improving the
photocatalytic activity.. The.electron along x direction while hole along y direction possess
relatively lighter effective mass in y”-P. The significant difference between the electron and
hole effectivemass incase of y”-P leads to the effective separation of the electron-hole pairs,
which may reduce the recombination probability of the photogenerated carriers.

The bandgap of the material should be at least 1.23 eV to show photocatalytic activity
in the process of water splitting. Not only does the bandgap have this particular value but also
the VBM should be more negative than the redox potential of H,O/O, and the CBM of the
systemsheuld be more positive than the redox potential of Hz/H* (OV vs NHE) *’. The general

progcess can be:
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@"—P) > ht +e”
Oxidation (E vs. NHE = 1.236V):  H,0 + 2h* — 2H* +-0,

Reduction (E vs. NHE = 0 eV): 2H* +2e~ - H,
II_P * h
Overall process: H,0 u H, + %02

The bandgap of y”-P is calculated to be greater than 1.23 eV but the VBM is less negative than
the redox potential of HO/O. It is a well-known fact that the bandgap of the material can be

tuned by applying the strain 8.
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Figure 10: Energy alignment of monolayer <P allotrope. The strain engineering and pH value
of medium can modulate the band.alignment. Red (blue) colored horizontal lines indicate CBM
(VBM).

- \ - - -
Also, the pH value of the selution greatly influences the standard redox potential. In a solution,

the standard oxidation, potential H.O/O, can be given as *°:

61,0 = 5.67 eV —pH x 0.059 eV
Hence the oxidation and redox potential will shift equally as the pH of the solution changes.
So, we found that application of tensile strain of 4 %, 6% and 8 % at pH values of 14, 13 and
12, respectively, makes the band alignments appropriate for its application as a photocatalyst
[Figure 10]. Note that, alkaline media provides a less corrosive environment to the catalysts,
and.the” oxidation reduction reaction kinetics is more rapid in alkaline media than in acidic

media °°.

17



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-124531.R2

4 Conclusion
Based on first principles calculations, a new allotrope of two dimensional phosphorene (y -P)

has been predicted along with four phosphorus based novel group-1V LHD hybrids,(CeP4,
SisPs, GesP4 and SnePs). The structural phase transition starting from LHD-C/Si/Ge/Sn to
CoP4/SisP4/GesP4/SneP4 to y -P have been discussed. Compared with very low indirect bandgap
of the group-1V LHD structures, the predicted hybrids possess direct bandgap with values.more
than 50% of their corresponding LHD counterparts, exception being the case of carbon based
hybrid CeP4 which comes out to be metallic. The carrier mobility of these new semiconductors
reaches as high as 10* to 10° cm?V-1s?. Least value of the carrier mobility is possessed by v -
P (~10% cm?Vst) but is still higher than most of the 2D materials. The calculated STM images
of the considered systems clearly depicts their surface morphology: The new phosphorene
allotrope is found to show photocatalytic activity under appropriate solution conditions through
strain engineering. The novel electronic properties calculated here makes them suitable
candidates for the various nano material based applications.
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