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Tunable electronic and dielectric properties of
B-phosphorene nanoflakes for optoelectronic
applicationst

Pradeep Bhatia,* Ram Swaroop and Ashok Kumar*

Since the discovery of a-phosphorene, it has drawn considerable attention because of its possible
exfoliation as single layers. We report electronic and dielectric properties of B-phosphorene nanoflakes
in various configurations using density functional theory. Armchair edge nanoflakes with various shapes
are magnetic semiconductors while hydrogen passivated edge structures are non-magnetic
semiconductors with energy gap in the range of ~2.3-2.7 eV which is suitable for solar cell applications.
Dielectric functions are highly anisotropic in the low energy range and become isotropic above 10 eV
energy. The calculated static dielectric constant shows strong dependence on the shape and edge
structure of the considered nanoflakes. We found significantly large plasmonic energy differences for
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electron energy loss spectroscopy may be useful to determine the various shapes and edge
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1. Introduction

Low-dimensional materials have been studied recently due to
their novel properties and remarkable technological applica-
tions.'® Graphene was the first two-dimensional (2D) material
reported in 2004%® which exhibits very high carrier mobility but
limited device applications due to the absence of a band gap. A
band gap is essential for fabrication of electronic devices
including fast response transistors. Such a limitation associated
with graphene has led to the exploration of 2D materials beyond
graphene® such as silicene,'*'" germanene," transition-metal
dichalcogenides (TMDs),"*** phosphorene'®™® etc. It should
also be noted that 2D layers can be regarded as a universal
building block for the fabrication of 1D systems (nanotubes,
nanoribbons) and 0D (cage- and flake-like structures)
nanostructures.**

Phosphorene consists of sp* hybridized P in monolayer form
with puckered structure which can be exfoliated from black
phosphorus.”*** In the bulk form, black phosphorus is a direct-
gap semiconductor with carrier mobility up to 20 000 cm* Vs~
at room temperature.”*>* The layered structure of black phos-
phorus has strong in-plane bonding while vertically stacked
layers possess weak van der Waals forces that make individual
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considered nanoflakes potential candidates for optoelectronic device applications.

layers shear more easily. Layered phosphorus exhibits a direct
and tuneable transport gap of ~0.3 eV for 30 layers to ~1.51 eV
in a monolayer with reasonably high carrier mobility of ~1000
em® V7' 71172925 Recent studies have demonstrated phos-
phorene as a potential FET candidate with high on/off ratio.*

Phosphorene has been found to exhibit four stable allo-
tropes® namely black-phosphorene (a-P), blue-phosphorene (B-
P), delta-phosphorene (3-P) and gamma-phosphorene (y-P). The
black and blue phosphorene allotropes possess the most stable
crystal structures among the reported allotropic forms. a-
Phosphorene has a puckered structure while B-phosphorene
exists in a graphene-like honeycomb structure with substantial
buckling of atoms in the z-direction. B-Phosphorene also
exhibits a semiconducting nature with an indirect band gap of
~2 eV.* Interestingly, the band gap of B-phosphorene increases
with increasing thickness, in contrast to a-phosphorene, where
the band gap show decrease with increase in thickness.””

Several ways have been demonstrated in the past to make
materials suitable for particular applications.”** One route is to
prepare one-dimensional (1D) nanoribbons and
dimensional (0D) nanoflakes from 2D layers.*** There are
a range of properties of low dimensional systems which differ
from those of higher dimensional counterparts and can offer
a great potential for a variety of optoelectronic applications.***
In addition, desirable properties can also be achieved by
producing various edge structures and shapes of low-
dimensional nanostructures.***-*

It is well known that spatial quantum confinement effects
result in significant changes in electronic and optical properties

ZEro-
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of semiconductor materials.””*>*¢ Understanding the properties
of phosphorene nanostructures is important because the basic
functional components of future electronics and spintronics
devices will need to be at the nanometer scale to maintain the
trend of increased performance with miniaturization.”
Recently, it has been discovered that rectangular nanoflakes
based on a-phosphorene heterojunction structure give 20%
efficiency®® which is comparable or better than bilayer phos-
phorene/MoS, heterojunctions (16-18%),"” hybrid PCBM/CBN
heterojunctions (10-20%)** and g-SiC, based systems (12-
20%)* for highly efficient solar cells. Furthermore, an ab initio
study shows that the stability of phosphorene nanoflakes
strongly depends on the interaction strength between the
nanoflakes and substrates.* Significantly, nanoflakes of various
materials have been studied very recently’’™ which show
potential applications for future nanoelectronics.

In this paper, we present a novel study of B-phosphorene
based nanoflakes with different edge structure and shapes. We
have considered two types of edge structures, namely zigzag (2Z)
and armchair (AC) along with three types of shapes, i.e. trian-
gular, parallelogram and hexagonal, to study the electronic,
magnetic and optical properties. The edges are further termi-
nated with hydrogen and the resulting changes in the electronic
and optical properties have been investigated.

2. Computational methods

Electronic structure calculations were performed within density
functional theory (DFT) framework using the norm-conserving
Troullier-Martins pseudopotential as implemented in SIESTA
(Spanish Initiative for Electronic Simulations with Thousands
of Atoms) program package.’*** We have used the general
gradient approximation (GGA) according to the Perdew-Burke-
Ernzerhof (PBE) parameterization for exchange and correlation
energies.””*® Double-zeta basis with polarization (DZP) orbitals
are used to expand the Kohn-Sham wavefunctions. Minimiza-
tion of energy was carried out using the standard conjugate-
gradient (CG) technique. The structures were relaxed until the
forces on each atom were less than 0.01 eV A™*. The spacing of
real-space grids used to calculate the Hartree and exchange-
correlation potentials was taken as 250 Ry. We used supercell
geometry with a vacuum of about 20 A in all directions so that
the interactions between two adjacent flakes in the periodic
arrangement are negligible.

Optical broadening of 0.2 eV was used for dielectric prop-
erties calculations. All the unoccupied states have been
considered for the calculations of optical spectra. The imagi-
nary part of dielectric function (&) has been estimated by
calculating the dipolar transition matrix elements between
occupied and unoccupied single electron eigenstates.>* The real
part of dielectric function (e;) has been obtained using Kram-
ers-Kroning transformations. Finally, the electron energy loss
spectra (EELS) was calculated using ¢; and ¢, in the following
formula:
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3. Results and discussion

We have considered three different shapes of nanoflakes with
two types of edges (Fig. 1). The triangular (T), parallelogram (P)
and hexagonal (H) nanoflakes with zigzag (ZZ) edges are
modelled with 33, 46 and 54 P-atoms, respectively. Similarly,
nanoflakes containing armchair (AC) edges consist of 36, 72 and
114 P atoms, respectively. Next, we considered the edge
passivation of both ZZ and AC edges with H-atoms (Fig. S1 of
ESIf) to investigate the change in electronic and optical
features. The edges are passivated with 15, 18 and 18 H-atoms in
ZZ flakes while 18, 26 and 30 H-atoms were considered to
passivate AC edge nanoflakes.

In order to investigate the relative stability of blue phos-
phorene nanoflakes (BPNFs), we have computed the formation
energy and cohesive energy of both zigzag phosphorene nano-
flakes (ZZPNFs) and armchair phosphorene nanoflakes
(ACPNFs). The formation energy (Ef) per atom is defined as:

Er = (Epny — mEp — mEw)/(ny + ny)

where Epnr is the calculated total energy of a given nanoflake, Ep
is the energy per atom of 2D phosphorene, Ey; is the energy of
hydrogen atom, and », and n, are the number of P and H atoms,
respectively, in PNF. The cohesive energy per atom is calculated
as:

E. = (Epnp — mE) — mE)l(ny + ny)

where Epnr is the calculated total energy of a given nanoflake, E;
is the energy of isolated P-atom, E, is energy of an isolated
hydrogen atom, n; and n, are the number of P and H atoms,
respectively, in PNF. The positive but small formation energy of
bare PNFs (Fig. 1) indicates the relative ease of formation of the
considered nanoflakes from their 2D counterparts. The smallest
formation energy is computed for hexagonal nanoflakes
(0.27 eV per atom). The negative value of cohesive energy indi-
cates that the considered nanoflakes are energetically stable
and require ~7.5 eV per atom energy to break into their
constituents elements. The formation energy (cohesive energy)
of hydrogen passivated nanoflakes is found to be higher (lower)
(Fig. S1 of ESIT) than the bare flakes, that makes passivated
nanoflakes energetically less favourable than bare ones.
Furthermore, we have investigated the thermodynamical
stability of the considered nanoflakes by computing the phonon
spectra (Fig. S2 of ESIt). We found negative frequencies for
considered nanoflakes that make them thermodynamically
unstable, however, we expect that the very large size flakes may
be thermodynamically stable.

3.1 Electronic properties

Our spin-polarized calculations for triangular zigzag phos-
phorene nanoflake (T-ZZPNF) show distinctly different contri-
bution of electronic states for spin up and spin down density of
states (DOS) near the Fermi energy, as shown in Fig. 2(a), which
indicates the magnetic character of the considered configura-
tion of nanoflake. In general, the magnetic moment for an even
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Fig.1 Various B-phosphorene nanoflakes with zigzag (ZZ) and armchair (AC) edge structures with triangular (T), parallelogram (P) and hexagonal
(H) shapes. The formation energy (E;) and cohesive energy (E.) are also shown with each nanoflakes.

number of electrons cancels with each other whereas an odd
number of electrons leads to a magnetic character. T-ZZPNF has
15 unpaired electrons at the edges which contribute to the total
magnetic moment of 3 up per structure unit (Table 1). The
highest occupied molecular orbital (HOMO)-lowest unoccupied
molecular orbital (LUMO) gap for T-ZZPNF is calculated as
0.75 eV for up spin and 0.58 eV for down spin [Fig. 2(a)].

The parallelogram zigzag phosphorene nanoflake (P-ZZPNF)
shows a nonmagnetic semiconducting nature with calculated
HOMO-LUMO gap of 0.25 eV as shown in Fig. 2(b). The
nonmagnetic character is attributed to the even number of
electrons (18) present at the edges which cancel out the
magnetic character. Similarly, the hexagonal zigzag phosphor-
ene nanoflake (H-ZZPNF) shows a nonmagnetic character with
a HOMO-LUMO gap 0.14 eV [Fig. 2(c)]. The nonmagnetic
character is also attributed to the even number of electrons (18)
at the edges.

In order to quantify the electronic and magnetic behaviour of
various ZZPNFs, we have calculated the DOS for bulk and edge
atoms of fully relaxed structures [Fig. 2(d)—(f)]. It is clear from
the DOS of spin up and spin down states in Fig. 2(g) that the
magnetic moment in T-ZZPNF is mainly contributed by the edge
atoms. On the other hand, all types of edge atoms show negli-
gible shift in the spin up and spin down DOS of both P-ZZPNF
and H-ZZPNF [Fig. 2(h) and (i)] which results into nearly zero
magnetic moment in these flakes.

Furthermore, we have analysed the coordination number,
bond length and bond angle of edge atoms. Note that the
coordination number, P-P bond length and P-P-P bond angle

This journal is © The Royal Society of Chemistry 2016

of bulk atoms in ZZPNF are 3, 2.31 A and 113.54°, respectively.
We calculated the average coordination number 2.38 in T-
ZZPNF as compared to 3 in bulk atoms. The average P-P bond
length of edge atoms of T-ZZPNF reduces to 2.18 A, while the
average P-P-P bond angle of edge atoms decreases to 104.07°.
Similarly, a substantial reduction in the above values has been
noted for P-ZZPNF and H-ZZPNF (Table 1), that influence the
electronic and magnetic behaviour of the considered
nanoflakes.

Spin-polarized calculations of armchair B-phosphorene
nanoflakes show significant relative displacement of spin up
and spin down states in the vicinity of the Fermi energy
[Fig. 3(a)-(c)], which indicates the magnetic character of the
considered configurations. Interestingly, T-ACPNF shows
strong reconstruction of atoms on the corners by forming
pentagon structures [Fig. 3(d)]. The c-type edge atoms and the
bulk atoms mainly contribute to the 6 ug magnetic moment per
structure unit in T-ACPNF [Fig. 3(g)]. The HOMO-LUMO gap
has been calculated as 1.86 eV for up spin and 0.97 eV for down
spin state.

P-ACPNF shows strong magnetic behaviour with 22 ug
magnetic moment per structure unit. There are 26 electrons at
the edges, 20 are unpaired and 6 are paired with internal P-
atoms. The corner atoms of the flake show strong reconstruc-
tion as shown in Fig. 3(e). The magnetic moment mainly comes
from all types of edge atoms which contribute at the Fermi level.
The HOMO-LUMO gap is calculated as 1.85 eV for up spin and
0.88 eV for down spin states. Similarly, H-ACPNF shows a 30 up
magnetic moment per structure unit which is mainly attributed
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Fig. 2 Energy levels and corresponding DOS for (a) T-ZZPNF, (b) P-ZZPNF and (c) H-ZZPNF. The corresponding fully relaxed structures are
shown in (d)-(f). The PDOS of edge and center atoms are indicated in the relaxed structures and are given in (g)—(i).
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Table 1 The number of atoms, average coordination number of edge atoms (C,,g), average bond length of edge atoms (R,g), average bond
angle of edge atoms (A,,4), HOMO-LUMO gap (Eg) and magnetic moment (per structural unit) of various unpassivated nanoflakes. Note that the
calculated P-P bond length and P-P—P bond angle of bulk atoms in ZZPNF are 2.31 A and 113.54°, respectively, while the respective bond length
and bond angle of ACPNF are 2.30 A and 92.32°. The number of atoms and calculated HOMO-LUMO gaps of hydrogen passivated nanoflakes

are also given

Without passivation

With H-passivation

Nanoflakes No. atoms Cavg. Ravg/;\ Oavg/deg E,/eV Magnetic moment/ug No. atoms EgleV
T-ZZPNF 33 2.38 2.18 104.07 0.751, 0.58 3 48 2.77
P-ZZPNF 46 2.33 2.19 104.39 0.25 0 64 2.50
H-ZZPNF 54 2.40 2.17 105.84 0.14 0 72 2.56
T-ACPNF 36 2.80 2.26 94.30 1.861, 0.97| 6 54 2.68
P-ACPNF 72 2.57 2.24 94.24 1.851, 0.88] 22 98 2.39
H-ACPNF 112 2.44 2.24 99.87 1.887,0.98] 30 142 2.31

to the unpaired electrons of the edge atoms which can be seen
from the DOS contribution of edge atoms around the Fermi
level [Fig. 3(i)]. The significant change in the coordination
number, bond length and bond angle of edge atoms has been
noted in all the armchair edge configurations (Table 1) which
influence the electronic and magnetic behaviour of considered
nanoflakes. Furthermore, in order to investigate the energeti-
cally favourable magnetic order of the magnetic nanoflakes, we
calculate the antiferromagnetic (AFM) ground state energy of
the flakes and found that there is very small energy difference
between FM and AFM states. The difference in ground state
energy was calculated as 90, 130, 60 and 5 meV per atom for H-
ACPNF, P-ACPNF, T-ACPNF and T-ZZPNF, respectively, that
suggest study on AFM and ferromagnetic ordering of given
magnetic nanoflakes should be undertaken.

Next we consider the edge passivation of considered nano-
flakes with H-atoms. It is found that the unpaired electrons on
the edges make bonds with hydrogen atoms that results in an
increase in the energy gap. All the considered configurations of
B-phosphorene nanoflakes with H-passivation on the edges
reveal wide gap semiconductors with HOMO-LUMO gaps
ranging from ~2.3 to ~2.8 eV (Table 1). It is found that the
HOMO-LUMO gap has strong dependence on the edge struc-
ture and the shape of nanoflakes (Fig. 4). On analysing the
partial density of states (PDOS), we found that 3p, orbitals of P
atoms mainly contributed in the vicinity of the Fermi level.

3.2 Dielectric properties

The structure peaks in the imaginary part of dielectric function
(&) is related with the interband transitions in the corre-
sponding electronic structure. The structure peaks in EELS
signifies the collective excitations of electrons at that energy. In
general, low energy EELS peaks indicate the collective excitation
of weak T electrons, whereas the higher energy EELS peaks are
related with both 7 and o electron excitations.”® The static
dielectric constant (¢5) has been investigated by calculating the
value of real part of dielectric function (¢;) at zero frequency.
The dielectric functions can have two possible orientations of
electric vector, namely out-of-plane and in-plane polarization in
the considered nanoflakes.

This journal is © The Royal Society of Chemistry 2016

The complex dielectric functions and calculated EELS of
triangular (T), parallelogram (P) and hexagonal (H) B-phos-
phorene nanoflakes without passivation for both edge struc-
tures are depicted in Fig. 5. Dielectric functions are anisotropic
in the low energy range (below 10 eV) and become isotropic in
higher energy range (Fig. 5 and S3 of ESIT]. The intensity of ¢, in
ACPNF is an order of magnitude higher than the intensity in
ZZPNF which is attributed to the higher number of energy levels
available for inter-level transitions in ACPNF as compared to
ZZPNF (Fig. 4). The broad structure peaks in ¢, for out-of-plane
polarization indicate the multiple inter-level transitions, which
show a small red shift on going from ZZPNF to ACPNF, that
results into the dependence of ¢, on the edge structure of the
flakes.

The static dielectric constant (e5) increases on going from
unpassivated ZZ to AC edge structure in both polarization
directions (Table 2). The &5 of P-ACPNF and H-ACPNF is calcu-
lated as 27.3 and 39.9, respectively, for in-plane polarization
which indicates the tendency of these flakes to show higher
metallicity. The electron energy loss spectra (EELS) for out-of-
plane polarization show broad plasmonic structure above 5 eV
energy which may be attributed to the collective excitations of
both 7 and o electrons of flakes (Fig. 5). Note that EELS for in-
plane polarization show some structure below 1 eV energy
(Fig. S3 of ESIt), however, such small energy plasmonic struc-
tures may be due to the interlevel transitions of weakly bound
electrons. On carefully looking at the plasmon energy values
which have been roughly estimated in Table 2, we found
a systematic shift in the plasmonic structure on going across
ZZPNF to ACPNF that indicate the edge-dependent EELS.
Similarly, systematic blue shift in the energy has been noted as
one goes from a triangular (T) to parallelogram (P) to hexagonal
(H) nanoflakes for both ZZ and AC edge configurations with
both out-of-plane and in-plane polarization, that results in the
shape-dependent EELS.

Next we investigated the dielectric functions and EELS of
hydrogen-passivated edges of various nanoflakes configurations
(Fig. 6 and S4 of ESIt). The ¢, of AC edge structures has higher
intensity than ZZ edge flakes which is attributed to the higher
number of available atomic levels for interband transitions. The
static dielectric constant has been calculated to be in the range

RSC Adv., 2016, 6, 101835-101845 | 101839
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of 1.2 to 2.1 (Table 1). As we go from ZZ edge configurations to
AC edge configurations, the static dielectric constant (&) shows
an increase in its magnitude which is inverse of the HOMO-
LUMO gap (Eg) calculated in Table 1. This can be understand
within the framework of the Penn model expression:*

101840 | RSC Adv., 2016, 6, 101835-101845
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where the static dielectric constant in the case of semi-
conductors is roughly inverse with the square of the band gap.
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Fig. 4 Energy states and corresponding total and partial density of states of H-passivated nanoflakes with various edge and shape structures.

The plasmonic energies show a blue shift on going from ZZ edge
configurations to AC edge configurations which indicate the
edge dependent EELS of the considered nanoflakes.

It is noticeable that the considered nanoflakes have shape-
and size-dependent dielectric properties. Particularly, the EELS
show strong sensitivity to the edge configurations and shape
structures. For example, T-ZZPNF and P-ZZPNF without
passivation has ~2 eV energy difference in EELS for out-of-plane
polarization and the same flakes with edge passivation show
~3.5 eV energy difference for in-plane polarization. Similarly,
we found significantly large plasmonic energy difference for
a nanoflake with a particular shape having different edge
configurations. Therefore, electron energy loss spectroscopy

This journal is © The Royal Society of Chemistry 2016

may be useful to determine the various shapes and edge
configurations of the considered nanoflakes.

3.3 Size effect on electronic and dielectric properties

Next we consider the effect of size on electronic and dielectric
properties of nanoflakes. As a representative case,
parallelogram-shaped PNF has been taken for study. It is found
that the size of PNF has significant impact on the electronic
structure (Fig. S5 of ESIt), e.g. the energy gap of bare ZZPNF
shows more than 50% decrease in magnitude on increasing the
size from P,z to P,; the spin up energy gap of ACPNF decreases
while spin down gap shows a marginal increase on increasing
the size from P3¢ to P,,; hydrogen passivated nanoflakes also

RSC Adv., 2016, 6, 101835-101845 | 101841
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Table 2 The calculated static dielectric constant (e5) and plasmons energy for out-of-plane and in-plane polarization of various nanoflakes

Without passivation With H-passivation

& Plasmon energy/eV & Plasmon energy/eV
Nanoflakes Out-of-plane In-plane Out-of-plane In-plane Out-of-plane In-plane Out-of-plane In-plane
T-ZZPNF 1.1 2.3 7.8 5.1 1.2 1.2 9.3 9.1
P-ZZPNF 1.2 3.4 9.8 5.3 1.1 1.1 9.4 5.4
H-ZZPNF 2.0 6.4 10.1 5.4 1.2 1.4 9.3 5.2
T-ACPNF 1.3 3.7 9.1 7.4 1.3 1.4 9.8 9.2
P-ACPNF 1.9 27.3 10.0 9.8 1.5 1.8 10.0 9.7
H-ACPNF 3.1 39.9 11.4 10.1 1.6 2.1 10.3 9.6
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Fig. 6 Real part of dielectric function (e;), imaginary part of dielectric function (e;) and electron energy loss spectra of hydrogen passivated
ZZPNF and ACPNF with (a) triangular (T), (b) parallelogram (P) and (c) hexagonal (H) shape, for out-of-plane polarization.

show a size effect with decrease in energy gap with increasing size; EELS shows a blue shift in plasmonic energy from 9.6 to
number of atoms in the nanoflakes. The size effect on the 10.1 eV. The variable energy gap and tunable dielectric prop-
dielectric properties has also been shown by nanoflakes which erties of PNFs which depends on the edge configurations, shape
is more pronounced for ACPNF (Fig. 7), e.g. the static dielectric and size of flakes makes the studied nanostructures potentially
constant of ACPNF increases from 1.4 to 1.9 on increasing the useful for optoelectronic applications.
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Fig.7 Real part of dielectric function (¢;), imaginary part of dielectric constant (¢;), electron energy loss spectra of parallelogram (P) shape ZZPNF
and ACPNF with size effect, for out-of-plane polarization. Small size ACPNF and ZZPNF have 36 and 28 atoms, respectively, while large size

flakes have 72 and 46 atoms, respectively.

4. Summary

In summary, we have performed a detailed first principles study
of the electronic and dielectric properties of B-phosphorene
nanoflakes. It is found that the energy gap of unpassivated (-
phosphorene nanoflakes with AC edges is larger than for ZZ
edges. The unpassivated AC edge structures are magnetic
semiconductors while hydrogen passivated structures show
increased HOMO-LUMO gap with non-magnetic character. The
magnetic nature of unpassivated AC edge configurations is
attributed to the dangling bond states and the magnitude of
magnetic moment depends upon the reconstruction of edge
atoms. Dielectric functions are highly anisotropic in the low
energy range and show isotropic behaviour at higher energy.
The intensity of the imaginary part of the dielectric function for
AC edge structures show higher intensity than ZZ edge config-
urations due to the higher number of available states for
interband transitions in AC nanoflakes. The static dielectric
constant shows strong dependence on the types of shape and
edge structure of considered nanoflakes. The electron energy
loss spectra show distinctly different plasmonic features for
considered nanoflakes. The tunable electronic and dielectric
properties of the considered nanoflakes may find applications
in optoelectronic devices based on B-phosphorene.
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