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Ab initio calculations in the framework of many-body perturbation theory (MBPT) are performed to calculate
the electronic and optical properties of monolayer and bilayer blue phosphorene with different stacking config-
urations. It is found that the stacking configuration of bilayer blue phosphorene strongly affects the electronic
band gap of the material. By solving the Bethe-Salpeter equation (BSE) on top of the GyW, calculation, the
binding energies, spectral positions, and band decomposition of excitons of monolayer and bilayer configurations
are investigated. The most prominent two excitonic peaks of bilayers are examined in detail. Our calculations
show that different stacking configurations lead to distinct interlayer interaction characteristics which lead to

substantial change in the optical spectrum of bilayer blue phosphorene. Mostly intralayer and mixed interlayer
excitons with quite high binding energies are obtained in bilayer blue phosphorene. Our results show that
excitonic properties of ultrathin materials play an important role in tuning and improving the optoelectronic

performance of two-dimensional materials.

DOI: 10.1103/PhysRevB.100.125423

I. INTRODUCTION

An exciton is an electrically neutral quasiparticle com-
posed of an electron and a hole interacting with Coulomb
forces. Depending on the crystal structure of the material,
the exciton binding energy may be an important physical
quantity in determining the optical gap of the material. Due
to small carrier effective mass and high dielectric screening,
the exciton binding energy of typical bulk semiconductors is
in the range of a few meV. Low-temperature absorption mea-
surements showed that the exciton binding energy of GaAs
crystal is 4.2 meV [1]. Shan et al. showed that the electron-
hole interaction in GaN and SiC is weak and therefore it is
vulnerable to thermal broadening [2].

It is known that changing the dimensionality of a semicon-
ductor from three-dimensional (3D) to two-dimensional (2D)
leads to enhancement of the quantum confinement effects
and reduces the Coulomb screening. The weakly screened
Coulomb interaction between electron and hole increases the
exciton binding energy of 2D materials up to several hundred
meV [3-5]. Therefore, excitonic effects play important roles
in the optical properties of 2D materials. For instance, Ugeda
et al. showed that many-body interactions and high exciton
binding energy (0.55 eV) have a significant effect on elec-
tronic and optoelectronic properties of monolayer MoSe; [6].
Experimental studies revealed that optical gap of monolayer
MoS; is significantly lower than the quasipaticle band gap
[7,8]. Li et al. revealed that interband transitions of few-
layer black phosphorene cover a wide spectral range from the
visible to the mid-infrared [9]. Recently, Zhang et al. found
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that few-layer black phosphorene has high exciton binding
energy with a strong layer dependence [10]. They predicted
a high exciton binding energy of ~800 meV for free-standing
monolayer black phosphorene.

Fundamental understanding of formation of excitons is
extremely important for their usage in optoelectronic devices.
Previous studies reported the linear relationship between the
quasiparticle band gap of a 2D material and the exciton
binding energy [11,12]. Therefore, the exciton binding energy
of wide-bandgap monolayers is expected to be much higher
than that of the monolayer transition metal dichalcogenides
(TMDs). Recently, the monolayer form of blue phosphorene
was synthesized on a Au(111) surface [13-15]. It has a
silicene-like atomic formation with a buckled layered struc-
ture. In a recent theoretical study the quasiparticle band gap
of monolayer blue phosphorene was found to be much larger
than that of monolayer TMDs, and it has a significantly high
exciton binding energy [16]. Moreover it was revealed that the
band gap of monolayer blue phosphorene can be altered easily
by means of external stimuli [17,18]. Pontes et al. showed
that interlayer distance of bilayer blue phosphorene strongly
depends on the stacking order [19]. This feature of bilayer
blue phosphorene can be exploited to engineer and manipulate
excitons for the sake of optoelectronic applications.

One of the most common methods for manipulating ex-
citonic properties in 2D materials is to create van der Waals
heterostructures. Recently, it was shown that optical spectrum
of heterobilayers of TMDs is significantly altered by twist-
angle dependent Moiré exciton peaks [20-22]. Heterostruc-
tures can host interlayer excitons where the electron and
hole reside in distinct layers [23,24]. Because of the reduced
overlap of the electron and hole wave functions, interlayer ex-
citons exhibit longer recombination lifetimes than intralayer
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excitons [25,26]. On the other hand, spatial separation be-
tween the charge carriers of interlayer excitons leads to re-
duced oscillator strength and binding energy [27]. Therefore,
it is difficult to observe interlayer excitons in absorption
experiments. Nevertheless, Deilmann et al. predicted forma-
tion of mixed interlayer excitons, which are composed of
intralayer and interlayer excitons in bilayer MoS, [28]. They
stated that these mixed interlayer excitons exhibit strong and
easily tunable optical amplitude.

Herein, motivated by the above studies, stacking-type-
dependent excitonic properties of bilayer blue phosphorene
are investigated by employing first-principles calculations
based on density functional theory (DFT) and many-body per-
turbation theory (MBPT). The present paper is organized as
follows: detailed information about computational methodol-
ogy is given in Sec. II. The structural properties and electronic
band dispersions of bilayer blue phosphorene are given in
Sec. III. By solving the Bethe-Salpeter equation on top of a
GW calculation, optical properties of bilayer blue phospho-
rene are discussed in Sec. I'V. Finally, we conclude our results
in Sec. V.

II. COMPUTATIONAL METHODOLOGY

We performed DFT calculations with the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional as imple-
mented in the QUANTUM ESPRESSO code [29,30]. The pseu-
dopotentials were taken from the Pseudo-Dojo database [31].
Norm conserving pseudopotentials with a kinetic energy cut-
off of 60 Ry were used. The van der Waals forces, which
have a significant effect on the interlayer distances of the
bilayer structures, were included using the DFT-D2 method
of Grimme [32]. Periodic images of monolayer and bilayer
structures were separated by at least 20 A of vacuum spacing
in the direction normal to the nanosheet plane. We used
18 x 18 x 1 k-point samplings for the primitive unit cells of
both monolayer and bilayer structures. The cohesive energy
per atom of monolayer and bilayer structures was calculated
as Econ. = (nEg-E7)/n, where E;, Er, and n denote the single-
atom energy, total energy, and total number of atoms in the
unit cell, respectively. The convergence criterion for energy
was taken to be 107° Ry between two consecutive steps. The
net force on each atom was reduced to a value of less than
107 Ry/au.

The DFT eigenvalues were corrected by the GoW, calcu-
lation (plasmon-pole approximation) as implemented in the
YAMBO code [33-35]. The excitonic effects of monolayer
and bilayer blue phosphorene were calculated by solving the
Bethe-Salpeter equation (BSE) on top of GoW, [36,37]. The
excitations were calculated in terms of electron-hole pairs:

(Eex — Eg)AS , + Z(vck|Keh|v’c/k’)A§C,k, =A% ., (1)

vek
k'v'c

where E,; and E,; are the quasiparticle energies of the valence
and conduction band states, respectively. K, describes the in-
teraction between excited electrons and holes. AS , and 5 de-
note the corresponding exciton eigenfunction and eigenvalue,
respectively. Our test calculations showed that convergence
of 50 meV of the quasiparticle band gap and optical spectra
of monolayer and bilayer structures was reached with 300

FIG. 1. (a) Top and side views of optimized geometric structures
and (b) the orbital-projected electronic band dispersions of mono-
layer blue phosphorene. The rhombus represents a unit cell of the
structure. Light and dark blue atoms show the upper and lower P
atoms in the layer, respectively.

bands and 42 x 42 x 1 k-point samplings. Both GyW; and
BSE calculations were performed with 42 x 42 x 1 k-point
samplings. We used 300 bands for the self-energy and 300
bands for the dynamical dielectric screening in the GoWj step.
The Coluomb interaction was truncated at the edges of unit
cells in the direction normal to the nanosheet plane [38].
Since we are interested only in the low-energy part of the
optical spectra, the four highest valence bands and four lowest
conduction bands were included in the calculation of excitonic
states.

III. STRUCTURAL AND ELECTRONIC PROPERTIES OF
MONOLAYER AND BILAYER BLUE PHOSPHORENE

A. Monolayer blue phosphorene

As displayed in Fig. 1(a), monolayer blue phosphorene
consists of phosphorus atoms arranged in a honeycomb lattice
structure. Freestanding monolayer blue phosphorene exhibits
a silicene-like buckled structure due to sp® hybridization. The
optimized lattice constant of monolayer blue phosphorene is
found to be 3.28 10\, which is consistent with the previous
theoretical studies and 0.2 A lower than the experimentally
observed lattice parameter of the monolayer structure syn-
thesized on a Au(111) surface [15,19]. As given in Table I,
the distance between two P atoms is calculated to be d =
2.27 A. Tt is found that the buckling thickness of monolayer

TABLE 1. Calculated parameters for the monolayer and four
different stacking configurations of bilayer blue phosphorene: the
lattice constant, a; P-P distance, d; buckling height, h;; interlayer
distance, A;; the cohesive energy per atom, Ec,, ; energy band gap
values within GGA and GGA+GoWy, EZ* and EZ0", respectively.

a d hy h; Econ.

ESGA
A A A A V) V) (V)

GoWo
Eg

Monolayer 3.28 2.27 1.24 3550 192 336

AA, 328 227 124 324 3576 1.03 2.337
AAy 328 227 124 412 3563 152 2965
AB, 328 227 124 322 3575 1.02 2348
ABy 328 227 124 406 3564 150 2939
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FIG. 2. Top and side views of optimized geometric structures and the orbital projected electronic band dispersions of (a) AA,, (b) AAy,
(c) AB., and (d) ABy stacked bilayer blue phosphorene. Light and dark blue atoms show the upper and lower P atoms in each layer,

respectively.

blue phosphorene, b, = 1.24 A, is much larger than that of
monolayer silicene (0.44 A). The calculated cohesive energy
per atom of monolayer blue phosphorene is 3.55 eV. Previ-
ously it was predicted that while the cohesive energies of free-
standing monolayer blue phosphorene and black phosphorene
are very close, blue phosphorene is found to be more stable
energetically than black phosphorene on GaN(011), Au(111),
and Cu(111) surfaces [39,40]. The orbital-projected electronic
band dispersions of monolayer blue phosphorene are illus-
trated in Fig. 1(b). The calculated band structure is consistent
with the ones previously reported in the literature [19,41].
Monolayer blue phosphorene has an indirect band gap of
1.92 eV with the valence band maximum (VBM) located in
between I and K points and the conduction band minimum
(CBM) in between I' and M points. Orbital projected band
structure reveals that the major contribution to the valence
and the conduction band edges originates from the hybridized
s and p,, orbitals. Moreover, there is a second valance band
edge with the same orbital character as the VBM between the
I' and M points in the Brillouin zone (BZ), being only 42 meV
lower in energy than the VBM.

B. Bilayer blue phosphorene

After characterizing the structural and electronic properties
of monolayer blue phosphorene, we studied its bilayer forms.
It has been reported for several systems that the optical proper-
ties, electronic band dispersions and the band gaps of bilayer
2D materials strongly depend on the stacking configuration
of the bilayer [42,43]. Therefore, for a thorough examination
of the electronic and optical properties of a bilayer material,
all possible stacking configurations should be considered. As
can be seen in Figs. 2(a)-2(d) there are four different high-
symmetry configurations with which to construct bilayer blue
phosphorene. According to their stacking type and interlayer
distance, we label these bilayers as follows: AA;, top and
bottom layers overlap exactly; AAy, top and bottom layers
overlap but the buckling order between the layers is reversed;

AB,, while the upper atoms of the layers overlap, lower atoms
of the top layer are in the middle of the hexagon of the other
layer; ABy, while the lower atoms of the top layer are on top
of the upper atoms of the bottom layer, the other atoms are in
the middle of the hexagons of the other layer. Table I shows
that the lattice constants, interatomic distances, and buckling
height of the four bilayer systems are the same as those of
monolayer blue phosphorene. On the other hand, the calcu-
lated interlayer distance (h;) varies considerably depending
on the type of stacking. While the interlayer distances for
AA; and AB; are 3.24 and 3.22 A, respectively, the AAy
and ABy configurations have almost 1 A larger interlayer
distances (4.12 and 4.06 A, respectively). In order to predict
stabilities, the cohesive energies of the bilayer configurations
are also calculated and given in Table I. AA; stacking order-
ing is found to be energetically the most favorable configu-
ration. Compared to the AAy and ABy stackings, reduction
of the interlayer distances increases the interlayer interac-
tions and therefore the cohesive energies in AA; and ABy
stackings.

The orbital projected electronic band dispersions of differ-
ent bilayer configurations [see the lower panels of Figs. 2(a)—
2(d)] exhibit indirect-gap characteristics similar to those of
monolayer blue phosphorene, while the band gaps of bilayers
are much lower. The indirect band gaps of AA;, AAy, ABy,
and ABy are calculated to be 1.03, 1.52, 1.02, and 1.50 eV, re-
spectively. It is clear that difference in the interlayer distances
due to the stacking type plays an important role in determining
the electronic band gap. As the interlayer distance increases
the electronic band gap of bilayer increases (see Table I).
Similarly to the band structure of monolayer blue phospho-
rene, dominant configurations for the states of the valance
and conduction band edges emerge from the hybridized s and
Dxy orbitals. In addition, the electronic band dispersions of
AA; (AAp) and AB; (ABg) exhibit very similar behavior
except for the K point in the BZ. Compared to the Bernal
(AB) stacking, decreased symmetry in the AA stacking leads
to splitting of conduction bands around the K point.
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FIG. 3. (a) Electronic band structures within GoW, and (b) opti-
cal absorption spectrum and oscillator strengths of monolayer blue
phosphorene. The insets show the real space exciton wave functions.

IV. EXCITONIC PROPERTIES OF MONOLAYER
AND BILAYER BLUE PHOSPHORENE

A. Monolayer blue phosphorene

The quasiparticle energies of monolayer blue phosphorene
are computed by performing a GoW, approximation on top of
a DFT calculation and calculated band structure is shown in
Fig. 3(a). The GoW, approximation has significant effects on
the electronic band structure and increases the indirect band
gap of monolayer blue phosphorene from 1.92 to 3.36 eV as
the electron-electron interaction is enhanced due to weakly
screened Coulomb interaction in 2D structures. Our predicted
quasiparticle band gap value of monolayer blue phosphorene
is slightly lower than the previously reported value of 3.53 eV
[16]. It is found that the inclusion of the GyW, correction not
only shifts the band edges but also alters the band dispersions
of monolayer blue phosphorene. While the correction has a
negligible effect on the dispersion of the conduction bands, the
VBM is shifted toward the I" point. Since the GoW, correction
is not uniform in the whole BZ, the scissor shift technique is
not suitable for this material.

Although the calculation of the quasiparticle energy is suf-
ficient to get an accurate electronic structure of a material, it
is necessary to take into account the electron-hole interactions
to obtain the correct optical spectrum. For this purpose, the
BSE calculation is performed using the energy eigenvalues
obtained from the GyW, calculation; this procedure is proven
to be reliable in calculating highly accurate optical properties
of 2D materials. Figure 3(b) shows the absorption spectrum
of monolayer blue phosphorene obtained using the imaginary
part of the dielectric function. Among several excitons located
below the indirect band gap of blue phosphorene, we only
considered three main bound excitons, A, B, and C, located
near the optical band edge with high oscillator strengths. The
peak positions of A, B, and C excitons are found to be at 2.817,
3.213, and 3.251 eV, respectively. Our calculations show that
the oscillator strength of A is much higher than that of B and C

excitons. In Fig. 3(a), the band and the k-point compositions
of the indicated excitons are shown. As seen in the figure, all
three peaks originate from the same k point in the BZ with
the electronic band gap of 3.653 eV. The binding energies
of A, B, and C excitons are calculated to be 0.836, 0.440,
and 0.402 eV. Comparison with the projected band structure
reveals that the these excitons are formed by hybridized s and
Dxy orbitals. In order to understand the excitonic properties in
detail, the real-space excitonic wave functions of the material
are calculated using the following formula:

Q5 (E, ) = ) Apuber (B)pi (50), 2

k,v,c

where S denotes the exciton and A5 is the coefficient of
the S exciton obtained by the diagonalization of the Bethe-
Salpeter equation [36]. ¢ and ¢, are electron and hole wave
functions, respectively. For real-space plots of A, B, and C
excitons shown in the inset and side panel of Fig. 3(b), the hole
position is fixed near the P atom in the center of the figures
and the corresponding electron distributions are shown. It
is clear that wave functions of the A, B, and C excitons
resemble the 1s, 2p, and 2s states of the hydrogen atom. As
expected, the exciton A is more localized than the B and C
excitons. Calculated exciton binding energies, peak positions,
and exciton wave functions of monolayer blue phosphorene
are very similar to the previously reported values [16]. Fur-
thermore, the most prominent optical transition, is located at
the 4.219 eV. Differing from the other excitons, the exciton D
is formed by p, orbitals and hybridized s-py, orbitals.

B. Bilayer blue phosphorene

The calculated indirect quasiparticle band gaps of AA;,
AAyg, AB., and ABy stacked bilayers of blue phosphorene
are 2.337, 2.965, 2.348, and 2.939 eV respectively. Similar
to the monolayer case, inclusion of GoW, correction leads to
~1.44 eV increase in the band gap of the AAy and ABy
stacked bilayers. However, the GoW, correction for the AA,
and AB;, stacked bilayers (~1.33 eV) is lower than that of the
monolayer. Therefore, increased interlayer interaction with
the reduction of interlayer distance in AA; and AB; stacked
bilayers causes an increase in the screening effect between the
layers and a decrease in the band gap correction. Absorption
spectra of AA;, AAy, AB., and ABy bilayers of blue phos-
phorene are shown in Figs. 4(a)—4(d), respectively. Similar to
the monolayer case, the optical band edge of bilayers consists
of various optical transitions. For the sake of simplicity, we
focus only on the in two main peaks (E; and E;) near the
optical band edge.

Absorption spectrum of AA; stacked bilayer is shown in
the middle panel of Fig. 4(a). The first bright exciton of AAy,
AAE', is at 2.367 eV, which is located at the lowest energy
compared to the bright excitons of the other stacking types.
The most prominent excitonic peak around the optical gap of
AA;, AAfz, is located at 2.701 eV. The oscillator strength
of the AAF! is significantly lower than that of the AAZ?.
The upper panel of Fig. 4(a) shows that the AAY! exciton
emerges from the transitions from the highest valance band to
the lowest conduction band, whereas the AAf 2is mainly due
to the transitions from the highest valance band to the second
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FIG. 4. Electronic band dispersions within GoW, (the upper panels); optical absorption spectra, oscillator strengths, and top views of the
real space exciton wave functions (the middle panels); and the percentage of the excitonic wave function on each layer (the bottom panels), of
(a) AAL, (b) AAy, (c) AB., and (d) ABy stacked bilayer blue phosphorene. In all cases, the hole position is indicated by the black arrow.

conduction band. It also appears that a small contribution
comes from the first conduction band to the AAY2. Although
the oscillator strengths of the AAF! and AAF? excitons are
quite different, their exciton binding energies are close to each
other: 0.628 and 0.629 eV, respectively. In order to determine
the character of excitons in all bilayer structures examined
throughout this study, the real space exciton wave function
is calculated by fixing the hole position near the P atom of
the upper layer and is shown in the inset of the middle panel
of Fig. 4. It is seen that the wave function of the AAY? is
more localized than that of the AAF!. The bottom panel of
Fig. 4(a) shows that wave functions of these excitons reside
on both layers with similar density, hence they exhibit mixed
interlayer exciton character in which intralayer and interlayer
excitons are hybridized.

Differing from the AA; stacking, the lowest exciton peak
of the AAy, AAL', is the most prominent peak around
the optical gap. AAE! (2.775 eV) and AAE? (3.020 eV)
peak positions are ~0.4 and ~0.3 eV higher than those of the
AAE! and AAE?) respectively. The upper panel of Fig. 4(b)
shows that the AAL! and AAL? excitons are mainly composed
of the transitions from the highest valance band to the second
conduction band. It is seen from the middle panel of Fig. 4(b)
that the oscillator strength of the AA%? is almost half that
of the AAE!. Top views of the wave functions of the AAL!
and AAL? are illustrated in the inset of the middle panel
of Fig. 4(b). While the exciton wave function of the AAg2
spreads widely to the two layers, the wave function of the
AAE! is more localized and the hole and electron are mostly

located on the same layer [see the bottom panel of Fig. 4(b)].
Since the hole is placed on the upper layer, compared to the
AA | configuration increased interlayer distance in the AAy
configuration leads to formation of mostly intralayer excitons.
As aresult, the exciton binding energy of the AA%! (0.633 eV)
is much higher than that of the AAg2 (0.388 eV).

The absorption spectrum of AB; stacked bilayer blue
phosphorene shows that the ABF! and AB£? excitons are
located at 2.503 and 2.634 eV, respectively. As seen in the
upper panel of Fig. 4(c), while the ABY' is composed of
the transitions from the highest valance band to the lowest
conduction band, the ABE2 consists of the transitions from the
highest valance band to the first two conduction bands. The
middle panel of Fig. 4(c) shows that the oscillator strength of
the ABE! is very weak compared to the ABE2. It is clearly
seen that a few excitations with similar oscillator strengths
arise near the AB£? exciton. Insets in the figure show that the
exciton wave function of the AB£? is more localized than that
of the ABf ! The bottom panel of Fig. 4(c) shows that exciton
wave functions of both ABF! and ABE? spread over the two
layers and thus exhibit mixed interlayer character. The exciton
binding energies of the ABE! and AB? are calculated to be
0.488 and 0.644 eV, respectively.

It is found that while the first bright exciton of the ABy,
ABE!, is at 2.561 eV, the most prominent peak, ABZ?, is lo-
cated at 2.765 eV. The upper panel of Fig. 4(d) shows that the
AB%1 is composed of the transitions from the highest valance
band to the lowest conduction band. However, the ABIEf is
composed of the transitions from the highest valance band to
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the second conduction band. As shown in the bottom panel of
Fig. 4(d), ABfI1 shows mixed interlayer character, while ABff,2
exhibits mostly intralayer character. Exciton binding energies
of the ABE! and ABE? are calculated to be 0.653 and 0.641 eV,
respectively.

As a result, detailed analysis of excitonic peaks shows
that different stacking types exhibit distinct optical spectra
near the optical band edge, allowing identification of the type
of the stacking. The strong screening of the substrate does
not significantly alter the optical spectrum of the ultrathin
materials as it similarly reduces the exciton binding energy
and the quasiparticle band gap of 2D materials [6]. Therefore,
we expect that the stacking type of the bilayer structure
can be determined even in the presence of a substrate. As
expected, when the thickness of the material is increased
from monolayer to bilayer, a significant decrease in exciton
binding energies is determined. Our calculations show that,
depending on the type of stacking, the prominent peaks near
the optical band edge of bilayer blue phosphorene are com-
posed of mostly intralayer or mixed interlayer excitons. In
contrast to interlayer excitons of TMD heterostructures, the
mixed interlayer excitons of bilayer blue phosphorene have
high oscillator strength and high exciton binding energy due
to the greater overlap of the electron and hole wave func-
tions. Moreover, the mixed interlayer excitons of bilayer blue
phosphorene have a longer recombination lifetime than the
intralayer excitons of monolayer blue phosphorene because
of less overlap of electron and hole wave functions.

V. CONCLUSIONS

In conclusion, using first-principles calculations in the
framework of MBPT we investigated the electronic and

optical properties of monolayer and various bilayer configu-
rations of blue phosphorene. Recently synthesized monolayer
blue phosphorene exhibits a large indirect band gap. Elec-
tronic structure calculations revealed that band dispersions
and the band gap of bilayer blue phosphorene are strongly
dependent on the stacking type.

In order to reveal excitonic properties of monolayer and bi-
layer configurations of blue phosphorene, the Bethe-Salpeter
equation was solved on top of GoW, calculations. It was found
that the lowest-energy exciton of the monolayer material is
bright and has a very high exciton binding energy. It was
calculated that the maximum exciton binding energy of bi-
layer blue phosphorene (0.644 eV) is ~23% lower than the
binding energy of the lowest-energy exciton of the monolayer
structure. Depending on the stacking types of bilayer blue
phosphorene, mostly intralayer and mixed interlayer exci-
tons were determined near the optical band edge. Unlike
the interlayer excitons of the TMD heterostructures, mixed
interlayer excitons of bilayer blue phosphorene have high
oscillator strengths. Thanks to its high and robust exciton
binding energy and controllable optical spectrum, ultrathin
blue phosphorene is a promising material for optoelectronic
device applications.
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