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By considering many-body effects explicitly, we study the quasiparticle electronic structure, exciton,
and optical properties of two-dimensional (2D) material blue phosphorene and their evolution with biaxial
strain. Although the pristine system is an indirect wide-band-gap semiconductor, it could evolve system-
atically toward an almost direct one when an intermediate tensile strain is applied. The absorption edge
shows an obvious red shift with an increase in the lattice constant, enabling its access to a wide spec-
tral range. Interestingly, when the band gap increases, the exciton binding energy decreases. This unusual
relationship is found to be accompanied by an enhanced exciton effective mass and decreased dielectric
screening with an increase in the lattice constant. Together with the evolution of the band edge, a funnel
effect is revealed in the inhomogeneously strained 2D membrane of blue phosphorene. The gate-controlled
carriers at the two sides could drift efficiently toward the center with maximum strain, where the relatively
strong binding energy and short lifetime are beneficial for the realization of the emission of green and blue

light.
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I. INTRODUCTION

Since the discovery of graphene [1,2], two-dimensional
(2D) materials have attracted wide interest in condensed-
matter physics, materials science, and chemistry [3,4]. The
unique layered crystal structure and the diversity of the
electronic and optical properties have provided a useful
platform to realize applications in electronics, photon-
ics, and optoelectronics [5—10]. Despite being atomically
thin, most 2D materials interact strongly with light due
to a strong bound-exciton effect. As shown in Fig. 1,
out of the optical band gaps of some representative sys-
tems, 2D materials could cover a wide spectral range.
Graphene is a zero-band-gap semimetal and it interacts
with light from microwave to ultraviolet wavelengths,
thus making it useful in light detection, modulation, and
manipulation over a wide range of spectra. However,
its semimetallic nature prohibits the realization of effi-
cient light-emitting devices, photovoltaic devices, and
other optoelectronic devices. Black phosphorene (BP) and
monolayers of transition-metal dichalcogenides (TMDs)
are direct-band-gap semiconductors and the strong visi-
ble light absorption therein makes them very useful in
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photovoltaics [11]. For the wide-band-gap semiconduc-
tors, except for the complicated Hittorf’s phosphorene with
its direct band gap (optical) at 2.4 eV [12—14], most of
them are indirect-band-gap semiconductors, including blue
phosphorene [15-20], III-VI monochalcogenide monolay-
ers [21-24], and a boron nitride (BN) monolayer [25-27].
The indirect band gap greatly inhibits their immediate
application as highly efficient light-emitting diodes (LEDs)
for green, blue, violet, and even ultraviolet light [28].
Blue phosphorene, originally proposed by Zhu and
Tomanek [15], has been realized recently with the assis-
tance of bottom-up growth techniques on metallic sub-
strates [29—34]. Tellurium-monolayer-supported Au(111)
has been used to reduce the interaction between the phos-
phorus and the metallic substrate and consequently an ideal
quasi-free-standing monolayer has been realized [30]. Fur-
ther, silicon intercalation has been introduced to reduce
the interaction between the phosphorus and the metallic
substrate [34]. These experimental advances pave a solid
foundation for further exploration of the applications of
blue phosphorene. On the other hand, an accurate first-
principles approach to the electronic and optical properties
of 2D materials is nontrivial. Compared with bulk mate-
rials, the dielectric screening in 2D materials shows a
nonmonotonic q (or distance) dependence [35-51]. The
quasiparticle band-correction and exciton effects on optical
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FIG. 1. Some 2D materials covering a broad spectral range,
from zero-band-gap graphene to narrow-band-gap BP, an
intermediate-band-gap TMD monolayer, and wide-band-gap
semiconductors of Hittorf’s phosphorene, blue phosphorene, a
III-VI monochalcogenides monolayer, and a BN monolayer. The
solar spectrum is also shown [11].

properties are very crucial. The indirect band gap of blue
phosphorene makes an accurate approach to the determina-
tion of the excitonic properties extremely computationally
expensive [16—20]. In this paper, based on systematic first-
principles studies with the advanced GW-BSE method
(where BSE refers to the Bethe-Salpeter equation), we
study the quasiparticle electronic structure, exciton, and
optical properties of blue phosphorene and their strain
dependence. It is revealed that the indirect band gap in
pristine blue phosphorene can be effectively tuned toward
an almost direct one via sufficient tensile strain. Further-
more, the optical absorption spectrum exhibits an obvious
red shift when the lattice constant increases. Similar to
other 2D materials, the optical spectrum is dominated by
strong bound excitons. The exciton binding energy could
reach as high as 0.9 eV. The relationship between the band
gap and the exciton binding energy as exhibited in these
strained systems is, however, illusory. It is revealed that

the larger the quasiparticle band gap is, the smaller is the
exciton binding energy. This unusual dependence is found
to be accompanied by an enhanced effective mass of the
excitons and decreased dielectric screening when the lat-
tice constants are increased. Interestingly, such an unusual
strain dependence of the electronic and excitonic prop-
erties in blue phosphorene could be utilized to realize a
funnel effect by imposing an inhomogeneous strain in a 2D
membrane, which could be useful for green and blue LED
techniques in 2D materials. Our findings not only pro-
vide a deep understanding of the fundamental relationship
between the band gap and the dielectric screening, exciton,
and optical properties in 2D materials, but also show the
potential application of this wide-band-gap semiconductor
blue phosphorene in 2D optoelectronics.

II. COMPUTATIONAL METHOD

Our first-principles calculations of blue phosphorene
are performed using density-functional theory (DFT) as
implemented in the QUANTUM ESPRESSO software [52].
The quasiparticle band structure and optical properties are
calculated using the BerkeleyGW software package [53—
55]. A slab model is used, with a vacuum layer of 16
A along the out-of-plane direction. In the meantime, a
truncated Coulomb interaction between the blue phospho-
rene and its periodic image is adopted. The quasiparticle
self-energies are obtained by solving the following Dyson
equation:

1
[‘iv2 + Vion + Vi + E (E,?E)} e =Ex v ()

FIG. 2. (a) The crystal struc-

ture of blue phosphorene. (b)
The quasiparticle electronic band
| structure of blue phosphorene
PBE from the GoW, approximation
(dotted blue curve) and PBE
(solid pink curve), respectively.
The indirect band gap is indicated
by the arrow. (¢) The lowest direct
band-to-band transition energies
(GoWp) in the Brillouin zone. (d)

The orbitals of the highest valence
band (VB) and the lowest conduc-
tion band (CB) at high-symmetry
k points.
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where X is the self-energy operator within the GW approx-
imation and E,?,f and 1//,3? are the quasiparticle energies and
wave functions, respectively. We use the Gy W, level with
a generalized plasmon pole model.

The static polarizability is calculated by random-phase
approximation from

X6e (q:0) = D (n,Kle @O Kk + q)
nn' k

x (1, k+ qle O, k)

)

where n and n’ are occupied and unoccupied band indices,
k is the wave vector, q is a vector in the first Brillouin zone,
G is a reciprocal-lattice vector, and (n, k, and E,i are the
mean-field electronic eigenvectors and eigenvalues.

Then, the dielectric matrix is constructed as follows:

Enk+q — Eyx

€’ =0cq — V@ + G)xgy (4:0), (3)

where v(q + G) = 4n/|q+ G|*> is the bare Coulomb
interaction.

(@100 //—+—— —

80_— —— with e-h interaction |
< | w/o e-h interaction |
8 60r .
c
@© [ i
2
5 40r .
2 i v

20 ”l/\j\ | -

o Jdl M\
34 3.6 3.

0 2.8 3.0 3.2
Energy (eV)

8

(b)

FIG. 3. (a) The optical absorbance of blue phosphorene with
(blue line) and without (pink line) electron-hole interactions
using a constant broadening of 5 meV. The arrow indicates the
quasiparticle band gap. (b) Real-space (left panel) and reciprocal-
space (right panel) plots of the modulus squared of the 1s exciton
wave function. The hole (black circle) is fixed at the center of the
bond between two neighboring phosphorus atoms.

The electron-hole excitations are then calculated by
solving the BSE for each exciton state .S
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where 43, is the exciton wave function, Q5 is the excita-
tion energy, and K¢ is the electron-hole interaction kernel.
Finally, we obtain the imaginary part of the frequency-
dependent complex dielectric function €;(w) as

1672¢2
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FIG. 4. Real-space plots of the modulus squared of the exci-
ton wave function (left panel) and reciprocal-space plots (right
panel) for the second, third, and fourth absorption peaks. Here,
the hole (black circle) is fixed at the center of the bond between
two neighboring phosphorus atoms.
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where v is the velocity operator and e is the polariza-
tion of the incoming light. Here, we use the absorbance
A of 2D materials to measure its optical properties: it is
expressed as

A(CI)) =1— efot(w)d =1— efwezd/hc, (6)

where « is the absorption coefficient, d is the thickness of
the simulation cell along the direction perpendicular to the
layer, €, is the imaginary part of the dielectric function,
and w is the photon energy. Here, considering that most of
the area in the simulation cell is vacuum, we approximate
the absorption coefficient by using the refractive index
n =1 of vacuum. We use the Perdew-Burke-Ernzerhof
(PBE) [56] generalized gradient approximation and norm-
conserving pseudopotentials with a plane-wave cutoff of
60 Ry [57]. For the convergence of the quasiparticle ener-
gies [58], we test the dependence on the k grid size and
the number of bands, as well as the dielectric cutoff (see
Appendix A). We use a coarse k grid of 30 x 30 x 1 and
495 empty bands, with the highest unoccupied state at 8.4
Ry (five occupied bands, with the lowest occupied state at
—1.3 Ry) and a dielectric cutoff of 10 Ry. For the BSE part,
a fine & grid of 120 x 120 x 1 is used (see Appendix A). It
is noted that fine sampling is necessary to capture the rapid
variation in screening at small wave vectors and the fine
features in the exciton wave functions, which are tightly
localized in k space. We use Gaussian smearing with a
broadening constant of 5 meV in the optical absorption
spectrum. The number of bands for the optical transitions
is three for both the valence and the conduction bands,
which is sufficient to cover the span of the visible light.

I11. RESULTS AND DISCUSSION
A. Pristine blue phosphorene

While sharing the atomic connectivity with the hon-
eycomb lattice of graphene, the crystal structure of blue
phosphorene is nonplanar. As shown in Fig. 2(a), there
are two atomic sites in the primitive cell of blue phos-
phorene. The lattice constant (theoretically optimized) is
3.28 A with a P—P bond 0f 2.26 A. The effective thickness
tis 1.24 A. Electron self-energy effects computed at the
GoWy level modify the band structure strongly. The quasi-
particle band structure of blue phosphorene, as shown in
Fig. 2(b), reveals that it is an indirect-band-gap semicon-
ductor with a band gap of 3.41 eV (indicated by the arrow).
The band gaps at the high-symmetry & points I', M, and K
are 5.25, 4.95, and 5.52 eV, respectively. The top of the
valence states is located at point I" and the bottom of the
conduction states is located along the path from point I" to
point M, which we label as point C. We also label two local
maxima at the top of valence bands, i.e., points 4 and B. In
contrast, the band gap is underestimated at the PBE level
with a magnitude of 1.92 eV and the top of the valence

bands is found to be located at point B. It is noted that
our calculation of the quasiparticle band gap is consistent
with previous Gyl results of 3.53 eV [16] and 3.36 eV
[19]. The energies for the direct transitions from the high-
est valence band to the lowest conduction band are shown
in Fig. 2(c). Six deep valleys of 3.69 eV are found in the
first Brillouin zone. The local partial charges are plotted in
Fig. 2(d) and are consistent with the maximum localized
Wannier-orbitals analysis (see Appendix B) [59]. The 3p
orbitals in the x-y plane and along the z direction inter-
act with each other from two atomic sites. The density of
states of the top of the valence bands is very large, provid-
ing a good possibility of efficient hole-injection in this 2D
system (see Appendix B).

The optical absorption spectrum is shown in Fig. 3(a).
When the electron-hole interactions are considered, the
optical absorption spectrum is found to be modified dra-
matically due to the exciton effect. For blue phosphorene,
the first two excitonic states (Ls) give rise to the first optical
absorption peak (peak I at 2.85 eV). The exciton bind-
ing energy is 0.84 eV, which is similar to that in MoS,
[38,39,41,47] and BP [40,42,43,50]. The absorption peaks
ITat3.22 eV, IIl at 3.27 €V, and IV at 3.32 eV show much
smaller optical absorption magnitude. The exciton states
for these optical responses also exhibit a smaller binding
energy of around 0.5 eV. The character of the excitons giv-
ing rise to these low-energy peaks in the absorption spec-
trum is studied by the plot of the exciton wave function.

Ab initio 2D hydrogenic
G,W,-BSE model
2s+2p ]
34FC —+ —
S
Q9 - % + -
g T
5 3.2 Il -+ —
c
L
3.0 -+ —
28 1(1s) 1s
FIG. 5. The excitonic states obtained from GyWy-BSE (left

panel) in comparison with the 2D hydrogenic model (right
panel), with a uniform dielectric screening obtained from the
fitting of the ls excitonic state. The red lines are for the bright
exciton states and the blue lines are for the dark exciton states.
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The exciton states for peak I are from the combinations of
the free electron-hole transitions centered at six valleys, as
indicated above. The wave functions of these two excitons
look identical in real space. In Fig. 3(b), we show the mod-
ulus squared of the real-space exciton wave function. The
hole is fixed at the center of the P—P bond. The charac-
ter of the exciton corresponding to peak I reflects the P 3p
orbitals of the states in the lowest blue phosphorene con-
duction band. The envelope of the exciton wave function
is almost azimuthally symmetric. The root-mean-square
radius of the exciton in real space is around 1 nm. On
the other hand, the k-space plot shows that the transitions
are highly localized around the six valleys with the low-
est transition energy. The excitons corresponding to peaks
I, 111, and IV are shown in Fig. 4. Compared with the 1s
state, these excitons process a much increased real-space
extension of the wave function. The effective electron-hole
interaction is therefore reduced strongly, consistent with
the smaller binding energy revealed above. The recipro-
cal space plot of the exciton wave function is also located
around the valleys. However, unlike the 1s state, these
nodelike shapes show the characteristics of a higher order
of excitations.

The exact exciton energies are shown in Fig. 5, where
peak I is made up of two energetically degenerate excitons,
which are bright. Furthermore, at slightly higher ener-
gies above, four dark excitons are found, consistent with

six valleys of the lowest optical transitions. Clearly, our
GoWy-BSE exciton spectrum is completely different from
that of a 2D hydrogen model, again verifying the nonuni-
form (state-dependent) dielectric screening and the nature
of the nonhydrogenic Rydberg series of excitons in 2D
materials, e.g., MoS, [47], and the ¢ dependence of the
dielectric screening in blue phosphorene. The model due to
Ref. [35-37,40], improved by considering the g-dependent
dielectric screening, could give reasonable exciton states
and show good agreement with experiments and GIW-BSE
results. Here, the exciton states are schematically built by
fitting the 1s-state energy obtained in our first-principles
calculations with E,, o< (n — 1/2)72. In the meantime, the
dark excitons have an oscillation strength less than 107>,
For example, the first dark exciton at 2.91 eV has an oscil-
lation strength of 10~7, which corresponds to an optical
absorbance of less than 0.001%.

B. Biaxial strain effect

Based on the above discussions, it is obvious that blue
phosphorene is an indirect wide-band-gap semiconductor
and that its optical properties are dominated by strong
bound excitons. For 2D materials, the strain is found to
be an effective way to tune the quasiparticle electronic
structure, excitons, and optical response [49]. It is interest-
ing to study the strain effect in blue phosphorene further.

Energy (eV)

FIG. 6. The quasiparticle band
structure (Gy W) of compressive-
strained blue phosphorene.

Energy (eV)

Energy (eV)
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At the PBE level, it has been revealed that the strain
could change the indirect band gap in blue phosphorene
strongly [15] (also see Appendix C). In Figs. 6 and 7,we
first demonstrate the strain dependence of the quasiparti-
cle band structure of blue phosphorene under biaxial strain
for compressive and tensile strain, respectively. When the
lattice constant is increased, the top of the valence band
changes from point I point to point B. The bottom of the
conduction band is fixed at the original point C. When
the tensile strain is applied progressively, the energy dif-
ference between points 4 and B gets smaller and smaller
and the system is an almost direct-band-gap semiconduc-
tor when the tensile strain reaches 5% [see Fig. 8(a) for the
energy difference between 4 and B]. On the other hand, for
compressive-strained systems, the top of the valence band
is still located at point I". The plots of the direct lowest
transition energies indicate that the spatial extension of the
six valleys gets larger in the BZ when the lattice constant is
increased (see Fig. 9). In the meantime, the absolute value
of the lowest transition decreases.

To connect the band structure with the optical transi-
tions and excitonic states clearly, we show the details of the
electron-hole transitions composing the 1s exciton (corre-
sponding to peak I in the optical absorption spectrum) in
Fig. 10. The center is labeled as point A and the half-
height width is shown with a series of arrows of decreasing
strength. The relative energy differences between point 4

(the top of the valence bands), point C (the bottom of the
conduction band), and the A values and their evolution
with strain can be easily judged. In Figs. 8(b) and 8(c),
we can find that these relative energy differences are very
small (around 10 meV for the tensile-strained systems),
indicating feasible carrier injection for direct electron-hole
recombination and, consequently, efficient light emission
in these systems.

The evolution of the exact band gaps with the strain
is shown in Fig. 11. Obviously, as shown in Fig. 11(a),
the indirect band gap decreases with a decreasing lattice
constant for compressive strain, while it increases with
an increasing lattice constant for tensile strain. The indi-
rect band gap shows a maximum near the pristine system,
with a little tensile strain. However, at the PBE level
(Appendix C), the maximum is close to the compressive
side. On the other hand, as shown in Fig. 11(b), transitions
(mainly at point A) corresponding to the first absorp-
tion peak decrease monotonically with an increase in the
lattice constant under both compressive and tensile con-
ditions. This is similar to the PBE results. These findings
demonstrate the unique aspects of the electronic structure
of indirect-band-gap semiconductors.

The evolution of the optical absorbance with the strain
is shown in Fig. 12. There is an obvious red shift of the
absorption edge when the lattice constant is increased.
The span is significant, which is useful for optoelectronics

Energy (eV)

FIG. 7. The quasiparticle band
structure  (GoW;) of tensile-
strained blue phosphorene.

Energy (eV)

Energy (eV)
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FIG. 8. The strain dependence of the quasiparticle energy dif-

ferences between some special k points. (a) A and B for the
location of the top of the valence bands. (b) A; (indicated in
Fig. 10 for optical transitions around the 1s exciton) and A4 (the
top of the valence bands). (¢) A, (indicated in Fig. 10 for opti-
cal transitions around the 1s exciton), and C (the bottom of the
conduction bands).

applications. In particular, when the lattice constant is
increased up to 6%, the absorption edge changes from
its original value of 2.8 eV to 2.4 eV, covering violet,
blue, and green light. In the meantime, the magnitude of
the first absorption peak is almost invariable, indicating
the unchanging strong oscillation strength of these optical
excitations.

The evolution of the exciton properties is further shown
in Fig. 13,where both the exciton binding energy and the
effective mass (1s state) increase when the lattice constant
is increased. In general, it is believed that in 2D materi-
als, the larger the band gap is, the stronger is the binding
energy [44,46,48]. A similar relationship is believed to
exist between the band gap and effective mass of exci-
tons. However, for blue phosphorene, the larger the band
gap is, the weaker the binding energy is revealed to be.
In the meantime, the larger the band gap is, the smaller is

the effective mass. This unusual dependence is intriguing.
To understand this point, we resort to dielectric screening.
In Fig. 14(a), we show the q dependence of the dielec-
tric function. Similar to other 2D materials, the screening
increases first from unity (eyp) for the long-wavelength
limit and then decreases for short distances. Clearly, when
the lattice constant is increased, the dielectric screening
is reduced systematically. In 2D systems, the dielectric
function is well known for its intrinsic q dependence in
the form €(q) = 1 + 27 aq, where « is the polarizability.
The 2D polarizability « is obtained by fitting the above
equation to the long-wavelength limit (q — 0) of our cal-
culated q dependence of €. A decrease of the polarizability
is evident in Fig. 14(b). This solid evidence is consistent
with the decreased exciton binding energy and strongly
suggests that in 2D materials, the band gap might be not the
unique indicator of the magnitude of the exciton binding
energy. In particular, for the indirect-band-gap system, the
exact dielectric screening arising from all the transitions in
the whole BZ is evaluated without bias [see Eq. (2)].

To access the excitonic properties of blue phosphorene
further, we calculate the lifetime of the ls bright exciton.
Using Fermi’s golden rule, the radiative lifetime t5(0) at 0
K of an exciton in state S is derived according to [60,61]

hc Ayc.

0) = — - _Zue
5O = B0 122

(N

where c is the speed of light, 4, is the area of the unit
cell, E5(0) is the energy of the exciton in state S, and /Lg =
[7?/m*Es(0)21(| (GIp |Ws) I*/Ny) is the square modulus of
the BSE exciton transition dipole divided by the number of
unit cells in this 2D system. We obtain the exciton radiative
lifetime (tg) at temperature 7-

3 (Eg(0)2\ '
(1) = 75(0)5 <2§;S22> ks, ®)

where k3 is the Boltzmann constant and My = m} + mj, is
the exciton mass.

The exciton lifetime of the lowest-energy exciton
at room temperature (300 K) is 0.24 ns. Compared
with conventional wide-band-gap LED materials, e.g., a
(Ga,In)N/GaN quantum well with a radiative lifetime
around 107 ns [62], the relatively short lifetime in blue
phosphorene shows its advantage in LED applications. As
shown in Fig. 15,for the strain dependence of the exci-
ton lifetime, the value increases a little when the lattice
constant is increased, e.g., 0.63 ns for a 6% strained sys-
tem. The relatively short lifetime in 2D materials, e.g.,
18 ns in Hittorf’s phosphorene [14], 0.002 ns in BP [63],
around 1 ns in TMDs [64—70], and 0.6 ns in 2D GaN [51],
is beneficial to the radiative process of excitons in LED
techniques.
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C. Funnel effect for a 2D optoelectronic device based
on inhomogeneously strained blue phosphorene

With the above analysis, it is interesting to explore the
potential applications of blue phosphorene in 2D opto-
electronics. As for those already implemented in TMDs
[71-73], an illustration of a 2D optoelectronic device based
on blue phosphorene with split gate electrodes is shown in
Fig. 16(a).Two gate electrodes couple to different regions

FIG. 9. The direct band
gaps in the BZ (GyW,) for
the strained blue phospho-
rene.

(eV)
6.46

of the layer. First, biasing one gate with a negative volt-
age (V1) and the other with a positive voltage (V) will
attract holes and electrons, respectively, and thus a p-n
junction is formed. By using a source-drain voltage (Vsp),
the electrons and holes transported in antiparallel direc-
tions can recombine in the junction and emit photons,
making the device operate as an LED. Similarly, when
operating as a solar cell or photodiode, with the incident
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FIG. 10. (a) The quasiparticle band structure and optical tran-

sitions of the 1s excitonic state with their distribution in the BZ.
Here, we use +2% strained blue phosphorene as an example,
where the top of the valence band at point I' is lower than that at
point 4. (b) The reciprocal-space plot of the modulus squared of
the 1s exciton wave function along the path from point I' to point
M. (c) The 2D plot corresponding to (b).

light absorbed in this p-# junction, a photocurrent and pho-
tovoltage will be generated. Such a 2D monolayer p-n
junction is very effective in photovoltaic solar cells, pho-
todiodes, and LEDs, overcoming many limitations (e.g.,
rigidity, heavy weight, and high cost) of conventional bulk
semiconductors. Due to its strong optical absorbance and
strain-tunable optical absorption edges, blue phosphorene
could be suitable for application to 2D solar cells.
Interestingly, the above-revealed strain dependence of
the band structure, excitonic, and optical properties in blue
phosphorene could be an additional tunability factor and
could be used to enhance the efficiency of this 2D device
further. As shown in Fig. 16(a), when an inhomogeneous
strain is imposed, the center with the maximum tensile
strain applied shows the lowest band gap. For the rela-
tive alignment of the band edges, as shown in Fig. 16(b),
the center behaves as the top of valence band as well as
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FIG. 11. The evolution of the band gaps in blue phosphorene

with biaxial strain. (a) The quasiparticle (GoW)) indirect band
gap. (b) The direct quasiparticle (GoWy) and optical (BSE) band
gap at point A.

the bottom of the conduction band of the whole 2D mem-
brane. Therefore, in this inhomogeneously strained blue
phosphorene, either gate-controlled carriers or photoex-
cited electron-hole pairs at other less strained locations will
spontaneously drift toward the center and a funnel effect is
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FIG. 12. The evolution of the optical absorbance in blue phos-
phorene with biaxial strain. The color corresponds to the energy
of the first absorption peak.
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FIG. 13. The evolution of (a) the exciton effective mass and
(b) the binding energy in blue phosphorene with biaxial strain.

realized. Notably, the center possesses stronger electron-
hole binding energy than other less strained locations,
making the funnel efficient when acting as a light-emitting
diode. Such a kind of design could compensate for the
indirect-band-gap nature of blue phosphorene, where the
indirect transition could reduce the electron-hole recombi-
nation and consequently the LED efficiency. This scenario
is very similar to the design strategy in bulk semicon-
ductor GaP-N [74-81]. As is well known, GaP is an
indirect-band-gap semiconductor. At very low concen-
trations (10'® cm™3), an isolated N introduces a highly
localized state in GaP, where the energy level is located
slightly below the conduction-band minimum. Such a spa-
tial localization leads to a quasidirect transition in GaP-N.
In other words, the nitrogen impurity binds the exciton,
localizing the wave function in real space and causing it
to spread out in k space. The k-space delocalization allows
the k-space overlap between the electron and hole neces-
sary for direct recombination and efficient LED devices.
The funnel effect realized in an inhomogeneously strained
blue phosphorene 2D membrane behaves similarly toward
the maximum overlap between the wave functions of
injected electron and holes. This method may be suitable
for other indirect-band-gap 2D materials, where the pres-
ence of indirect channels leads to low photoluminescence
(see Appendix D) [22,23]. In TMDs [82] and BP [83],

(a) 2.2

(b) 3.8—— \ ‘

3.67 \

a(A)
»
—

/

3.2+ o i

\.\.

3.0 . | . | . | | ., 0—a_a

-6 -4 -2 0 2 4 6
Strain (%)

FIG. 14. The evolution of dielectric screening in blue phos-
phorene with biaxial strain. (a) The q dependence of dielectric
constant. (b) The 2D polarizability.

the funnel effect and the inverse funnel effect have been
revealed, respectively. In TMDs, e.g., MoS,, the larger
the band gap is, the larger is the binding energy [49,82].
In BP, the same relationship has been revealed [83]. This
means that in both TMDs and BP, the electron-hole binding
strength is weakest at the band edges, which is beneficial to
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FIG. 15. The evolution of the exciton lifetime at room temper-
ature in blue phosphorene with biaxial strain.
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Conduction band

Valence band

FIG. 16. (a) Anillustration of a gate-tunable 2D optoelectronic
device for photon detection, energy conversion, and light emis-
sion. The blue phosphorene is subjected to an inhomogeneous
strain tuned by proper design of the geometry of the substrate. (b)
The corresponding energy profile of the electron and hole for the
funnel effect. Here, the center with the maximum strain imposed
behaves as the band edges and has the strongest exciton binding
energy.

the electron-hole separation and the photovoltaic harvest.
Therefore, with the proper design of the strain profile, blue
phosphorene could act as a 2D optoelectronic device for
green and blue LEDs.

To simulate the strain field needed to generate the fun-
nel effect in experiments, we adopt the Foppl-Hencky
equation to compute the morphology and the strain distri-
bution of monolayer blue phosphorene under the proposed
experimental setup [84—86]. The Foppl-Hencky equation
is appropriate to describe isotropic circular membrane sys-
tems such as blue phosphorene with a D, point group.
In our simulation, we investigate a system of an edge-
clamped circular membrane with a spherical indentation
in frictionless contact, using an exact method to calcu-
late the analytical solution of the Féppl-Hencky equation
[87]. This method gives the solution in two regions: the
free region of the membrane that is noncontacting and

Fol
RO
|t —
IW

FIG. 17. A simulation of the experimental setting of a 2D
membrane of blue phosphorene under indentation.
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FIG. 18. The profile of (a) the perpendicular displacement, (b)
the strain field, (c) the band edge, and (d) the exciton excitation
energy in a membrane of 2D blue phosphorene.

the region of the membrane that is in frictionless contact
with the indenter. We assume the following experimental
settings, as shown in Fig. 17,with a radius R of the mem-
brane of 100 A, a radius of the indenter (Ry) of 20 A,
and an indentation force (F) of 30 nN, which are in
the appropriate range as described in the similar exper-
imental settings for indentation for a circular membrane
[82,88]. The Young’s modulus of 203 GPa and the Pois-
son ratio of 0.11 are obtained within DFT calculations of
blue phosphorene.
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The relationship between the vertical displacement A
and the radius r is shown in Fig. 18(a). The displacement
starts to increase from the boundary and reaches a maxi-
mal displacement of 21.3 A. The radial strain distribution
is shown in Fig. 18(b), exhibiting nonuniform characteris-
tics and a maximal value of 6.11% in the center. The strain
and its gradient increase quickly from the boundary, caus-
ing the strain to mainly be confined in the center area of
the membrane, in frictionless contact with the indenter.

After calculating the strain field in the monolayer blue
phosphorene, we can derive the energy profile of the quasi-
particle band edges and the exciton by interpolating the
results for blue phosphorene under biaxial strain in the
main text. The interpolated band edges of electrons and
holes are shown in Fig. 18(c). The band edges of the elec-
trons and holes are shifted in the reverse direction and
the band gap is decreasing toward the center of the mem-
brane. The energy profile of the lowest exciton is shown
in Fig. 18(d), which has a trend similar to that of the strain
field. The consistency is the result of the almost linear rela-
tionship between the optical band gap and the strain, as
shown in Fig. 18(b). Clearly, the funnel proposed above
can be safely realized in the current laboratory setup.

IV. SUMMARY AND CONCLUSIONS

To summarize, by studying the strain dependence of
the quasiparticle electronic structure, exciton, and optical
properties of blue phosphorene, we reveal a funnel effect
in this 2D wide-band-gap semiconductor. The enhanced
many-body effects arising from the 2D quantum confine-
ment and the unique 2D dielectric screening are captured
well in our first-principles GW-BSE calculations. Consid-
ering a p-n diode device for 2D materials, the designed
funnel structure with inhomogeneous strain could be used
to accelerate the drift of electrons or holes toward the
center. In the meantime, the available intrinsic strong oscil-
lation strength, the large binding energy, and the relatively
short radiative lifetime in blue phosphorene provide obvi-
ous advantages over conventional wide-band-gap semi-
conductors in green and blue LEDs. The key advantage
of this strain-engineered device is its tunability. The region
in which the electron-hole radiative recombination occurs
and the frequency of the emission can be tuned flexibly by
adjusting the applied strain.
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APPENDIX A: CONVERGENCE OF G\ W#,-BSE
CALCULATIONS OF BLUE PHOSPHORENE

In Fig. 19,we show the convergence of quasiparticle
band energies in blue phosphorene with respect to the scale
of the k grid (coarse grid), the dielectric cutoff, and the
number of bands. In Fig. 20, we show the convergence of
the exciton energy in blue phosphorene with respect to the
scale of the £ grid (fine grid).

(a) 120 ‘

90+

Energy (meV)

300 N ]
L \A i

12 18 24 30

(b) 1 20 T T T T

(@2} (o}
o o
1

Energy (meV)
w
o o
T
/
i

gcutoff (Ry)
(c) 120 ‘

90 r
60 -

30

Energy (meV)

| | | | |
100 200 300 400 500
Number of bands
FIG. 19. The convergence of the quasiparticle (GyW,) band
gap at three high-symmetry & points with respect to (a) the scale
of the coarse & grid, (b) the dielectric cutoff energy (ecuofr), and
(c) the number of bands. In (a), we use a gcyor 0f 10 Ry and 500
bands; in (b), we use a k grid of 30 x 30 x 1 and 500 bands; and
in (c), we use a &qyofr 0f 10 Ry and a & grid of 30 x 30 x 1. With

the above considerations, we use a 30 x 30 x 1 k grid, a ey Of
10 Ry, and 500 bands for our Gy W, calculations.
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FIG. 20. The convergence of the energy of the ls exciton
state in BSE calculations with respect to the scale of the fine
k grids: including 30 x 30 x 1, 60 x 60 x 1, 90 x 90 x 1, and
120 x 120 x 1. With the above considerations, we use a 120 x
120 x 1 k grid in our BSE calculations.

APPENDIX B: MAXIMUM LOCALIZED
WANNIER ORBITALS IN BLUE PHOSPHORENE

Using Wannier90 [59], the orbital-decomposed band
structure (PBE level) and the total density of states (DOS)
are shown in Fig. 21.

APPENDIX C: STRAIN DEPENDENCE OF BAND
GAP IN BLUE PHOSPHORENE

In Fig. 22, we show the strain dependence of the band
gap of blue phosphorene within the PBE level.

APPENDIX D: QUASIPARTICLE ELECTRONIC
STRUCTURE AND OPTICAL ABSORPTION
SPECTRUM OF THREE 2D INDIRECT-BAND-GAP
SEMICONDUCTORS MONOCHALCOGENIDES

In Figs. 23-25, we show the electronic band structure
and the optical absorption spectrum (within the Gy W,-BSE
framework) for the 2D materials GaS, GaSe, and InSe,

Energy (eV)

ro 2 4 6
DOS (states/eV)

FIG. 21. The left-hand panel shows the orbital-decomposed
band structure (DFT-PBE level) of blue phosphorene from maxi-
mum localized Wannier orbitals using Wannier90 [59]. The total
DOS is shown in the right-hand panel.

@, [ T
20+ o B
O// \~O\
— B ~O.
3 o O.,
a .7 ON
® @) (CN
[e)] 7’ O\
'g 1.5+ /O/ ~O
®© %
o o
--O--PBE - indirect
10 | L | L | L |
(b) ‘
2594 i
> ~eo
(] \.
~ ~
Q o
S %o
i} e
c 20 ~e _
®© ~e
m \.
~e
—e— PBE - direct at A Te
15 | L | L | L | L | L | L |

Strain (%)

FIG. 22. The evolution of the band gaps (PBE level) in blue
phosphorene with biaxial strain: (a) indirect band gap; (b) direct
band gap at point A.
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FIG. 23. The quasiparticle electronic band structure (a) and the

optical absorption spectrum (b) of 2D GaS from GW-BSE cal-
culations. The insets show the crystal structure and the k-space
plot of the exciton for the first absorption peak. Here, the energy
difference between the direct and indirect transitions is 222 meV.
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FIG. 24. The quasiparticle electronic band structure (a) and the
optical absorption spectrum (b) of 2D GaSe from GW-BSE cal-
culations. The insets show the crystal structure and the k-space
plot of the exciton for the first absorption peak. Here, the energy
difference between the direct and indirect transitions is 61 meV.

respectively. Photoluminescence has been found in these
2D materials [22,23]. Clearly, these three 2D materials
are indirect-band-gap semiconductors. The energy differ-
ences between direct and indirect transitions are 222, 61,
and 34 meV, respectively. Similar to blue phosphorene,
the first optical absorption shows a strong amplitude in
these 2D materials. With the scenario of the Maxwell-
Boltzmann distribution, the recombination rate between
the direct and indirect channels, i.e., the luminescence
effect, is proportional to e~ 2£/%8T where AE is the energy
difference between the direct and indirect channels and T
is the temperature. For GaS, GaSe, and InSe, the ratios
are 0.0002, 0.1, and 0.27, respectively. For blue phospho-
rene, the energy difference between the direct and indirect
band gaps is around 48 meV for the pristine system and
the value will decrease to less than 17 meV when suffi-
cient tensile strain is applied. Here, the quasiparticle band
structures and optical properties of GaS, GaSe, and InSe
are calculated using the QUANTUM ESPRESSO and Berke-
leyGW software. A slab model is used, with a vacuum
layer of 15 A along the out-of-plane direction. We use
the norm-conserving PBE pseudopotentials with a plane-
wave cutoff of 80 Ry. For the GW part, we use a coarse k
grid of 24 x 24 x 1 and 931 empty bands, with the highest
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FIG. 25. The quasiparticle electronic band structure (a) and the

optical absorption spectrum (b) of 2D InSe from GW-BSE cal-
culations. The insets show the crystal structure and the k-space
plot of the exciton for the first absorption peak. Here, the energy
difference between the direct and indirect transitions is 34 meV.

unoccupied state at 9.4 Ry (19 occupied bands with the
lowest occupied state at —1.1 Ry) and a dielectric cutoff
of 15 Ry. For the BSE part, a fine £ grid of 72 x 72 x 1 is
used. Gaussian smearing with a broadening constant of 5
meV is used in the optical absorption spectrum. The num-
ber of bands for optical transitions is five for both valence
bands and three for conduction bands, which is sufficient
to cover the span of the visible light.
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