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Adjustment of optical absorption in phosphorene
through electron–phonon coupling and an
electric field

Do C. Hap,a Le P. Q. Hung,a Luong T. Tung,a Le T. T. Phuong a and
Tran Cong Phong *bc

This study investigates the optical absorption of monolayer phosphorene, focusing on its response to

the electron–phonon coupling (EPC) and an electric field. Using a tight-binding Hamiltonian model

based on the Barišic–Labbe–Friedel–Su–Schrieffer–Heeger model and the Kubo formula, we calculate

the electronic band structure and optical absorption characteristics. The anisotropic dispersion of

carriers along armchair and zigzag directions leads to distinct optical responses. Positive and negative

EPC effects increase and decrease hopping parameters, respectively, enlarging and reducing/closing the

band gap. Moreover, both EPCs cause an admixture of blue and red shift spectrum along the armchair

direction, while a red (blue) shift spectrum is observed for positive (negative) EPC along the zigzag

direction. Incorporating electric field effects in the EPC increases band gaps for both positive and

negative EPC activities, resulting in shifted optical peaks along both directions.

1 Introduction

The identification of graphene1–3 has opened avenues for explor-
ing the synthesis and fabrication of other two-dimensional (2D)
materials, aiming to uncover novel physical properties in con-
densed matter systems. While graphene-based electronic devices
face challenges due to graphene’s zero band gap, resulting in a low
on–off current ratio,4,5 materials like silicene,6 germanene,7 and
transition-metal dichalcogenides exhibit high on–off current ratios
but suffer from low carrier mobilities, restricting their applications
in optoelectronics.8–10

In addressing the challenges mentioned above, recent
exploration of a 2D semiconductor has spotlighted phosphor-
ene – a monolayer of phosphorus crystal. Phosphorene exhibits
a high mobility for carriers and a tunable direct band gap.11,12

The pronounced anisotropic behavior of high carrier mobilities in
phosphorene results in a strongly anisotropic dispersion.13–18

This characteristic, in turn, gives rise to significant anisotropic
optical properties, positioning phosphorene as a promising
candidate in optoelectronics.19–22 Notably, the optical absorption
spectra of phosphorene reveal a strong direction dependency in

reality.14,16,17 It has been experimentally proved that black phos-
phorus thin films show high mobility above 600 cm2 V�1 s�1 and
1000 cm2 V�1 s�1 at 120 K along the light (x) and heavy (y) effective
mass directions, implying their promising future for high fre-
quency, thin-film electronics, as well as great potential for infrared
optoelectronics and novel devices in which anisotropic properties
are desirable.14 Moreover, it has been experimentally reported that
the continuum absorption near the band edge in phosphorene is
almost a constant, independent of the thickness, which is related
to the quanta of the universal optical conductivity with a prefactor
originating from the band anisotropy.16 Also, the highly aniso-
tropic nature of phosphorene has been demonstrated through
Raman and polarization photoluminescence measurements.17

Considering the intriguing response exhibited by phosphor-
ene in various orientations, despite theoretical first-principles
studies on the optical properties of phosphorene under external
fields,23–28 there is a notable scarcity of analytical studies to
date focusing on the microscopic behavior of phosphorene’s
optical absorption with the electron–phonon coupling (EPC)
and electric field (EF).29–31 In ref. 32, the highly anisotropic
properties of phosphorene are explored, making it a compelling
material for directional applications. Specifically, it addresses
the interplay between strain and electric field stimuli in asses-
sing the band gap and electron energy loss spectrum (EELS).
The electric field induces a blueshift in interband optical
transitions along the armchair direction, while in-plane/out-
of-plane strain causes a red/blueshift. In ref. 33, the impact of
strain on the optical refraction and absorption of monolayer
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black phosphorus is calculated. The study highlights that
variations in refraction inflections and absorption peaks are
dependent on the strained band gap, and the influence of out-of-
plane strains differs from in-plane strains. Moreover, it has been
proposed that a Zeeman spin-splitting field can change the
absorption spectrum at various frequencies of incident light34

such that irregular (regular) processes for optical conductivity with
the Zeeman field along the armchair (zigzag) direction result in
irregular (regular) absorption and scattering mechanisms.

This study aims to adjust the interband optical absorption of
single-layer phosphorene using a gate voltage for including the
EF effects as well as a substrate for including the EPC effects.
Although EPC can also be considered using the nonadiabatic
molecular dynamics method when investigating the electron–
hole recombination and interlayer charge transfer process,35,36

we include it via the renormalization of the hopping energies.
Indeed, the movement of atoms in the lattice affects the orbital
hybridization of atoms in a material and eventually the electro-
nic structure of the material. To achieve these, we employ the
Hamiltonian model proposed in ref. 37–42 to calculate the
electronic dispersion of carriers. Subsequently, the optical
absorption along the armchair and zigzag directions is assessed
using the Kubo formula.

The following sections of the paper are structured as follows:
in Section 2, we present the Hamiltonian model and deduce the
associated electronic band structure under the influence of
the EPC and EF. The determination of optical absorption in phos-
phorene is outlined in Section 3. Moving forward, the results for
both armchair and zigzag directions are presented and discussed
in Section 4, and finally, we end the paper with a summary of
notable findings in Section 5.

2 Tight-binding Hamiltonian model

Exploring the role of EPC and EF in phosphorene’s optical
absorption involves starting with the geometry arrangement of
atoms in phosphorene to build the Hamiltonian model. Phos-
phorene’s unit cell is composed of four phosphorus atoms
distributed across two sublayers, each containing two atoms,
illustrated in Fig. 1, and a four-band tight-binding model for
nearest neighbor lattice sites up to the fifth neighbors yields
the effective band structure around the Fermi level.26,37–39,42

The symmetries exhibited by atoms in both sublayers of phos-
phorene allow for a reduction in the number of atoms within
the unit cell from 4 to 2. Consequently, this leads to the
formation of a new single-layer structure, featuring just two
atoms within the unit cell. Much like graphene and other
planar 2D materials, the out-of-plane (pz or p) orbitals play a
predominant role in electronic transport within such lattices.
However, identical atoms on both sublayers lead to a two-band
tight-binding model for effective responses of the momentum-
dependent Hamiltonian for a one-orbital pz-like configuration
(confirmed through projected density of states),37,43 given by

H ¼
P
‘

t‘c
y
‘c‘þ1. This pristine two-band model has been

corroborated by first-principles studies. Furthermore, consider-
ing the introduction of electron–phonon coupling in the follow-
ing through minor modulations of hopping parameters, we
maintain that the two-band model remains valid for low-energy
excitations. The summation c considers all nearest neighbor
lattice sites (sublayers), tc represents the hopping energy
between atomic sites c, and c†

c and cc denote, respectively, the
creation and annihilation operators for an electron at the c-th
atomic site of each sublayer. The expression for the effective
two-band Hamiltonian Hk

- in the reciprocal space is then
provided as:42

H~k
¼

f~k g~k

g�~k f~k

0
@

1
A; (1)

where

fk
- = 4t4 cos(kxa/2)cos(kyb/2), (2a)

gk
- = 2t1e�ikxa1x cos(kyb/2) + t2eikxa2x + 2t3eikxa3x cos(kyb/2)

+ t5e�ikxa5x. (2b)

Here, the momenta
-

k = (kx,ky) are within the first Brillouin zone
(FBZ) of phosphorene. In our model, we focus on five specific
hopping energies: t1 = �1.220 eV, t2 = +3.665 eV, t3 = �0.205 eV,
t4 = �0.105 eV, and t5 = �0.055 eV,26,37,38 as depicted in Fig. 1.
Moreover, utilizing the symmetry properties between atoms in
two distinct sublayers, we adapt parameters: a1x = 1.41763 Å,
a2x = 2.16400 Å, a3x = 3.01227 Å, a4x = 2.21468 Å, and a5x =
3.63258 Å from ref. 37, 38 and 42, denoting the distances
between intra- and inter-planar nearest-neighbor atoms pro-
jected onto the x direction. Additionally, a = 4.42936 Å and
b = 3.27 Å represent the lengths of the unit cell along the
armchair and zigzag directions, respectively.

To investigate the electronic properties of carriers under a
gate voltage influence (for including the EF effects), we install
a gate voltage on both sublayers (considering the distance d E
0.7 nm44 between them) with positive +Dz/2 and negative �Dz/2
potentials, respectively,40,41,45 where Dz = eEzd and e(Ez) refers to
the electron’s charge (induced EF). This, in turn, induces a

Fig. 1 Illustration of the top view of phosphorene is provided. The unit
cell of phosphorene contains four phosphorus atoms in two sublayers with
five hopping energies between atoms. While there may be additional
hoppings present in reality, these five are the crucial ones necessary for
accurately replicating the electronic band structure of phosphorene.
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mass term (Dz/2)tz to the matrix representation of phosphorus
atoms, where tz is the z-component of the Pauli matrix in the
real space. Hence, the following EF-induced Hamiltonian is
achieved:37–39

H~k
¼

f~k þ Dz=2 g~k

g�~k f~k � Dz=2

0
@

1
A: (3)

Turning to the EPC effect, we use the Barišic–Labbe–Friedel–
Su–Schrieffer–Heeger model, which is a one-dimensional
model used to describe the interaction between electrons and
phonons in a crystal lattice.46–50 This interaction is a central
aspect of condensed matter physics and materials science,
which needs to be considered in the study of electro-optical
properties. As phonons can modify the distances between
atoms, they influence the spatial distribution of electrons
around atoms. Thus, the effective potential felt by electrons is
altered, changing the overlap of atomic orbitals and affecting
the degree of orbital hybridization, manifesting itself in the
hopping parameters as46–50

t̃c = tc(1 � tanh[G1/|tc|] � tanh[G2/|tc|]). (4)

It is important to note that electrons from both sublayers
experience distinct potentials. As a result, G1 and G2 represent
the effective EPCs governing the hopping parameters of the
first and second sublayers, respectively. Nevertheless, these
potentials cannot be excessively strong within the context of
our low-energy model. Consequently, we have chosen to limit
them to values less than 0.5 eV to ensure that their effects
remain comparable with the model. The sign of the electron–
phonon coupling can be positive or negative such that a
positive EPC signifies that the presence of electrons enhances
the lattice vibrations or phonons, leading to a positive con-
tribution to the overall energy, while a negative coupling
implies that the electrons tend to suppress or dampen the
lattice vibrations, resulting in a negative contribution to the
total energy. With this, the following Hamiltonian model in
the presence of both EF and EPC is obtained:

H~k ¼
~f~k þ Dz=2 ~g~k

~g�~k
~f~k � Dz=2

0
@

1
A; (5)

where

f̃k
- = 4t̃4 cos(kxa/2)cos(kyb/2), (6a)

g̃k
- = 2t̃1e�ikxa1x cos(kyb/2) + t̃2eikxa2x + 2t̃3eikxa3x cos(kyb/2) + t̃5e�ikxa5x.

(6b)

By diagonalizing the Hamiltonian above, the energy dispersion
of carriers is obtained as (for both valence (�) and conduction
(+) bands)

E~k;� ¼ ~f~k �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dz

2

4
þ ~g~k
�� ��2

s
: (7)

3 Optical absorption

In this study, we utilize the Kubo formula to derive the optical
absorption within the EPC- and EF-induced monolayer
phosphorene.51–53 Specifically, our focus is on understanding

how such a system responds to an applied light field
-

E(o). It is
important to note that the system is undoped, indicating that
the Kubo formula exclusively likes the interband contribution.
Regarding intraband transition effects, another potential con-
sideration, we argue that they also hold significance, particu-
larly in scenarios where disorder or scattering of the host
electrons in the THz region (exhibiting Drude-like conductivity)
is under study. However, it is important to note that this aspect
falls outside the scope of our current investigation. To reiterate,
the non-interacting Hamiltonian in the reciprocal space is

denoted as H0 ¼
P
~k;�

E~k;�c
y
~k;�c~k;�. The total Hamiltonian, which

includes the interacting term in the presence of the light field,

is expressed as H = H0 + Hint, where Hint =
-

J�
-

A. The vector

potential
-

A can be determined by the relationship
-

E(o) = �qt
-

A,

and the current density
-

J along the direction a A {x,y} is
connected to the b components of the corresponding light field
Eb in the linear response of the optical conductivity s as
Ja = sabEb.

To derive
-

J, it is necessary to have the wave functions of the
total Hamiltonian H considering the wave vector

-

k + (e/h�)
-

A.
Consequently, the calculation of the a-component of

-

J is as
follows:

Ja ¼ �
e

�h

X
~k;�

c
y
~k;�

c~k;�n
a
~k
þ i

e

�h

X
~k;�

c
y
~k;�

c~k;�w
a
~k
: (8)

The first (second) term is referred to as the paramagnetic
(diamagnetic) term, and the quantities {Va

k
-, wak-} are linked to the

carriers’ velocity (the term wak- means the dipole transition for
interband transitions), as42

nx~k ¼ þ 2t1a1x sin kxa1x þ y~k
� �

þ t2a2x sin kxa2x � y~k
� �

þ 2t3a3x cos kyb
�
2

� �
sin kxa3x � y~k
� �

þ 2t4a sin kxa=2ð Þ � cos kyb
�
2

� �
þ t5a5x sin kxa5x þ y~k

� �
;

(9a)

ny~k ¼ þ bt1 sin kyb
�
2

� �
cos kxa1x þ y~k
� �

þ bt3 sin kyb
�
2

� �
� cos kxa3x þ y~k

� �
þ 2t4b cos kxa=2ð Þ sin kyb

�
2

� �
;

(9b)

wx~k ¼ � 2t1a1x cos kyb
�
2

� �
cos kxa1x þ y~k
� �

þ t2a2x cos kxa2x � y~k
� �

þ 2t3a3x cos kyb
�
2

� �
cos kxa3x � y~k
� �

� t5a5x cos kxa5x þ y~k
� �

;

(9c)
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wy~k ¼ þ bt1 sin kyb
�
2

� �
sin kxa1x þ y~k
� �

� bt3 sin kyb
�
2

� �
� sin kxa3x � y~k

� �
:

(9d)

where gk
- = |gk

-|eiyk
-

.
Ultimately, the optical conductivity normalized to the planar

area is derived by:

sabðoÞ ¼
2

�ho

ð1
0

dteiot JaðtÞ; Jbð0Þ
� �	 


: (10)

The factor of 2 accounts for spin degeneracy. As previously
mentioned, our focus in this study is on interband optical
transitions, assuming that the incident photons are sufficiently
strong, leading to transitions from the valence to the conduc-
tion band. Due to the structural symmetry of phosphorene, the
contributions of Hall conductivity are zero, i.e., sxy(o) = syx(o) =
0. As a result of this, the optical conductivity along the armchair
(xx) or zigzag (yy) direction is then calculated as:

saaðoÞ
s0

¼ � 4i

�ho

X
~k2FBZ

wa~k

� �2 nFD~k;þ � nFD~k;�

� �
E~k;þ � E~k;�

� �
�hoþ iZð Þ2� E~k;þ � E~k;�

� �2 ; (11)

where the optical conductivity’s universal value is denoted
by s0 = e2/h�, while Z = 10 meV represents the finite damp-
ing between the valence and conduction bands. nFD~k;� ¼

1þ exp E~k;� � m
� �.

ðkBTÞ
h i� ��1

, with kB being the Boltzmann

constant, expresses the Fermi–Dirac distribution function at m
(chemical potential) and T (absolute temperature).

Now, we proceed to compute the absorption spectra.
Initially, we establish the connection between the optical con-
ductivity and the dielectric function, as expressed by:

eaaðoÞ ¼ er þ i
saaðoÞ
oe0d

; (12)

where er(e0) represents the relative (vacuum) permittivity of
phosphorene. Following this, we determine the extinction
coefficient by utilizing the real and imaginary components of
the dielectric function through:

kaa2ðoÞ ¼
eaaðoÞj j �Re eaaðoÞ½ �

2
: (13)

Lastly, taking into account the speed of light c during the absorp-
tion process in phosphorene, the optical absorption is obtained as:

Optical absorption ¼ 2�hkaaðoÞ
c

: (14)

4 Results

The role of gate voltage (electric field) effects has been exten-
sively explored in prior research, as evidenced by ref. 25, 32, 37–
41 and 45. It has been observed that the application of an
electric field results in an increase in the band gap, conse-
quently causing an optical blueshift in interband optical

transitions along the armchair direction. Due to the prevalence
of this topic in existing literature, we have chosen not to
reiterate it in the current study.

In Fig. 2, we plot the dispersion energy along the path G–X
and G–Y of the FBZ of monolayer phosphorene. The plot reveals
a high anisotropicity for the band structure along different
paths, consistent with findings in ref. 37. Around the G point, a
band gap of 1.52 eV is formed. Let us show the influence of the
EPCs on the band gap in the absence of an EF. Evidently, the
band gap in monolayer phosphorene increases with G1/2 4 0
and G2/1 = 0, i.e., when only one of the sublayers is affected by
the EPC, indicating a larger range of energy levels available to
electrons in the material. This, in turn, introduces a configu-
ration where the hybridized orbitals of host atoms have larger
energy differences between them.

In instances where G1/2 o 0 and G2/1 = 0, the band gap
experiences a reduction, indicating a narrowing of the energy
range accessible to electrons. Simultaneously, the system trans-
forms into a hole-doped semiconductor, with the gap located
on the valence side. Notably, our analysis reveals that the
difference between positive and negative energy dispersions
in eqn (7) becomes zero at the G point under the condition:

2t̃1 + t̃2 + 2t̃3 + t̃5 = 0. (15)

Using eqn (4), this condition yields G1/2 E �0.34 eV at G2/1 = 0.
Accordingly, the band gap in the hole-doped semiconducting
phase closes at this critical EPC strength, as illustrated by the
light green line in Fig. 2.

When both sublayers are influenced by EPC effects and
G1 = G 4 0, the band gap substantially increases (depicted by
the yellow line in Fig. 2). In contrast, for G1 = G2 o 0, unlike
other configurations, both the momentum and energy of

Fig. 2 The electronic band structure of phosphorene in the absence
(presence) of an EF (EPC) is depicted along the directions G–X and G–Y.
EPCs are expressed in units of eV. The Fermi energy level, represented by the
black dashed horizontal line, remains fixed at zero. The band gap increases
(decreases) with G1/2 4 0 (G1/2 o 0) and G2/1 = 0 and it is closed at G1/2 =
�0.34 eV and G2/1 = 0. For G1 = G2 4 0, the band gap substantially increases,
while for G1 = G2 o 0, a Dirac-like gap appears at finite momentum.
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electrons shift to the y direction. Given that the momentum
space of the FBZ is characterized by wave vectors associated
with electron motion, this new phase of matter represents a
crucial phenomenon for describing electronic transport in
phosphorene. To determine the new momentum along the
y direction where this phase emerges, we set kx = 0 and ky a
0 in eqn (6b), resulting in:

kcy ¼
2 arccos ~t2 þ ~t5ð Þ=2 ~t1 þ ~t3ð Þ½ �

b
; (16)

The energy level of this phase appears to be somewhat inde-
pendent of EPC strengths, while its momentum strongly
depends on the values of G1 and G2. It is worth noting that
for G1/2 4 G2/1 with positive EPCs, similar phenomena are
observed as in the case of G1/2 4 0 and G2/1 = 0 or G1 = G2 4 0,
each with different gap sizes. Also, for G1/2 4 G2/1 with negative
EPCs, the results align with those of G1/2 o 0 and G2/1 = 0 or
G1 = G2 o 0, again each with different gap sizes.

These variations in the band gap affect the optical absorp-
tion, a concept that will be explored further in the following
discussions. Moving forward, we present the optical absorption
of phosphorene with EPC. It is essential to note that all
constants are set to unity such that an arbitrary unit is chosen.
Results are plotted against the incident light frequency in the
range of 0 eV r h�o r 10 eV to cover the whole bandwidth
shown in Fig. 2, with and without EF and EPC. The study here
does not delve into the temperature dependence of the absorp-
tion, justified by the significant band gap of phosphorene,
which far exceeds the thermal energy kBT such that it remains
largely unaffected by temperature, at least up to 300 K, corres-
ponding to approximately 0.026 eV.

We start with the optical absorption of pristine phosphorene
in the absence of an EF at T = 10 K. Given that the model is
applicable to the low-energy range of bands, our attention is
directed towards electronic excitations at low temperatures,
with the phononic effects attributed to temperature being
disregarded. This decision is justified by the simplicity of the
tight-binding interaction terms in our Hamiltonian model. The
absorption spectrum depicted in Fig. 3 varies for the armchair
and zigzag paths, reflecting the inherent anisotropic nature of

phosphorene. The phosphorene’s electronic dispersion in
Fig. 2 reveals the presence of two distinct bands separated by
a band gap in different paths. For phosphorene in the absence
of doping (i.e., m = 0 eV), there exists a singular transition
between Ek

-
,+ and Ek

-
,� in both directions at

-

k = 0, featuring two
types of transitions – the first corresponding to the lowest peak
(h�o C 1.52 eV) and the second associated with h�o C 8.5 eV in
the armchair edge. Interestingly, a similar transition occurs at
h�o C 7.5 eV along the zigzag edge, and there is no minimal
transition at low light frequencies, see black lines in Fig. 3. For
h�o4 8.5 eV, according to Fig. 2, no bands appear, thus, optical
absorption approaches zero independent of the direction.
The emergence of the second transition along the armchair
direction and the absence of such transition along the
zigzag axis can be attributed to the electron and hole effective
masses along these directions in phosphorene. Specifically, the
effective masses in the vicinity of the G point are mh

armchair =
0.184me, me

armchair = 0.167me, mh
zigzag = 1.143me, and me

zigzag =
0.849me

37 (me denoting the bare electron mass). These values,
along with eqn (9), highlight that electrons’ and holes’ transi-
tions along the armchair direction, proportional to the differ-
ence between bands, are more facile than the zigzag path,
particularly at large photon energies.

Let us turn to the influence of EPC on the directional-
dependent optical absorption spectrum. When EPC is intro-
duced, as its impact on the electronic band gap became a key
factor, a shift in the position of the optical absorption peaks
along both the armchair and zigzag directions is expected, as
illustrated in Fig. 3. Specifically along the armchair direction in
Fig. 3(a), the two peaks observed in the pristine phosphorene
spectrum come into close proximity for positive values of the

Fig. 3 The optical absorption of monolayer phosphorene in the absence (presence) of an EF (EPC) along the (a) armchair and (b) zigzag directions.
In the zigzag direction, a redshift (blueshift) spectrum occurs with positive (negative) EPC, while both shifts are observed along the armchair direction,
regardless of the sign of EPC.

Table 1 An overview of the responses of the electronic band structure
and optical absorption to the electron–phonon coupling (EPC) to confirm
the strongly anisotropic electro-optical properties of phosphorene

Parameter Positive EPC Negative EPC

Band gap Increases Decreases
Armchair peak Red- and blue-shift Red- and blue-shift
Zigzag peak Redshift Blueshift

PCCP Paper



11830 |  Phys. Chem. Chem. Phys., 2024, 26, 11825–11832 This journal is © the Owner Societies 2024

EPC parameter (G 4 0). This proximity induces a blueshift in
the spectrum for the first peak and a redshift for the second
peak. By contrast, for negative values of G, except for the
specific case of G1/2 = �0.34 eV and G2/1 = 0, the peaks move
farther apart. In the critical case of G1/2 = �0.34 eV and G2/1 = 0,
only a single blue peak appears at a light frequency of 9.5 eV, as
a consequence of the zero band gap and the emergence of a
hole-doped semiconducting phase, as elaborated earlier in the
electronic dispersion of electrons. In Fig. 3(b), the optical
absorption spectrum along the zigzag direction is characterized
by a single peak. Interestingly, this peak exhibits distinctive
behaviors for different values of the EPC parameter (G) com-
pared to the peaks of the armchair direction. When G takes
negative values (G o 0), the optical absorption peak experi-
ences a blueshift. This means that the peak shifts toward
shorter wavelengths or higher frequencies. For positive values
of G (G 4 0), the peak undergoes a redshift. In this case, the
peak shifts toward longer wavelengths or lower frequencies. It
is noteworthy that these shifts occur independently of the
specific values of the EPC parameters.

Beyond the shifts observed, the peak heights along both
directions change significantly. A plausible explanation for the
observed increase (decrease) in the peak magnitude of optical
absorption with G 4 0 (G o 0) can be inferred from the
broadening (narrowing) of the band structure. As the level of
broadening and narrowing are different for two directions, the
change rates for the height of peaks are different.

A summary of the EPC effects on the electronic band gap
and optical absorption is shown in Table 1. It is evident that
phosphorene is highly anisotropic.

When a gate voltage is applied at a given temperature, for
example at T = 10 K, to both sublayers with +Dz/2 and �Dz/2, the
band gap undergoes an increase from 1.52 eV to 2 eV for Dz = 1 eV,
as depicted with the dark gray line in Fig. 4(a). It is important to
note that both sublayers are gated at the same time in our model
with different signs. Thus, Dz 7! � Dz does not change the results.
In the presence of EPC, if only one of the sublayers is influenced
by the EPC, we find an increase (a decrease) of the band gap
with G 4 0 (G o 0). Although in contrast to the ungated
lattice, the band gap never closes meaning that there is no
critical EPC at which the valence and conduction bands touch
each other, the shift of the momentum space still occurs

following kcy ¼
2 arccos Dz=2ð Þ � ~t2 þ ~t5ð Þ=2 ~t1 þ ~t3ð Þð Þ½ �

b
.

With the EF, the distinction between results, compared to
the absence of an EF, along the armchair and zigzag directions
is quite different such that the optical peaks are significantly
(slightly) shifted to the higher light frequencies along the
armchair (zigzag) direction, as illustrated in Fig. 4(b) and (c).
This implies that gate voltages exhibit distinct effects along the
x and y directions in monolayer phosphorene, a crucial aspect
for optoelectronics.

5 Summary

To sum up, our investigation focuses on the theoretical model
of interband optical responses in single-layer black phosphorus
under the influence of electron–phonon coupling (EPC) and an
electric field (EF). Utilizing the effective tight-binding Hamilto-
nian model based on the Barišic–Labbe–Friedel–Su–Schrieffer–
Heeger model and the Kubo formalism, we calculate the direction-
dependent electronic band structure and optical absorption. The
normalization of orbital hybridization through EPC is manifested
in the opening/closing of the band gap. EPC induces blue and
redshifts in the optical absorption spectrum along both directions
depending on the sign of EPC. Our findings with EPC remain
relatively stable in the presence of an EF. The present findings
provide valuable insights for the adjustment of phosphorene’s
optoelectronic applications.
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47 S. Barišić, Rigid-Atom Electron-Phonon Coupling in the
Tight-Binding Approximation.I, Phys. Rev. B: Solid State,
1972, 5, 932–941, https://link.aps.org/doi/10.1103/Phys
RevB.5.932.
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