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Ab initio investigation on exciton-phonon interaction and exciton mobility in black phosphorene
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Black phosphorene (BP) is an emerging two-dimensional material that has potentially wide applications in
nano- and optoelectronics. Despite the strong excitonic effects observed in few-layer BP, there is still a lack
of understanding regarding exciton-phonon (ex-ph) interaction and exciton mobility. In this work, using GW
plus real-time Bethe-Salpeter equation approach, it is revealed that the out-of-plane acoustic phonon mode
ZA, and the optical phonon modes A1

g and A2
g couple strongly with the exciton. Among them, the A2

g mode
has a uniquely significant influence on the oscillator strength. Driven by these ex-ph interactions, the exciton
becomes more localized accompanied with strengthened binding and the absorption spectrum undergoes a
notable renormalization at 300 K. In the framework of deformation potential theory, the exciton mobility
of monolayer BP (MLBP) is found to be largely suppressed compared to the free-charge carriers, showing
quasi-one-dimensional character. This work provides rich knowledge of ex-ph interaction and exciton mobility
in MLBP at the ab initio level, offering insights for the understanding and controlling the exciton behavior in
BP-based devices.
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I. INTRODUCTION

Layered black phosphorus, or black phosphorene (BP),
as a novel category of two-dimensional (2D) semicon-
ductors, has been demonstrated having various remarkable
properties—widely tunable direct band gap, anisotropy, and
high carrier mobility, showing great potential in the area of
optoelectronics [1–11]. Specifically, the direct band gap of
BP varies from 0.3 eV in bulk to 2.0 eV in monolayer,
covering the visible and near-infrared range in spectrum
and filling up the blank between gapless graphene and
large-gap transition-metal dichalcogenides [2–5]. Its puck-
ered honeycomb structure gives rise to distinctly anisotropic
electronic and optical properties, enabling the applications
that are impossible in isotropic materials [6–10]. And,
its exceptional carrier mobility ensures the performance
of BP-based devices such as field-effect transistor and
photovoltaics [8,11].

Phonon is general existing elementary excitation in solid
materials and the electron-phonon (e-ph) interaction is known
to be a key ingredient that affects the optical, electronic,
and thermal behavior of carriers in semiconductor devices [8,
12–21]. Especially, the electronic structure of BP is sensitive
to structural distortion, suggesting a strong e-ph interaction
[12,13]. Due to its basic importance, the e-ph interaction
in BP has been extensively studied by both experimental
and theoretical works. Experimental researches have observed
symmetry-dependent e-ph coupling by polarization-selective
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resonance Raman measurements [14]. On the theoretical side,
ab initio investigations have been applied to study the e-ph
coupling in BP, which can be divided into three catagories:
(i) perturbation theory [15,16]; (ii) statistical sampling over
ab initio molecular dynamics (AIMD) [17–21]; and (iii) de-
formation potential theory [8].

However, all these previous ab initio studies have been
established on the single-particle picture where the essential
excitonic effect in 2D materials is in absence. The most rec-
ognized ab initio approach to investigate exciton properties
is the GW + Bethe-Salpeter equation (GW + BSE) method.
Using this approach, it has been revealed that exciton binding
energy in monolayer BP (MLBP) is as large as 0.5 ∼ 0.9 eV
[3,9,22] as confirmed by spectroscopy experiments [10]. Such
a robust binding renders the performance of devices greatly
subjected to the behavior of exciton in MLBP [23–25]. It is
fundamental to study the exciton-phonon (ex-ph) interaction
with many-body effects taken into account. Up to now very
few studies related to ex-ph interaction have been reported
due to the boost of complexity. Zacharias and Giustino in-
troduced the special displacement method to construct the
structure that yields the thermodynamic average at finite tem-
perature [26] and studied the effects of ex-ph coupling on
monolayer germanium selenide [27]. Chen et al. derived the
ex-ph coupling matrix elements within the BSE framework
[28], facilitating understanding of ex-ph coupling based on
perturbation theory combined with GW + BSE. And recently,
Jiang et al. developed an ab initio method on the basis of
GW plus the real-time BSE (GW + rtBSE) [29], in which
GW + BSE is combined with AIMD by introducing the rigid
dielectric function approximation, making it affordable to ob-
tain the time-varying properties of exciton along an AIMD
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trajectory which contains extensive information about ex-ph
interaction at a picosecond (ps) timescale, providing another
efficient way to investigate ex-ph interaction at the ab initio
level.

In this paper, we study the ex-ph interaction in MLBP
utilizing GW + rtBSE simulation. A 5-ps AIMD trajectory
of MLBP at 300 K simultaneously containing phonon excita-
tion and many-body effects is generated. Through frequency
spectral analysis we identify that the out-of-plane acoustic
phonon mode ZA, and the optical phonon modes A1

g and A2
g

couple strongly with the exciton in MLBP and elucidate their
impact on energy and oscillator strength. Through ensemble
average we determine the increase of exciton binding en-
ergy aligned with wave-function localization, and show the
renormalization of optical response due to phonon excitation.
Besides, we calculate the acoustic phonon limited exciton
mobility based on deformation potential theory, which quan-
tifies the huge lowering of mobility when the independent
electron and hole are bound together to form an exciton
and demonstrates the quasi-1D character of exciton transport
in MLBP.

II. METHODS

The AIMD simulation of MLBP is calculated by
employing density-functional theory (DFT) using Vienna
Ab initio Simulation Package (VASP) [30]. A 20-Å vacuum
layer is introduced to avoid the spurious interaction between
the periodic images. The plane-wave cutoff energy is set
as 400 eV. A 6 × 6 × 1 supercell with 3 × 3 × 1 k points
is used to capture the effects of sufficient phonon modes.
The exchange-correlation interaction is described by the
Perdew-Burke-Ernzerhof (PBE) functional [31]. We heat the
system to 300 K through Nosé-Hoover heat bath [32] and
obtain a 5-ps AIMD trajectory under the microcanonical en-
semble with a 1-fs time step. Subsequently, in order to reduce
the computation cost, we choose a 5-fs time step for the
real-time BSE calculation. The time step is small enough
considering that the maximum phonon frequency in MLBP
is about 460 cm−1 (∼ 72 fs) [16].

The GW + rtBSE workflow is implemented in HEFEI-NAMD

code [29]. A single-point GW calculation of unit cell with
18 × 18 × 1 k points is carried out using VASP to provide the
quasiparticle (QP) energy and the dielectric response within
the random-phase approximation (RPA). The band-gap dif-
ference between the single-point GW and the DFT result is
used to correct the underestimated Kohn-Sham (KS) energies
during the AIMD. For an accurate description of energy lev-
els, partially self-consistent GW (G1W0) is performed where
the QP energies are iteratively updated from the one-shot
GW (G0W0). Then, the BSE Hamiltonian is constructed us-
ing seven conduction bands and three valence bands of the
supercell and solved for each time step along the AIMD
trajectory based on rigid dielectric function approximation
that the dielectric function and QP energy correction are fixed
along the AIMD trajectory on account of their ignorable effect
compared to the variation of wave function [28,33]. More
details related to the method can be found in the Supplemental
Material [34].

III. RESULTS AND DISCUSSION

A. Band structure and exciton properties of MLBP
at zero temperature

Before studying ex-ph interaction, we first examine the
band structure and exciton properties of MLBP at zero tem-
perature. The band structure of MLBP is given in Fig. 1(b).
DFT calculation with PBE functional gives a direct band gap
of 0.89 eV at the � point, which is underestimated due to the
well-known self-interaction error [3,9,22]. For a correction,
GW calculation is performed to obtain the QP energies, result-
ing in a band gap of 2.06 eV. Comparing the band structure of
DFT and GW calculations, the self-energy correction can be
understood as a rigid shift of KS energy bands. This energy
shift of 1.17 eV is used as a scissor operator to modify the QP
energies during the AIMD simulation.

After photoexcitation, the strong Coulomb attraction be-
tween electron and hole leads to the formation of exciton
in MLBP which significantly affects the optical response.
Generally, the characteristic of exciton can be captured by
GW + BSE calculation. The polarized absorption spectra of
MLBP in equilibrium at zero temperature is given in Fig. 1(c).
For armchair (AR) polarization the lowest bright exciton peak
appears at 1.49 eV (labeled as A). Comparing the GW + BSE
spectra with GW + RPA spectra, the binding energy for A
exciton is determined to be 0.57 eV, which is in good con-
sistence with previous calculations [3,9,22]. By contrast, for
zigzag (ZZ) polarization the first bright exciton peak (labeled
as B) does not appear until reaching 3.0 eV. A exciton, closely
related to the band-edge transition, plays a dominant role in
MLBP. Therefore, we focus on the interaction between A
exciton and phonon in this study.

B. Phonon effects on the QP and exciton energies

The time evolution of QP energies at 300 K is presented
in Fig. 2(a). First, we investigate the e-ph coupling of the in-
dependent electron and hole by performing Fourier transform
(FT) on the energy evolution of conduction-band minimum
(CBM) and valence-band maximum (VBM). In the subse-
quent FT spectra [Fig. 2(b)], there are four major peaks. The
two low-frequency peaks originate from the ZA mode and
the two high-frequency peaks are, respectively, assigned to
A1

g and A2
g optical modes by comparing them with theoreti-

cal results [17] and Raman-scattering measurements [7,14].
B2g mode also plays a minor role. Since the frequencies of
B2g (425 cm−1) and A2

g (448 cm−1) modes come very close
to each other, and the duration of MD is not long enough
for us to distinguish them, we identify the B2g mode at its
second-harmonic peak in the FT spectra. It is found that most
of the phonon modes simultaneously lift up CBM and lower
down VBM, or vice versa, suggesting the effects of phonon
scattering on the CBM electron and the VBM hole have the
opposite phases. Therefore, comparing the sum of FT of CBM
and VBM with the FT of band gap, a great identity is observed
[Fig. 2(b)]. Such opposite phases are supposed to give rise to
a maximum augmentation of phonon scattering when electron
and hole binds together to form an exciton.

Then we turn to the exciton case. The time evolution
of the CBM-VBM band gap and A exciton at 300 K is
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FIG. 1. (a) Atomic structure of MLBP. (b) GW (thick lines) and DFT bands (thin lines) of MLBP. (c) Polarized absorption spectra of MLBP
in equilibrium from GW-RPA without e-h interaction (dashed lines) and GW-BSE with e-h interaction (solid lines) under AR direction (top)
and ZZ direction (bottom) polarized light.

presented in Fig. 2(c). The corresponding averaged values are,
respectively, 2.01 and 1.42 eV. Comparing to the results at
zero temperature, the band gap decreases by 48 meV due to
the e-ph induced renormalization [35]. The average binding
energy of A exciton increases by 20 meV to 0.59 eV at 300 K
with ex-ph coupling included. The FT spectra of A exciton
resembles that of the band gap, which is attributed to the nar-
row distribution of A exciton in the momentum space revealed
by the modular square of exciton wave-function coefficient

|Akcv|2 (see Supplemental Material, Fig. S3 [34]), suggesting
A exciton is composed by electronic states around CBM and
VBM. And, the slight difference comes from the renormaliza-
tion of exciton binding energy induced by phonons.

C. Phonon-induced exciton localization

Thermal vibrations of lattice, namely, the phonon excita-
tion, introduce disorder in the material that generally causes

FIG. 2. (a) Time evolution of KS electronic-state energies of MLBP. (b) Top: FT spectra of evolution of VBM and CBM. Bottom:
comparison between sum of FT spectra of CBM and VBM and FT spectrum of band gap. (c) Time evolution of band gap and energy of
A exciton. (d) FT spectra of evolution of band gap and A exciton. (e) Corresponding frequencies and vibrational schematic diagrams of phonon
modes appearing in FT spectra.
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FIG. 3. (a) Time evolution of binding energy and |ACBM−VBM|2 of A exciton. (b) FT spectra of A-exciton binding energy and |ACBM−VBM|2.
Amplitudes of two FT spectra have been normalized to same level. (c), (d) Modulus squared of the real-space A-exciton wave function at 0 K
(c) and averaged over AIMD trajectory at 300 K (d). Rectangle frame corresponds to size of 18 × 18 × 1 supercell. Two dotted ellipses in (c)
and (d) both refer to outline of A exciton at zero temperature. And, isosurfaces in (c) and (d) are plotted using same value.

charge localization in real space [36–38]. One may expect
that phonon excitation may also induce exciton localization
in MLBP. The exciton localization can be revealed in both
real and momentum space. The centralization of A exciton in
the momentum space can be understood from the square of its
wave-function coefficient at � point |ACBM−VBM|2. In Fig. 3(a)
we plot the time evolution of |ACBM−VBM|2, together with the
binding energy of A exciton. The time-resolved trajectories
of the binding energy and |ACBM−VBM|2 are found similar in
shape but opposite in changing trend, and their FT spectra are
in line with each other [Fig. 3(b)], suggesting |ACBM−VBM|2
is negatively correlated with the binding energy. The increase
of A-exciton binding energy due to ex-ph coupling is accom-
panied with a more delocalized distribution in the momentum
space, which corresponds to a localization in the real space.

The phonon-induced exciton localization can also be un-
derstood directly from the modulus squared of the real-space
exciton wave function with the hole coordinates being inte-
grated out, i.e., ρλ(r) = ∫ drh|ψλ(re = r + rh, rh)|2 [39]. The
effects of phonon excitation are included by averaging over
the NVE ensemble from AIMD. The real-space distribution of
A exciton displays a 1s hydrogen-like elliptical envelope that
mainly extends in the AR direction as plotted in Fig. 3(c) and
3(d). The two dashed ellipses in Figs. 3(c)–3(d) are both the
outline of A exciton at zero temperature and the two isosur-
faces are plotted using the same amplitude. It is clear that the
exciton size is reduced when the temperature increases from
zero temperature to 300 K. To further quantitatively evaluate
the localization of exciton, we calculate the size of A exciton
using r̄ = ∫ dr |r|ρλ(r). The values are, respectively, 12.56 Å
at zero temperature and 12.35 Å at 300 K. Such a 0.21-Å
decrease illustrates that the average distance between e-h pair

is compressed and the exciton binding is strengthened when
phonons are excited, well consistent with the 20-meV increase
of the exciton binding energy.

D. Exciton-phonon effects on the optical response

To understand the ex-ph effects on the optical response, we
calculate the exciton oscillator strength defined as [40]

Tλ = |〈0|�v|λ〉|2
Eλ

=
∣∣∑

kcv Aλ
kcv〈ck|�v|vk〉∣∣2

Eλ

. (1)

|0〉 denotes the ground state. Using the velocity-coordinate
commutation relation �v = i[H, �r], 〈ck|�v|vk〉 can be rewritten
as 〈ck|�v|vk〉 = i(Ekc − Ekv )〈ck|�r|vk〉, where Ekc and Ekv are
the QP energies and 〈ck|�r|vk〉 is the transition dipole matrix
element. On account of the nonperiodicity of �r, 〈ck|�r|vk〉
is converted to limq→0

1
|q| 〈ck|ei �q·�r |vk〉 in practice, where �q

is the wave vector of the incident light. The calculation of
such matrix element is implemented in VASP as explained in
Ref. [41].

Figure 4(a) shows the relative change of modular square of
the transition dipole from VBM to CBM (|〈CBM|�r|V BM〉|2)
corresponding to the equilibrium structure. In its FT spectrum
[Fig. 4(b)], A1

g and A2
g modes contribute two major peaks, with

A2
g being the strongest. By further incorporating the contribu-

tion from the exciton energy and wave-function coefficients
according to Eq. (1), the time-varying oscillator strength of
A exciton and its FT spectrum are shown in Figs. 4(c) and
4(d). Notably, the coupling amplitudes of ZA and B2g modes
are enhanced due to the excitonic effects. Yet, A2

g still re-
mains the strongest phonon mode coupled to the oscillator
strength. The phonon excitation reduces both the transition
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FIG. 4. (a), (b) Time evolution of square of transition dipole moment from VBM to CBM |〈CBM|�r|V BM〉|2 and corresponding FT
spectrum. (c), (d) Time evolution of oscillator strength of A exciton and corresponding FT spectrum. Y-axis coordinates in (a) and (c) denote
relative change of square of transient transition dipole or exciton oscillator strength compared to result of equilibrium structure. (e) VBM
orbital distribution variations with A2

g, A1
g, and B2g phonon mode excitation. To display variation clearly, we introduce considerably large

displacement (δ = ±0.3 Å within primitive cell). δ = 0 refers to equilibrium structure. δ > 0 and δ < 0 suggest atomic displacements aligned
to two opposite phonon vibrational directions. (f) Six different snapshots of absorption spectra along AIMD trajectory. Red lines denote exciton
oscillator strengths. (g) Top: Averaged absorption spectrum of AIMD ensemble at 300 K. Bottom: Absorption spectrum at zero temperature.
Shaded areas are fitted Lorentz functions of first peak.

dipole moment and the oscillator strength of A exciton, which
decrease around 14% and 24%, respectively, comparing to the
equilibrium structure.

The extraordinary tuning effects of Ag modes (A1
g and

A2
g) on the transition dipole moment |〈CBM|�r|V BM〉|2 can

be explained by checking how the phonon excitation affects
the orbital distribution. The impacts of phonon excitation on
the CBM are not distinct (see Supplemental Material, Fig. S4
[34]) and the leading effects are on the VBM. In Fig. 4(e)
we plot how the VBM orbital changes when A1

g, A2
g, and B2g

modes are excited by introducing a considerably large atomic
displacement—the total displacement within a primitive cell

is set to be δ = ±0.3 Å for each phonon-activated structure.
One can see that the excitation of Ag modes alters the VBM
orbital distribution much more notably than B2g mode by
compressing or stretching the σ bonds that connect two P-
atom sublayers. Besides, the σ bond primarily extends along
the AR direction, thus more susceptible to A2

g mode with
a larger AR vibrational component. This result agrees with
the polarized Raman measurements revealing the strong e-ph
coupling of the in-plane atomic movements from A2

g mode
vibration [14]. It should be noted that due to the phonon ex-
citation, the xz−mirror symmetry is broken and the transition
dipole along the ZZ direction becomes nonzero, as shown in
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Fig. S5 in the Supplemental Material [34]. However, at 300
K, comparing to the AR direction, transition dipole moment
in the ZZ direction is still four orders of magnitude smaller,
which can be neglected in the absorption spectrum. Maybe at
a higher temperature more interesting phenomena caused by
broken symmetry can be observed.

Given the exciton energy and oscillator strength, we have
all the information needed for absorption spectrum, which is
calculated as below:

Abs(ω) ∝
∑

λ

Tλ�L(ω, Eλ, σ ), (2)

where �L(ω, Eλ, σ ) is the Lorentz function centered at the
exciton energy Eλ with a broadening width σ set as 25 meV, Tλ

the exciton oscillator strength, and λ the index of exciton state.
Figure 4(f) shows several snapshots of absorption spectra at
different moments along the AIMD trajectory. The location
and the height of the peaks stay in fluctuation due to the lattice
vibration. By averaging over the transient absorption spectra
of the AIMD ensemble, we obtain the absorption spectrum at
300 K [Fig. 4(g)]. By fitting the first absorption peak using
Lorentz function, it is found the peak width is extended to
52 meV, accompanying with a 68-meV redshift.

E. Exciton-phonon interaction on the exciton mobility

The acoustic phonon limited exciton mobility is evaluated
using deformation potential method [42,43]. The carrier mo-
bility is expressed as

μi = eh̄3 C2D,i

kBT m∗
i M∗E2

d,i

, (3)

where the subscript i denotes transport direction (x is AR, y
is ZZ), T is the temperature, m∗

i the effective mass, and M∗ is
defined as M∗ = √

m∗
x m∗

y . The two-dimensional elastic modu-
lus C2D is calculated using C2D = 2	E/(S0ε

2) where ε is the
normalized deformation, 	E the change of total ground-state
energy of the system, and S0 the lattice area in equilibrium.
The deformation potential Ed is calculated using Ed = 	V /ε,

where 	V is the change of carrier energy under deformation.
The exciton effective mass is approximately set to be the sum
of electron and hole effective mass as given by the exciton
hydrogen model, m∗

EXT = m∗
e + m∗

h [44]. For every stretched
or compressed structure of the primitive cell, an individual
GW + BSE is performed without the application of rigid
dielectric function.

Figure 5 shows how the GW QP band gap and GW-BSE
exciton energy change with lattice deformation. Table I lists
the deformation potential, mobility, and other associated phys-
ical quantities of the electron, hole, and exciton at 300 K.
Strikingly, the exciton mobility is 1 ∼ 2 orders lower than
the mobility of uncorrelated electron or hole. According to
Eq. (3), the mobility is inversely proportional to the square
of effective mass and deformation potential. In addition to
the hinderance caused by the combined effective mass, the
transport of A exciton is also impeded by the combined de-
formation potential because the electron and hole energies
have opposite changes upon phonon excitation. As one of the
most famous members of the 2D material family, BP attracts
wide and intense interest due to its high carrier mobility.

FIG. 5. GW band gap and energy of A exciton under different
lattice deformation along AR direction (dots and solid lines) and
ZZ direction (crosses and dashed lines) calculated by GW + BSE.
Positive values of deformation correspond to tensile strain while
negative values correspond to compressive strain. Dots (or crosses)
represent calculated values and solid (or dashed) lines are linearly
fitted curves.

Nevertheless, our study proposes that the carrier mobility will
be dramatically suppressed if exciton is formed.

The strong anisotropic nature of MLBP is retained in the
transport of exciton. The exciton mobility along the AR di-
rection is an order larger than the ZZ direction owing to the
huge difference of exciton effective mass in these directions.
It should be noted that the electron holds large mobility in
the AR direction, while the hole is highly mobile in the
ZZ direction. The high hole mobility origins from that its
small deformation potential overwhelms the heavy effective
mass. However, this advantage is nullified when the hole
and electron are combined together, possessing a relatively
large deformation potential as a whole. Consequently, the
anisotropy of exciton mobility follows the trend of electron.
The exciton mobility along the ZZ direction is as small as
4.8 cm2 V s−1 at 300 K, indicating that the exciton almost
stays localized in this direction. This unique anisotropy leaves
the transport of exciton in MLBP nearly one dimensional as
revealed by the exciton-exciton annihilation experiments [25].

Figure 5 also illustrates the impact of lattice deformation
on the exciton binding energy in MLBP. The slope of the
band gap is larger than that of exciton binding in both AR
and ZZ directions, implying the tensile strain will increase
the exciton binding energy. As derived by the Thomas-Fermi

TABLE I. Effective mass (m∗), elastic modulus (C2D), deforma-
tion potential (Ed ), and mobility (μ) of exciton, electron, and hole at
300 K.

Carrier Direction m∗/me C2D (J/m2) Ed (eV) μ (cm2 V s−1)

Exciton X 0.35 36.5 5.48 ± 0.06 45.8
Y 7.64 112.6 6.36 ± 0.08 4.8

Electron X 0.19 36.5 1.33 ± 0.02 5200
Y 1.13 112.6 5.41 ± 0.01 159

Hole X 0.16 36.5 4.01 ± 0.03 291
Y 6.51 112.6 0.84 ± 0.05 508
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model [45], the Coulomb screening is positively correlated to
the electron density so that the stretched lattice under tensile
strain weakens the screening effect and lifts up the binding
energy. The acoustic mode has an essential influence on the
binding energy—1% in-plane strain leads to about 15-meV
change of binding energy, suggesting the potential of acoustic
phonons as an effective approach to tune the binding behavior
of excitons in MLBP.

In this work, the renormalization of the band gap and ex-ph
effects on the exciton binding energy and wave function are
investigated using the statistical sampling over the AIMD
simulation, which can also be obtained using the perturbation
theory [28,46]. If we compare the perturbation theory with the
statistical-sampling approaches, both methods have their own
advantages. One important problem of statistical-sampling
approach is how to make a sufficient sampling. For example,
AIMD with a sufficiently long time is required to obtain a
complete ensemble. In addition, if AIMD simulation with
periodic condition is applied to sample the phonon excitation,
only the phonons at the � point are included. To overcome this
problem, a supercell needs to be used so that the phonons at
other q points in the primitive-cell Brillouin zone (BZ) can
be folded into the � point of the supercell BZ. Therefore,
the sampling of phonon q points is limited by the size of
the supercell. For example, in this work, we use 6 × 6 ×
1 supercell, which can sample 6 × 6 × 1 q points on the
phonon dispersion curves. Another problem is that in the
AIMD simulation, the nuclei are treated as classical particles,
and the zero-point energy of the phonons are not included
in the simulation. Using molecular dynamics methods based
on path-integral techniques can solve this problem. On the
other hand, the AIMD simulation can naturally capture the
anharmonic effects of the phonons, which is an important
advantage comparing to the perturbation theory.

IV. CONCLUSION

In summary, we have utilized GW + rtBSE method to
study the ex-ph interaction in MLBP by exploring the evolu-
tion of exciton properties along the AIMD trajectory under
room-temperature phonon excitation. It is found that A2

g,
A1

g, and ZA modes have notable impacts on the exciton en-
ergy, and the exciton oscillator strength is highly susceptible
to A2

g mode. The phonon excitation induces localization of
A exciton along with 20-meV increase of binding energy
and causes prominent redshift and broadening of absorption
spectrum. Besides, based on the deformation potential the-
ory we predict the exciton formation suppresses the carrier
mobility by 1–2 orders of magnitude, and the anisotropic
character of BP is kept for exciton mobility, featuring quasi-
1D transport along the AR direction. The understanding of
ex-ph interaction and exciton mobility at the ab initio level
provides insights for designing and optimizing the high-
performance 2D nanoelectronic devices based on BP in the
future.
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