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The electric field tunable band gap and optical properties in low-dimensional materials (quantum-
confined Stark effect) are very useful in applications of optoelectronics. In this paper, based on the
many-body perturbation method, we investigate the evolution of the quasiparticle electronic structure,
exciton, and optical properties of two-dimensional (2D) Hittorf’s phosphorene under an out-of-plane elec-
tric field. Compared to other 2D monolayers, the relatively large thickness of Hittorf’s phosphorene leads
to a significant reduction in the quasiparticle band gap when an electric field is applied along the quantum
confinement direction. The unique bilayer structure, on the other hand, guarantees a well spatial separation
of photon-excited electron-hole pairs and, consequently, reduced exciton binding energy under an out-of-
plane electric field. These combined effects lead to an almost fixed exciton energy and optical absorption
edge at low applied electric fields. However, when the field is larger than 0.1 V/A, substantial reductions
in the exciton energy and optical absorption edge are identified. For the higher-order exciton states, the
involvement of more complex band-to-band electron-hole pair formation results in a nonmonotonic elec-
tric field dependence. The effective optical modulation accompanied with these giant Stark effects shows

potential applications of Hittorf’s phosphorene in 2D optoelectronic devices.

DOI: 10.1103/PhysRevApplied.17.054047

I. INTRODUCTION

Two-dimensional (2D) materials have attracted wide
interest in condensed matter physics and material science.
From gapless graphene to narrow-band-gap black phos-
phorene, intermediate-band-gap transition metal dichalco-
genides (TMDs), and wide-band-gap semiconductors
[e.g., blue phosphorene, Hittorf’s phosphorene, III-
VI monochalcogenides, graphane, C;N/C;B, and boron
nitride (BN)], 2D materials could cover a wide range of
the optical spectrum. Enhanced electron-hole interaction,
i.e., excitonic effect, in these atomically thin layers will
lead to strong light-matter interactions, making them use-
ful in applications of 2D photodetectors, photovoltaics, and
light-emitting diodes (LEDs), etc [1-37].

Among these 2D materials, black phosphorene with a
narrow band gap of 2.1 eV has attracted intense interest
for its obvious anisotropic optical responses, with a 1.6 eV
difference in the optical absorption edge between the polar-
ization along the zigzag and armchair directions of the 2D
puckered structure [20-28]. Importantly, as revealed by
Qiu et al. [27], such anisotropy is intrinsic and independent
of the layer thickness and environment screening, show-
ing robust application in optoelectronic devices. In contrast
to black phosphorene, another kind of 2D buckled phos-
phorus hexagonal crystal structure was found to exhibit
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a much larger band gap of 3.41 eV with the first exciton
state located at 2.85 eV [29]. Although the intrinsic indirect
band gap in this buckled monolayer (blue phosphorene)
will prohibit its direct applications in optoelectronics as an
efficient LED, the unusual strain dependence of the quasi-
particle electronic structure and excitonic properties will
find advantages in the realization of a funnel structure for
the applications of green and blue LEDs [29]. On the other
hand, violet (or Hittorf’s) phosphorus with a fibrous and
layered crystal structure is another wide-band-gap semi-
conductor [31]. Recently, under ambient conditions, the
monolayer of violet (or Hittorf’s) phosphorus was iso-
lated experimentally with both mechanical and solution
exfoliation methods [32,33]. In particular, the high quality
of the solution exfoliated sample paves the solid founda-
tion for further exploration of its physical and chemical
properties. Our ab initio GW calculations showed that its
monolayer has a direct band gap of 3.32 eV [34]. Despite a
relatively large thickness of around 10 A, the optical spec-
trum is still dominated by exciton effects. The first exciton
state is located at 2.41 eV with a strong binding energy
of 0.91 eV [34], agreeing with experimental findings of
the optical absorption edge of 2.27 eV [33]. Furthermore,
polarization-direction-dependent electron-hole excitations
have been revealed in this 2D material [34].

The effect of the electric field on the electronic and opti-
cal properties of solids has been studied for a long time
[38—40]. The Stark effect is one such phenomena where
an external electric field is used to perturb the electronic
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structure of the active material and usually provides a
shift of the emission line to the lower energies due to a
reduction in the band gap. For low-dimensional materials,
the electric field could give rise to an obvious change of
the energies of quantum states, i.e., the quantum-confined
Stark effect (QCSE) [41-70]. The electric field in these
cases is applied along the confinement direction of a quan-
tum well or other nanostructure, thereby allowing a large
electric field resulting in a giant shift of exciton states and
optical properties. As demonstrated in Fig. 1, for 2D mate-
rials, the overall exciton energy shift has two components
[64]. A reduction in the band gap arises from the oppo-
site movement in energy of the constituent electron states
in the conduction bands and the hole states in the valence
bands and the magnitude is quadratic on the electric field.
The other component of the Stark shift, which is the sup-
pression of the exciton binding energy, results from the
opposite motion of the wave function of the constituent
electron and hole within the confined structure when an
electric field is applied. For a square well, within second-
order perturbation theory, such an effect is proportional to
t*, where t is the quantum well thickness [64]. Thus, in
typical quantum wells with width extending up to several
nanometers, the quadratic reduction in the band gap signifi-
cantly dominates over the reduction in the exciton binding
energy, and thus a shift in the optical spectrum to higher
energies is seldom observed. In 2D materials, the depen-
dence of the exciton energy with respect to the electric field
could be described as

E=—ay xF—a, x F*+E,, (D)

where «; is the exciton dipole moment, «; is the exci-
ton polarizability, and E; is the band gap at F = 0 V/A.
For most 2D materials, the thickness of the monolayer is
less than 5 A. The reduction in the band gap under an
out-of-plane electric field is extremely small. For exam-
ple, when the electric field reaches as high as 0.1 V/A, our
theoretical calculated band-gap reduction is very small for
some 2D materials, as listed in Table I. However, for Hit-
torf’s phosphorene, the reduction in the band gap could
reach as high as 22 meV. Therefore, Hittorf’s phospho-
rene could provide a platform to realize giant QCSE. In
this paper, based on the more accurate GW-BSE (where
BSE refers to the Bethe-Salpeter equation) method, we
study the evolution of the quasiparticle band gap, exciton,
and optical properties of 2D Hittorf’s phosphorene under
an out-of-plane electric field. The unusual two-sublayer
crystal structure with a relatively large thickness (10.06
A) could give rise to an obvious reduction in the band
gap as well as a spatial separation of electron-hole pairs,
and, consequently, significant effects of the electric field
on the excitonic properties. Indeed, as we have found, the
quasiparticle band gap could decrease by as much as 17
meV under 0.1 V/A. This value is even larger at 64 meV
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FIG. 1. (a) Schematic illustration of the band structure and the
exciton states of a 2D material under an applied electric field.
(b) Schematic illustration of the exciton in Hittorf’s phospho-
rene with two sublayers. The electric field strongly modulates
the interaction between the electron and the hole, moving them
apart and suppressing the binding energy. (c) Schematic illustra-
tion of the optical absorption of a 2D material, including a series
of exciton states within the quasiparticle band gap. The reduc-
tion of the band gap Eg,, and the reduction of exciton binding
energy Ep under an electric field will lead to a shift in the opti-
cal absorption to a low energy and a high energy, respectively,
therefore modulating the optical band gap Es as Es = Eg,, — Ep.

under 0.2 V/A. In the meantime, a sizeable reduction in
the exciton binding energy of 48 meV under such a medi-
ate electric field is found and the overall exciton energy
shows a stable reduction of 16 meV at 0.2 V/A and could
reach as high as 56 meV at 0.3 V/A. We also reveal that
the macroscopic dielectric screening in fact changes little
with electric fields, and that the electric-field-driven spatial
separation and localization of electron and hole wave func-
tions near the band edges with enhanced effective mass
play an important role. Our studies have not only provided
a deeper understanding of QCSE of excited states in 2D
materials, but also shown that the effective modulation of
optical absorption in 2D Hittorf’s phosphorene under an
electric field could find applications in 2D optoelectronics,
e.g., electro-optical modulators, electrically tunable and
sensitive light-emitting systems.

II. COMPUTATIONAL METHOD

Our first-principle calculations are performed using
density-functional theory (DFT) as implemented in the
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TABLE I. The calculated band-gap reduction (based on PBE)
of Hittorf’s phosphorene, black phosphorene, MoS;, blue phos-
phorene, and BN under an applied out-of-plane electric field of
0.1 V/A.

Hittorf’s Black Blue
phosphorene phosphorene MoS, phosphorene BN
AE
(meV) 22 0.37 0.03 0.04 0.04

Quantum Espresso package [71]. Generalized gradient
approximations with Perdew-Burke-Ernzerhof (PBE) of
norm-conserving pseudopotentials with a plane-wave cut-
off of 60 Ry are used [72,73]. The ground-state wave
functions and eigenvalues are calculated with a & grid
of 6 x 6 x 1. The structures are relaxed until the total
forces are less than 0.01 eV/A and the convergence crite-
rion for total energies is set to 107> eV. The quasiparticle
band structures, exciton, and optical properties are cal-
culated with the BerkeleyGW package [74—76]. A slab
model is used with a vacuum layer of 20 A along the out-
of-plane direction. A perpendicular sawtoothlike potential
with dipole correction is adopted to simulate the exter-
nal out-of-plane electric field with a magnitude up to 0.3
V/A. In the meantime, a truncated Coulomb interaction
between Hittorf’s phosphorene and its periodic image is
adopted for the excited-state calculations (both quasiparti-
cle and excitonic properties) [77]. For the convergence of
quasiparticle energies [78], we have tested dependence on
the k-grid size, number of bands, as well as the dielectric
cutoff. We use a coarse & grid of 6 x 6 x 1, empty bands
of 30 times more than the valence bands, and a dielec-
tric cutoff of 10 Ry [34]. For the BSE part, a fine & grid
of 36 x 36 x 1 is used [34]. It is noted that fine sampling
is necessary to capture fast variation in screening at small
wave vectors and fine features in exciton wave functions,
which are tightly localized in k space. We use a Gaussian
smearing with a broadening constant of 5 meV in the opti-
cal absorbance spectrum. The number of bands for optical
transitions is eight for both valence and conduction bands,
which is sufficient to cover the span of visible light. The
exciton lifetime is calculated based on Fermi’s golden rule
[79,80]. The detailed computational framework is shown
in Appendix A.

ITI. RESULTS AND DISCUSSION

A. Evolution of the quasiparticle electronic structure
and optical properties in Hittorf’s phosphorene under
an out-of-plane electric field

The atomic crystal structure of Hittorf’s phosphorene is
presented in Fig. 2. The monolayer structure has two sub-
layers that are composed of phosphorous tubes with pen-
tagonal cross section. These tubes are covalently bonded

to the tubes orthogonally in the other sublayer. The opti-
mized in-plane lattice constants of Hittorf’s phosphorene
are a =9.24 A and b = 9.26 A, and there is a twofold
rotation symmetry along the x axis with point group C,
[34] (see the detailed atomic positions in Appendix B). The
electric field is applied perpendicularly to the x-y plane and
along the z direction.

To investigate the effect of the external electric field,
the electrostatic potential of Hittorf’s phosphorene is pre-
sented in Fig. 3(a). Within the material stuff (10 A < z <
20 A), the difference upon application of electric fields is
small. The effective electric field distribution along the z
axis is obtained as

_d(AU)

F= dz ’

2

where AU is the electrostatic potential difference upon the
application of the electric field, as shown in Fig. 3(b). The
potential drop between the upper and lower surfaces is 0.45
V for an electric field of 0.3 V/A, indicating the effective
screening of the external electric field in Hittorf’s phos-
phorene. By differentiating the AU, the effective electric
field is obtained and presented in Fig. 3(c). In the vacuum
region, the calculated electric field F is nearly constant,
equal to the applied value. Deep in the two sublayers, F
is about 5% of the applied value. The maximal effective
JF is found at the interface between the two sublayers. The
charge density difference compared to the zero-bias con-
dition is presented in Fig. 4. When an electric field of 0.1
V/A is applied, few electrons flow from the upper sublayer
to the lower sublayer. With increasing field strength, the
electrons accumulate at the lower part of both sublayers.
This finding shows that, under high electric fields, a much
stronger charge redistribution occurs as the two sublayers
in Hittorf’s phosphorene behave independently.

The evolution of the quasiparticle band structure of
Hittorf’s phosphorene under an applied electric field is pre-
sented in Fig. 5. The band gap of Hittorf’s phosphorene is
3.32 eV (X point) at zero bias. With increasing external
electric field, the band gap at the X point decreases to 3.19
eV for 0.3 V/A. The direct band-gap nature of Hittorf’s
phosphorene remains until the electric field increases to 0.3
V/A, where the system evolves into an indirect-band-gap
semiconductor with the top of the valence band located at
the I" point. In the meantime, the band dispersion gets flat-
ter when the electric field is applied gradually. The band
structure obtained within PBE is shown in Appendix C,
where the reduction in the band gap is a little larger than
that obtained within the Gy W, framework.

The charge redistribution under an applied electric field
is reexamined using plots of partial charges. In Fig. 6, we
show the states near band edges of the valence band (VB)
and the conduction band (CB) at several high-symmetry
k points, i.e., I', X, M, and Y . At zero bias, electrons are
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FIG. 2.

Ilustration of Hittorf’s phosphorene under a perpendicular out-of-plane electric field (along the z direction). We show the

side view in the left panel and the top view in the right panel. The yellow tubes are added as guides to the eye only to emphasize the

fibrous nature of Hittorf’s phosphorene.

distributed equally between the two sublayers. The holes,
on the other hand, are mainly concentrated in the interlayer
space. After applying an out-of-plane electric field, we find
that electrons and holes are gradually driven towards the
opposite direction in the neighboring sublayers. This is
more obvious for the charges at the I', Y, and M points
(in comparison to the X point), where the direct band gaps
are larger. Such evolution of electron orbitals at the band
edges is essential to understanding the change of exciton
formation and the corresponding optical properties with an
electric field.

The lowest direct transition energy from valence to con-
duction bands in the Brillouin zone is presented in Fig. 7.
The valley at the X point is found in all cases. However,
when the electric field is applied, the overall direct transi-
tion energies are decreased and the valley gets smoothed.
Together with the broken twofold rotation symmetry, dra-
matic changes in the formation of excitons in Hittorf’s
phosphorene under an out-of-plane electric field could be
expected.

The optical absorption spectra for light polarized along
the x and y axes of monolayer Hittorf’s phosphorene are
presented in Fig. 8. At zero bias, the first absorption peak
for the light polarized along the x axis is located at 2.41
eV. A detectable decrease of up to 2.35 eV is found
when the electric field increases to 0.3 V/A. The abso-
lute absorbance also shows an obvious decrease. In con-
trast, when the excitonic effect is not considered (without
including electron-hole interaction), the optical absorbance
spectrum is continuous (see Appendix D). The absorption
edge obtained in this way is much larger than the experi-
mental finding [33]. In the meantime, similar to previous
findings in other 2D materials [81,82], the absorption edge
moves to the lower energies as long as the electric field is
present.

Because of the anisotropic crystal structure, the absorp-
tion edges for light polarized along two orthogonal direc-
tions are different, with an anisotropy of around 0.06 eV
[34]. When applying electric fields, the anisotropy looks
increased. The polarization-dependent oscillator strength
of the first two exciton states is presented in Figs. 9 and
10, respectively. It is clear that two sets of excitons exhibit
strong linear dichroism. We also observe that the polar-
ization angles corresponding to the maximum oscillator
strength gradually deviate from the x axis when an electric
field is applied. This is attributed to the symmetry breaking
between the two sublayers. For the second exciton shown
in Fig. 10, the magnitude increases first and decreases
rapidly afterwards. As explained later, this behavior is due
to the involvement of more complex band-to-band optical
transitions during the formation of this exciton state.

By now, we could summarize the dependence of the
band gap and optical gap with respect to the electric field.
Following the description in Eq. (1), we can obtain the
polarizability «, associated with the reduction of either
the band gap or optical gap of Hittorf’s phosphorene.
The fittings are shown in Figs. 11 and 12. Here, the
intrinsic dipole moment for Hittorf’s phosphorene is zero.
Therefore, the field dependence is quadratic as 1/F2. The
polarizability «, is then fitted to be 7.2 x 107 Dm/V
for the quasiparticle band gap and 2.7 x 107! Dm/V for
the optical gap. Within PBE, «; associated with the band-
gap reduction is 8.4 x 107! Dm/V (see the details in
Appendix E). For the band gap at other high-symmetry &
points, the evolution shows a similar electric field depen-
dence and detailed data are summarized in Table IL
We have also compared our revealed QCSE in Hittorf’s
phosphorene with other 2D monolayers. By now, many
measurements in TMDs have been performed, as sum-
marized in Table III [50,55,60,61,64]. However, accurate

054047-4



GIANT STARK EFFECT IN TWO-DIMENSIONAL...

PHYS. REV. APPLIED 17, 054047 (2022)

12

@ ]

\
6 8 10 12 14 16 18 20 22 24 26 28

\
2 4

z axis (A)
FIG. 3. (a) Evolution of the electrostatic potential profile

across Hittorf’s phosphorene along the z axis with increasing
electric field. The vertical dashed lines indicate the top and
bottom boundaries of the two sublayers. (b) The electrostatic
potential difference with increasing electric field along the z axis.
(c) The calculated effective electric field distribution along the z
axis.

measurement of the Stark shift in monolayer TMDs is chal-
lenging due to the intrinsically small polarizability, which
is often masked by the strong shift arising from charge
modulation effects [54]. A high-quality interface is there-
fore crucial in minimizing trapping of photocarriers that
will lead to unintentional photodoping (or photogating)
and a corresponding apparent field-induced shift. In a pio-
neering experiment, Klein ef al. [50] revealed a very large
polarizability of the order 10~® Dm/V. Later Roch et al.
[55] addressed this issue by identifying the bias window
within which photodoping did not occur and limiting the
electric field to below 0.17 V/nm (1.7 MV/cm) to observe
the Stark shift. They observed a small quadratic shift of
up to about 0.4 meV for both the exciton and trion in
monolayer MoS, encapsulated in hexagonal boron nitride

0.2 V/A

0.1 V/IA

FIG. 4. The charge density difference in comparison with the
zero-bias condition. The charge accumulation and depletion are
represented by yellow and cyan regions, respectively.

(h-BN) and determined their out-of-plane polarizability to
be 7.8 x 107! Dm/V, which is an order of magnitude
smaller than the estimation in the initial work [50]. Unlike
free excitons, localized excitons in encapsulated mono-
layer WSe, have shown larger shifts even at low fields,
apparently due to their local permanent dipole moment.
The polarizability of free exciton species in monolayer
TMDs remains a curious problem, especially in the high
field regime where polarizability is saturated and quadratic
shifts are no longer expected. Recently, Verzhbitskiy ef al.
[60] experimentally studied the out-of-plane polarizabil-
ity of excitons in the #-BN-encapsulated monolayer WSe,
in strong electric fields of up to 1.6 V/nm (16 MV/cm).
They monitored free exciton photoluminescence peaks
with increasing electric fields at a constant carrier density,
carefully compensating for unintentional photodoping in
their double-gated device at 4 K. It was shown that the
Stark shift is smaller than 0.4 meV despite the large elec-
tric fields applied, yielding an upper limit of polarizability
to be 107! Dm/V [60]. Such an intrinsic small polarizabil-
ity, which is nearly 2 orders of magnitude smaller than the
previously reported value for MoS; [55], indicates strong
atomic confinement of electrons in this 2D system and
highlights the unusual robustness of free excitons against
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FIG. 5. Quasiparticle band structure of Hittorf’s phosphorene
under an applied electric field.
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ANF e "

FIG. 6. Effect of an electric field on the distribution of elec-
trons and holes among the monolayer structure of Hittorf’s
phosphorene. Electronic states at four high-symmetry & points
are presented.

surface potential fluctuations. With the above considera-
tion, it could be concluded the QCSE is much larger in
Hittorf’s phosphorene than that in TMDs.

B. Evolution of excitons in Hittorf’s phosphorene
under an out-of-plane electric field

The detailed exciton spectrum of Hittorf’s phosphorene
and its evolution under an electric field are presented in
Fig. 13, where the red and blue lines indicate the bright
excitons excited by light polarized along the x and y direc-
tions, respectively. The exciton energies are consistent
with optical absorption spectrum demonstrated before and
the absorption edge is consistent with the position of the

0 V/IA 0.1 VIA 0.2 VIA 0.3 V/A
3.65[\/ m I @ @
3.19eV
FIG. 7. Evolution of the lowest direct transitions of Hittorf’s
phosphorene under an electric field.
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FIG. 8. Optical absorption of Hittorf’s phosphorene under an
applied electric field. (a) Polarization along the x axis. (b)
Polarization along the y axis. (c) The averaged value.

first exciton. The excitation anisotropy, i.e., the difference
between the first two exciton states, is 55 meV at zero bias,
and is enhanced to 77 meV under an electric field of 0.3
V/A.

In Fig. 14, we provide detailed information for the first
exciton state and investigate its electric field dependence.

90(y)
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150 30

180

210 330

240 300
270
—0VA ——02VA
0.1VIA ——0.3V/A

FIG. 9. Optical anisotropy from the first excitonic state under
an applied electric field.
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FIG. 10. Optical anisotropy from the second excitonic state
under an applied electric field.

Because of the effective dissociation of the electron and
the hole by an external electric field, the overlap between
their wave functions gets weak. As shown in Fig. 14(a), ,ufg
exhibits a significant decrease, in particular at high fields.
The exciton binding energy shown in Fig. 14(b) decreases
from 91 meV at zero bias to 83 meV at 0.3 V/A. The effec-
tive mass Mg presented in Fig. 14(c), on the other hand,
shows an increase. The increase is less than 10% up to a
field of 0.3 V/A. In general, the larger the band gap, the
stronger the exciton binding energy and effective mass.
Such evolutions indicate that the electric field has a sub-
tle and complicated influence on the behaviors of electrons
and holes. As shown in Fig. 14(d), the exciton lifetime
(ts) at room temperature increases significantly with the
applied electric field, showing the possible tunability and
optimization of the performance for 2D LED devices.

To understand the above dependencies further, we resort
back to dielectric screening of the system as well as its
electric field dependence. It should be pointed out that
what we have simulated is a suspended monolayer, i.e.,
2D Hittorf’s phosphorene in vacuum. The strength of the

E,=3.32eV
a,=7.2x10""° Dm/V

3.15 \ \ \ \
0.0 0.1 0.2 0.3

F (VIA)

FIG. 11. Evolution of the quasiparticle band gap (at the X
point) of Hittorf’s phosphorene under an electric field.
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FIG. 12. Evolution of the optical gap of Hittorf’s phosphorene
under an electric field.

Coulomb interaction in these materials originates from
weak dielectric screening in the 2D limit [8,11,16,18,43].
For distances exceeding a few nanometres, the screening is
determined by the immediate surroundings of the material,
which can be vacuum or air in the ideal case of sus-
pended samples. The static screened Coulomb interaction
is constructed as [74]

Wee (4;0) = €5 (q; 0)v(q + G). 3)

The effective static 2D dielectric function €;p(g) could be
obtained as [17]

- q
621)1 (@) = m Z WGZG; (@), “4)
? G,G!

A1

where the complicated details of the screening in the
out-of-plane direction z have been integrated out. The
dielectric screening in such a system obeys a particular
wavelength dependence. As described in Fig. 15(a) for
Hittorf’s phosphorene, for the long-distance limit, the elec-
trons interact like that in a vacuum with € = 1, while in
the intermediate distance, the electron-electron interaction
has effective dielectric screening by the 2D materials with
€ > 1. Interestingly, the dielectric function almost remains
the same when the electric field is applied. In 2D materials,

TABLE II. The calculated quasiparticle band-gap reduction
with an electric field at different high-symmetry & points (T, X,
M, and Y), optical gap reduction, and corresponding polarizabil-
ity ap of Hittorf’s phosphorene. Results within PBE are listed in
parentheses.

AE (meV) 0.1V/A 02V/A  03V/A (10712 Dm/V)
r 66 (78) 161 (175) 260 (276)  15.0 (16.0)
X 17(22)  64(78) 132(152) 7.2 (8.4)
M 21(32) 50(106) 140(208)  11.0(12.0)
Y 33 (41) 106 (121) 193 (211) 7.3 (11.0)
Optical 1 16 56 2.7
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TABLE III. Experimental approaches of QCSE in TMDs using various fabrication methods, device structures, maximal applied
fields F, maximal optical gap reductions AE, and polarizabilities o;.
Maximal F Maximal AFE o)

Fabrication Device structure (V/A) (meV) (Dm/V)
MoS,; [50] Mechanically Encapsulated between SiO,

exfoliated and Al,O; 0.03 6.8 45x%107°
MoS, [55] Mechanically Encapsulated in 2-BN 0.017 0.44 7.8 x 10710

exfoliated
WSe, [60] Mechanically Encapsulated between #-BN

exfoliated and few-layer graphene 0.16 0.4 ~ 10~
WS, [61] CVD growth Heterostructure with graphite 0.02 0.4 4.8 % 10710
WS, [64] Mechanically Encapsulated between 4-BN

exfoliated and few-layer graphene 0.06 11.7 1.11 x 1070

ép(q) = 1 4+ 2mwgasp, where ayp is the 2D polarizability
and can be obtained by fitting the dielectric function at the
long-wavelength limit ¢ — 0 [9]. In Fig. 15(b), we find a
very slight increase in the polarizability when the electric
field is applied. These results indicate that the dielectric
screening environment in monolayer Hittorf’s phospho-
rene is robust against the applied electric field. This is
reasonable, because although the band gap changes around
4% for the highest field of 0.3 V/A, the product of the wave
function in the equation for polarizability [see Eq. (A1)]
could also be reduced for the separation of electron and
hole wave functions under an applied field. Such a static
dielectric function change is very small. The revealed,
almost unchangeable, static dielectric screening with exter-
nal electric field, as we know, can be expected in other
2D materials, where the band-gap reduction under an out-
of-plane electric field can be neglectful. The effect of the
electric field on the excitonic properties, on the other hand,
should be tightly related to the unique sublayer structure in

Exciton states

0.2 VIA
—/
0.3 VIA
ﬁ/ | I | I | |
00 23 24 25 26 27 28 29 30
Energy (eV)
FIG. 13. Exciton spectrum of Hittorf’s phosphorene under

applied electric fields. Red and blue lines are for the bright
exciton states, and gray lines are for the dark exciton states.

Hittorf’s phosphorene monolayer, where the electron-hole
pairs near band edges are effectively separated by an exter-
nal out-of-plane electric field. By now, we have arrived at
a clear picture of the evolution of the quasiparticle band
structure, optical properties, and exciton properties under
an applied out-of-plane electric field. The competition
between the reduction in the band gap and the suppression
of the exciton binding energy is then evident.

It is interesting to present the wave functions of the exci-
ton state. The first exciton is plotted in Fig. 16. The green
dot indicates the position of the hole, where we distinguish
and compare three cases with the hole located at two neigh-
boring sublayers and intersublayer space, respectively. The
overall character of these excitons is that the spatial distri-
bution of their wave function is along tubes, which is due
to the geometry of the crossing-tube structure of Hittorf’s
phosphorene. In the absence of an external electric field,
the exciton wave function reaches maximum spatial dis-
tribution when the hole is fixed at the center of a P—P
bond between two sublayers. After applying an electric
field, the electrons are gradually driven downwards. From
the top view, the planar distribution gets wider and asym-
metry between the two sublayers is more obvious. These
variations can explain the slight enhancement of the opti-
cal anisotropy in the absorption spectra. When we increase
the electric field further, holes get recovered at the lower
part of each sublayer. The envelope functions in recipro-
cal space of the first exciton state are presented in Fig. 17.
The first exciton state arises mainly from the electron-hole
excitations at the X point, consistent with the valley profile
revealed above.

It is noted that the electric field dependence of the
energy of the second exciton shows nonmonotonic behav-
ior. As shown in Fig. 13, the energy first shows an increase
to higher energy under an electric field of 0.1 V/A. The
decrease of the exciton state to lower energies is only
observed when the electric field is larger than 0.2 V/A.
The wave functions of the second exciton state are also
plotted in Fig. 18. Compared with the first exciton state,
these exciton wave functions show similar distributions,
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FIG. 14. Evolution of excitonic properties under an electric
field in Hittorf’s phosphorene. (a) Oscillator strength. (b) Binding
energy. (c) Effective mass. (d) Lifetime.

both of which are distributed along the tube directions. It
is also noted that the wave functions of the second exci-
ton are more localized in the lower sublayer and exhibit
strong anisotropic planar distribution after applying the
electric field. This suggests a more dramatic weakening
of electron-hole interactions and, therefore, a substantial
lowering of exciton binding energy as well as optical
absorption amplitude. In reciprocal space, as shown in
Fig. 19, the second exciton firstly arises from the transition
mainly located at the X point for fields smaller than 0.2
V/A. When the field reaches as high as 0.3 V/A, the center
changes to the Y point. The detailed components are shown
in Fig. 20, where the composition of the second exciton
state is more complicated than the first one.

€2D (q)

6.360 ‘ ‘ ‘

6.355 - f
6.350 - f

6.345 - =

6.340 e
0.0 0.1 0.2 0.3

F (VIA)

FIG. 15. Dielectric screening in Hittorf’s phosphorene under
an applied electric field. (a) The ¢ dependence of the 2D static
dielectric constant and (b) the 2D polarizability.

C. Applications of QCSE in Hittorf’s phosphorene in
optoelectronics

It is noted that, for QCSE, the most promis-
ing application lies in its ability to perform optical

0 V/IA
t‘.& *{'{a *{

i e \:- 'f
SRR "(":ié\

8. Iy -’:-
%@a’f«t g& é}f{” ﬁ:xé{:a o

mx%;‘» mt;m‘ fpcitects
1 8 :’ o

FIG. 16. Evolution of the real-space modulus squared of the
wave function of the first exciton under an electric field. The
green dot indicates the hole position. From top to bottom, we
show three cases with the hole placed at the top layer (top
panels), interlayer (middle panels), and bottom layer (bottom
panels).
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FIG. 17. The k-space modulus squared of the wave function of
the first exciton under an applied electric field.

modulation [83], which is particularly desirable for data
communication link applications. Since the first
demonstration in GaAs/Al,Ga;_,As quantum wells
[41,42], QCSE started to generate technological interest
after its demonstration in Ge/SiGe [84]. The epitaxial
growth of Ge on top of a silicon substrate is a decisive
advantage as it allows Ge/SiGe QCSE to be integrated with
complementary metal-oxide-semiconductor (CMOS) tech-
nology and silicon photonics systems. Because of the nar-
row band gap in Ge, QCSE in Ge/SiGe quantum wells can
therefore be used to modulate light at 1.55 um, which is
crucial for silicon photonics applications as 1.55 um is the
optical fiber’s transparency window and the most exten-
sively employed wavelength for telecommunications. The
advantage of 2D materials is the easy compatibility with
different photonic structures [85]. In particular, 2D materi-
als offer potential for large-scale and low-cost integration
into the current dominant optical fiber network and silicon

OV/A 0 1 V/A OZV/A 03V/A

PRl e Sate e 3 ’)1 > ‘. ‘n'. h;:‘.vo I n‘;rt 1'," u;; :a}d‘
FE .rm‘mmw *m VR Mmm 2

FIG. 18. Evolution of the real-space modulus squared of the
wave function of the second exciton under an electric field.
The green dot indicates the hole position. From top to bottom,
we show three cases with the hole placed at the top layer (top
panels), interlayer (middle panels), and bottom layer (bottom
panels).
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FIG. 19. The k-space plots of the modulus squared of the
wave function for the second exciton under applied electric
fields. From the top to bottom are the overall and band-to-band
decomposed plots.

CMOS technology [85]. In fact, the gate-tunable electroab-
sorption effect in graphene has been utilized for electro-
optic modulators [86,87]. The applications of QCSE in 2D
materials have not yet been experimentally addressed [85],
which is due to the small magnitude of absolute absorp-
tion of the monolayer and the small QCSE itself in the
monolayers as mentioned above. Since the QCSE in Hit-
torf’s phosphorene is almost 30 times larger than TMDs,

80 ‘ ‘

70 |- V1 to C1 7
__60[ —=—Vv2toCt y
X 50 —A—V3to C1 ]
= —v—V1to C2 ]
5 40+ ]
[0) L — |
; gg i .\.\ il
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FIG. 20. Evolution of the relative weight for the various band-
to-band transitions in composing the second exciton state under
an electric field.
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it is promising for the application of Hittorf’s phospho-
rene as electro-optical modulators. The modulation depth
is typically described by the ratio between the maximum
and the minimum transmittances (7ax/Tmin) and here we
calculate the modulation depth in decibel units by 10 x
log(Tmax/Tmin) (T equals 1 minus the absorbance A, as
shown in Fig. 8) [85]. In Hittorf’s phosphorene, for light
at 2.8 eV (polarized along the y direction), the optical sig-
nal modulation could reach as high as 1.4 dB at an electric
field of 0.1 V/A (as derived from the data shown in Fig. 8).
For light polarized along the x direction, the modulation
also reaches 1.2 dB at around 2.8 eV. For unpolarized
light, the modulation is still as large as 1.1 dB. These val-
ues are much larger than 0.1 dB that has been revealed in
monolayer graphene [85]. Therefore, QCSE-based optical
modulation in Hittorf’s phosphorene is hopeful for rel-
evant applications of electro-optical modulation. On the
other hand, QCSE is essential for the functionality in light-
emitting systems. For the single light emitter in layered
hexagonal boron nitride, a Stark tuning of 7.7 meV (5.5
nm) is reported at an electric field of 0.02 V/A, exceed-
ing the resonance linewidth of typical nanodielectric and
nanoplasmonic resonators [88]. The Stark shift in Hittorf’s
phosphorene could also be large, with a value of up to 56
meV (12.2 nm) at 0.3 V/A. Such a giant Stark effect in
Hittorf’s phosphorene provides obvious advantages in the
realization of a sensitive sensor of the electric field [89].

IV. SUMMARY

To summarize, based on DFT with the GyW,-BSE
framework, we have revealed large QCSEs in Hittorf’s
phosphorene. Quantum-confined geometry with enhanced
electron-electron interaction and a relatively large thick-
ness of this monolayer structure are essential in the
effective reduction of the quasiparticle band gap under
out-of-plane electric fields. The unique bisublayer crystal
structure, on the other hand, gives rise to spatial separa-
tion of photoexcited electron-hole pairs and the obvious
reduction of the optical absorption edge and exciton bind-
ing energy under electric fields. The static macroscopic
dielectric screening in fact changes little with applied elec-
tric field, showing the subtle and complicated relationship
between the quasiparticle band gap, band dispersion (effec-
tive mass), and excitonic properties in 2D materials. The
crystal-structure-favored spatial separation and localiza-
tion of electron and hole wave functions near the band
edges have been shown to be key to understanding these
behaviors, while the direct band gap and short lifetime
of the exciton in pristine Hittorf’s phosphorene has been
shown to be beneficial for efficient green light emitting
[34]. The robust electric field tunable optical absorp-
tion and excitonic properties revealed in this study have
demonstrated wide applications of Hittorf’s phosphorene

in 2D optoelectronic devices, e.g., electro-optical modu-
lators (amplitude and phase) and light-emitting systems
(amplitude and wavelength).
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APPENDIX A: G, W)-BSE APPROACH

Generally, the quasiparticle self-energies are obtained
by solving the Dyson equation [74]. The self-energy opera-
tor X is invoked for the quasiparticle behavior with quasi-
particle energies E,?]f and wave functions 1//3(]). Here, we
use the many-body perturbation method with the one-shot
GoW, framework. The mean-field wave functions within
DFT-PBE are used as quasiparticle wave functions and
the quasiparticle energy is approached by starting from the
DFT-PBE eigenvalue.

We first compute static polarizability based on the
random-phase approximation (RPA) [74]:

Xea (q:0) = Y (n,Kle O Kk 4 q)

nn' k

x (1, k + qle" T | Ky ——————
En/k+q — Ex

(AT)

Here n, 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,x
are the mean-field electronic eigenvectors and eigenvalues,
respectively.

Then the dielectric matrix is constructed as [74]

€cc (q;0) = dge — v(q + G) xga' (q; 0) (A2)

with the slab-truncated Coulomb interaction included [77],

4
Uflab((]) — q_Z x [1 — e™9*%cos(g. x z.)], (A3)

where z. is the truncation distance in the perpendicular
direction. Such a treatment could guarantee the conver-
gence of dielectric screening (“head” in €gg) to approach
unity in the long-wavelength limit [11,12,14-20,22,26-30,
34-37].
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Within the generalized plasmon pole (GPP) model, the
imaginary and real parts of the inverse dielectric matrix
with finite frequencies are given by [74]

Qoo
et @) = =3 225850 — oo (@]
— 8w+ v ()]} (A4)
and
QLo (@)
Ree ), (q,0) = 1+ L A5
eege (8.0) = “al, @’ (A5)

where Qg (q) and dgg (q) are the effective bare plasma
frequency and the GPP mode frequency defined as [74]

2(q+G) (q+G)p(G-G)
lq + G2 p(0)

Qo (@) = (A6)

GG/ (@)
dce' — EGG’ (q,0 =0)

P (@) = (A7)

Here p is the electron charge density in reciprocal space
and ? = 47p(0)e*/m is the classical plasma frequency.

Using the form of the above frequency-dependent
dielectric function, the self-energy operator X is solved in
two parts, X = Ygsgx + Xcou, where Xggx is the screened
exchange operator and Xcoy is the Coulomb-hole opera-
tor, as [74]

(n, k| Zspx (E) |, k)

occ

==> ) (kT k- q)(n.k—q
n1 q,G,G’
e T k)
2
(14 @
(E - En]qu)2 - (I)é(;/ ((I)

)v(q +G') (A

and
(n,K|Zcou(E)|n', k)
=3 ) (nKE O k- q)(n.k—q

n q,G,G’

|e*i(quG/)-l'/ |I’l/, k)

1 QLo (Q)
2COGG’(Q)[E Eyk—q

v(q+ G).
(A9)

— g (q)]

With the above obtained quasiparticle energies and static
dielectric screening from RPA, the electron-hole excita-
tions are then calculated by solving the BSE for each

exciton state S [75]:

(ES — Eg)Asg + Y ek KM KAy = Q545
v’k
(A10)

Here 45 , is the exciton wave function, 25 is the excitation
energy, and K" is the electron-hole interaction kernel.

The kernel contains two terms, a screened direct inter-
action and a bare exchange interaction, K" = K¢ 4 KX,
defined as [75]

(Vek|KUV'eK) =) (e, k+ qle O k)

GG’
Waa (q; 0) (v, ke |u, k + q)
(A11)
and
(kKM V'dK) =) (e, k+ qle T, k)
GG/
Scav(q + G) (v, k| T Kk + q).
(A12)

Finally, we obtain the imaginary parts of the frequency-
dependent complex dielectric function €;(w) as [75]

167r &

e(w) = Zle (OIVIS)*8(w — %),  (A13)

where v is the velocity operator and e is the polarization of
the incoming light. Here, we use absorbance .4 of 2D mate-
rials to measure its optical properties, which is expressed
as [35]

—a(w)d _ 1— e—a)ezd/hc

Alw)=1-—e¢ (A14)
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 1is the photon energy.

To access the excitonic properties of Hittorf’s phospho-
rene further, we calculate the lifetime of the first bright
exciton and its evolution under an out-of-plane electric
field. Using Fermi’s golden rule, the radiative lifetime
75(0) at 0 K of an exciton in state S is derived according to
[79,80]

hc Ay

0) = — o fue
5O = B 12

(A15)

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 ,u,g =
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(2 /m2Es(0)*) (|{(G|py | Ws)|*/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 T as

3 (Eg(0)>\ !
(ts) =Ts(0)z< s) ) ks T, (A16)

2Msc2

where kg is Boltzmann’s constant and Mg = m} + mj, is
the exciton mass.

APPENDIX B: CRYSTAL STRUCTURE OF
HITTORF’S PHOSPHORENE

In Table IV, we show the optimized crystal structure of
Hittorf’s phosphorene [34]. The original atomic position is
from the bulk counterpart [31].

APPENDIX C: ELECTRONIC BAND STRUCTURE
OF HITTORF’S PHOSPHORENE WITHIN THE
CALCULATIONS OF PBE

In Fig. 21, we show the PBE band structure of Hittorf’s
phosphorene under different electric fields.
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FIG. 21. Evolution of the band structure of Hittorf’s phospho-
rene (within PBE) under an electric field.

APPENDIX D: OPTICAL ABSORBANCE
OBTAINED WITHOUT CONSIDERATION OF THE
ELECTRON-HOLE INTERACTION

In Fig. 22, we provide the optical absorption spec-
trum without the inclusion of the electron-hole interaction.
Clearly, due to the absence of the excitonic effect, the
optical absorption spectrum is continuous and shows a
monotonic decrease to lower energies due to the reduction
in the band gap under an applied field. In the mean-
time, the absorption strength changes for the modification
of electron-hole wave functions near band edges for the
optical transitions.

TABLE IV.  Optimized atomic positions (fractional coordinates in terms of the lattice constants) for 2D Hittorf’s phosphorene with
the lattice constants a = 9.24 (A), b = 9.26 (A), and ¢ = 30.16 (A) [34].

Atom x y z Atom X y z

P1 0.672 558 0.975614 0.535874 P22 0.852 486 0.898953 0.631 000
P2 0.788 657 0.341 854 0.554517 P23 0.078 462 0.110784 0.345280
P3 0.955498 0.743 475 0.399 042 P24 0.078 462 0.889215 0.654719
P4 0.955498 0.256 524 0.600 957 P25 0.131208 0.340 541 0.356463
P5 0.207324 0.989 830 0.398 552 P26 0.131208 0.659 458 0.643 536
P6 0.207324 0.010 169 0.601 447 P27 0.358966 0.339682 0.333279
P7 0.042 184 0.909 282 0.445232 P28 0.358966 0.660317 0.666 720
P8 0.042 184 0.090717 0.554767 P29 0.358960 0.567229 0.356215
P9 0.309 528 0.163919 0.437620 P30 0.358960 0.432770 0.643784
P10 0.309 528 0.836 080 0.562379 P31 0.589423 0.619228 0.344 934
P11 0.480 191 0.218 842 0.388956 P32 0.589423 0.380771 0.655065
P12 0.480 191 0.781 157 0.611043 P33 0.603 248 0.807 543 0.440816
P13 0.535737 0.389760 0.437305 P34 0.603 248 0.192 456 0.559 183
P14 0.535737 0.610239 0.562 694 P35 0.891170 0.094 300 0.441 859
P15 0.710582 0.492219 0.398 650 P36 0.891170 0.905 699 0.558 140
P16 0.710 581 0.507780 0.601 349 P37 0.166 072 0.357352 0.429711
P17 0.598 173 0.845290 0.368081 P38 0.166 072 0.642 646 0.570288
P18 0.598 173 0.154710 0.631918 P39 0.341 629 0.532584 0.429 541
P19 0.828 000 0.872 082 0.347673 P40 0.341 629 0.467415 0.570458
P20 0.828 000 0.127917 0.652326 P41 0.672558 0.024 385 0.464 125
P21 0.852 486 0.101 046 0.368999 P42 0.788 657 0.658 145 0.445482
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FIG. 22. Optical absorption of Hittorf’s phosphorene under an
applied electric field. Here, the calculations are obtained with-
out consideration of the electron-hole interaction. (a) Polarization
along the x axis. (b) Polarization along the y axis. (c) The
averaged value.

APPENDIX E: ELECTRONIC BAND STRUCTURE
AND EVOLUTION OF THE BAND GAP OF
HITTORF’S PHOSPHORENE WITHIN THE

CALCULATIONS OF PBE

The evolution of the band gap at a high-symmetry &
point (X point) under an electric field is shown in Fig. 23,
with the fitting equation illustrated.
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FIG. 23. Evolution of the band gap (within PBE) of Hittorf’s

phosphorene (at the X point) under an electric field.
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