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Small exciton effective mass in quintuple-layer Bi2Se2Te: A material platform towards
high-temperature excitonic condensate
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Using first-principles simulations combined with many-body calculations, we show that two-dimensional
free-standing quintuple-layer (QL) Bi2Se2Te is an inversion-symmetric monolayer expected to achieve spatially
indirect exciton with large exciton radius, small exciton effective mass, and long exciton lifetime. Such system
is theoretically predicted to be a promising platform for realizing excitonic Bose-Einstein condensation and
superfluid due to its high phase transition temperatures of ∼257 and ∼64.25 K for the excitonic degeneracy and
superfluid, respectively. The importance of spin-orbit coupling is revealed, and the angular momentum selection
rules for photon absorption are discussed. This finding suggests the potential of QL Bi2Se2Te monolayer with
exotic bosonic bound states provides as a tantalizing high-temperature platform to probe excitonic physics.
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I. INTRODUCTION

Coherent states of excitons have long been a subject of
condensed-matter physics. As one of the macroscopic mani-
festations of quantum coherence, Bose-Einstein condensation
(BEC) was produced in a vapor of rubidium atoms near a
temperature of 170 nK [1]. Subsequently, exciton polaritons
in semiconductor microcavities were verified to undergo a
BEC-like phase transition into a superfluid state, a quantum
fluid flowing without friction that has a subtle link with BEC
[2]. In excitonic systems, two intrinsic problems are hindering
the realization of condensation: (1) relatively short exciton
lifetimes, and (2) dissociation of excitons into unbound elec-
trons and holes. These problems might be circumvented when
the Coulomb attraction bounding electrons and holes is suf-
ficiently strong, and, at the same time, the wave functions of
electrons and holes have very small overlap. Therefore, cou-
pled quantum wells and van der Waals (vdW) heterostructures
of two-dimensional (2D) materials are attracting attention in
this field [3–8]. As a result, spatially indirect excitons with
electrons and holes confined into opposite atomic layers are
highly sought alternatives for achieving quantum condensa-
tion and superfluidity in solid-state devices at experimentally
accessible temperatures [4–9]. In contrast to atomic systems,
the critical temperature of the excitonic BEC in crystal mate-
rials can be expected to reach as high as 100 K [4,9].

In quantum wells, however, electron-hole pairs are sep-
arated usually by dozens of angstroms and, therefore, the
electron-hole Coulomb attraction is rather weak [7]. More-
over, surface roughness and disorder also degrade the
coherence of excitonic states [5]. Thus, vdW heterostructures
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and homostructures constituted by monolayer materials (e.g.,
transition-metal dichalcogenides, TMDCs) were regarded as
a promising platform to carry excitonic condensation due
to the reduced screening and atomically sharp interfaces. In
a seminal experiment of electrically generated exciton, the
excitonic condensate of electrically generated interlayer ex-
citons was studied in MoSe2-WSe2 atomic double layers.
However, the inevitable charged excitons (trions) may have
hindered the realization of high-temperature BEC. There-
fore, 100 K is the highest critical temperature reported so
far [4,6,9]. Optically neutral excitons systems may be more
appealing than their electrical counterpart. However, in the
MoSe2-WSe2 photogenerated exciton system, macroscopic
occupation is reported to survive at 10 K and the critical
condensation temperature is lower than 100 K [10]. The
lower critical condensation temperature, on the one hand, is
attributed to the fact that the optical interlayer exciton density
in TMDCs vdW heterobilayers is rather limited due to the
rapid recombination of the intralayer excitons and the long
transfer channel [3,11,12]. On the other hand, the indirect
transitions [considering spin-orbit coupling (SOC)] caused
by strong interlayer interactions induce momentum-indirect
low-energy excitons. Usually, strong interlayer interaction and
Rashba effect due to the mirror asymmetry result in direct-
indirect band-gap transition of the heterostructure [10,13].
However these momentum-indirect low-energy excitons go
against the excitonic condensation [10,14,15]. In addition,
graphene double bilayers have also been studied in recent
theory and experiments. Nevertheless, the excitonic conden-
sation is challenging to be observed due to the low critical
temperature [16–18].

Utilizing a single 2D material, rather than stacking to-
gether forming the vdW heterostructures, to harbor the BEC
and superfluidity based on optically generated excitons has
yet to be reported thus far. To this end, we propose the
following criteria: (1) the electrons and holes constituting
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the lowest-energy excitonic state should be spatially sepa-
rated into different atomic layers; (2) the transition dipole
moment between the highest valence band and the lowest
conduction band is nonzero; (3) direct band gap with small
carrier effective mass; (4) good ease of experimental access.
In full consideration of these requirements, we screen through
multiple 2D candidates in 2D material database [19] and
theoretically verify that quintuple-layer (QL) Bi2Se2Te with
inversion symmetry is a promising choice to realize BEC
condensation and superfluidity truly in two dimensions.

II. COMPUTATIONAL METHODS

First-principles calculations were carried out with Perdew-
Burke-Ernzerhof (PBE) functionals in the framework of
generalized gradient approximation (GGA) to study the elec-
tronic properties of ground state, by using the Vienna ab initio
simulation package (VASP) and QUANTUM ESPRESSO (QE)
[20–24]. To mimic an isolated monolayer, a vacuum space
was set to 20 Å. The cutoff kinetic energy for plane waves
was set to 500 eV. Structures were fully relaxed until the force
on each atom was less than 0.01 eV/Å−1, and the conver-
gence tolerance for energy was 10−5 eV. A Monkhorst-Pack
k-point mesh of 15×15×1 was used to sample the Brillouin
zone for geometry optimization and static electronic structure
calculations [25]. In order to obtain correct excited-state prop-
erties and optical absorption spectra, the GW approximation
combined with the Bethe-Salpeter equation (BSE) was used,
based on the many-body Green’s function perturbation theory.
In particular, PBE energies were corrected by one-shot G0W0

approximation to attain the quasiparticle eigenvalues. In con-
junction with the QE distribution, the GW +BSE calculations
were performed by the YAMBO code [23,26]. In order to de-
scribe the spin-orbit coupling (SOC) effects, Troullier-Martins
norm-conserving fully relativistic pseudopotential was used
for the plane-wave functions [27]. The plane-wave energy
cutoff for ground-state property calculations was set to 80 Ry,
and a 27×27×1 k grid was used to obtain the quasiparticle
energies. As for the self-energy and the dynamical dielectric
screening, 500 bands were employed. In order to avoid the
long-range interactions, a Coulomb cutoff of the screened
potential was used in both G0W0 and BSE calculations. In
the Bethe-Salpeter kernel, four highest valence bands and four
lowest conduction bands were considered. In our convergence
tests, we confirm that the number of bands and k points were
sufficient, such that the change in quasiparticle band gap and
excitonic energy in the BSE spectra were within 50 meV.

III. RESULTS AND DISCUSSION

A. Crystal structure and electronic properties

In experiments and theory, the topological behaviors of
layered bulk/film Bi2Se2Te with a space group of R3m (No.
166) have been widely studied [28–30]. As the smallest unit
of bulk Bi2Se2Te, QL Bi2Se2Te is a quintuple-layer structure
composed of Se-Bi-Te-Bi-Se atomic configurations across
its thickness [see Fig. 1(a)]. Subsequently, we confirm the
stability of QL Bi2Se2Te in terms of exfoliation energy, ab
initio molecular dynamics (AIMD) simulations, and phonon
band dispersion (see Appendix A). The band structure of

FIG. 1. (a) Structure of QL Bi2Se2Te from top (left panel) and
side (right panel) views. Three different positions in the triangle
lattice are denoted as A, B, and C, and atomic layers are labeled.
Band structure of QL Bi2Se2Te in 3D (b) without and (c) with SOC.

QL Bi2Se2Te illustrates an indirect band gap at the � point
when spin-orbit coupling (SOC) is not considered [Fig. 1(b)].
The valence band around the � point near the Fermi level
is characterized as Mexican hat. With SOC, the Mexican-
hat-like valence band turns out to be conelike, as shown in
Fig. 1(c). Thus, the material is a semiconductor with a direct
band gap. Such a unique conelike band structure with very
small effective mass of carriers is rather rare for 2D materials
obtained from the layered bulk parents with the space group
of R3m.

B. Effect of spin-orbit coupling on energy band dispersion

In this section, we demonstrate why and how SOC can
dramatically transform the band dispersion. It is necessary
to capture the essential physics of the nontrivial band struc-
ture at the � point near the Fermi level by atomic orbital
energy level diagram in conjunction with symmetry group.
Atomic-projected band structure illustrates that the valence
band maximum (VBM) and the conduction band minimum
(CBM) are dominantly contributed by Te layer and Bi/Se
double bilayers, respectively, as shown in Appendix B. This
is also supported by the partial charge density in Appendix B,
which is well consistent with our previous study [31].

According to the symmetry analysis and calculation of
irreducible representations [32], we can infer that the VBM
is derived from Te px,y orbitals, while the CBM originates
mainly from Bi pz orbitals. In Fig. 2(a), an atomic orbital
energy level diagram is drawn on the basis of the above dis-
cussion. Due to the geometric feature, Bi/Se double bilayers
are separated by a Te layer, so that the Bi/Se energy levels are
lifted up while that of Te is pushed down due to the repulsion
from both sides (stage I). Bonding and antibonding states form
because of the interactions between Se/Bi double bilayers
and Te layer, and the antibonding orbitals are higher in en-
ergy than the bonding orbitals. In the presence of inversion
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FIG. 2. (a) Atomic orbital energy level diagram. (b) Spin-
conserved photon absorption. (c) One photon combining one valence
electron gives one conduction electron (upper panel); this can be
described as an electron-hole pair creation process (lower panel).
(d) Carrier exchange between two excitons, which converts bright
excitons into dark excitons.

symmetry, bonding and antibonding orbitals have certain par-
ities. Considering the above analysis, |BiSe+

x,y,z〉 and |Te−
x,y,z〉

can be addressed to be near the Fermi level and we focus
on these states for further discussion (stage II). QL Bi2Se2Te
belongs to the p3̄m1 layer group, thus, the transformation
properties of the z component are different from the x, y com-
ponents of arbitrary vector under the D3d symmetry operation.
Under the action of the crystal field, the p components of
both |Te−〉 and |BiSe+〉 states split into pz orbital and doubly
degenerate px,y orbitals: |Te−, px,y〉 states are higher in energy
than |Te−, pz〉 state, while the energy of |BiSe+, px,y〉 states
is lower than that of |BiSe−, pz〉 state. In this case, the VBM
is thus mainly composed of |Te−, px,y〉 and the CBM is domi-
nated by the |BiSe+, pz〉 (stage III).

The SOC Hamiltonian is given by Ĥ = λS · L that cou-
ples the orbital angular momentum to spin, with λ being the
coupling strength. Experiencing the SOC, |Te−, px,y〉 states
split into two doubly degenerate states, namely, |Te−,± 3

2 〉 of
higher energy and |Te−,± 1

2 〉 with lower energy (stage IV).
Variation of the dispersion relationship around the � point as
a function of SOC strength intuitively shows the significant
impact of SOC (see Appendix B). Therefore, it is the SOC of
Te atom that dominates the change in band dispersion, leading
to the indirect-direct transition of the band gap.

FIG. 3. (a) Optical absorption of QL Bi2Se2Te, with the oscil-
lator strength depicted by brown strips. Inset presents the transition
matrix elements. (b) Real-space exciton wave-function distribution
plotted over a 51×51×1 supercell, the hole is fixed on Te layer
(red dot). Inset stands for the reciprocal-space distribution of the
lowest-energy exciton at each reciprocal lattice point.

C. Optical properties and excitonic effect

QL Bi2Se2Te exhibits desirable ground-state electronic
properties. However, the transitions between valence and
conduction band edges may be parity forbidden due to the
inversion symmetry of the material, which could seriously
deteriorate the optical absorption. Therefore, whether the tran-
sition is allowed by symmetry or not is a key factor in judging
the absorption. For QL Bi2Se2Te, opposite parity between the
VBM and CBM states allows the transitions. Transition dipole
moment 〈ϕh|μ̂|ϕe〉 denotes a transition between the initial
state |ϕh〉 and the final state |ϕe〉, with μ̂ being the electric
dipole operator [33,34]. The transition dipole moment deter-
mines how the material will interact with the electromagnetic
wave of a given polarization, and the square of the magnitude
gives the transition probabilities between two states. For QL
Bi2Se2Te, the transition dipole moment amplitude at � point
is as large as 2055 Debye2, implying significant optical ab-
sorption, as shown in the inset to Fig. 3(a).

Considering the many-body effects and the full rela-
tivistic SOC, optical absorption spectrum of QL Bi2Se2Te
is obtained by solving the Bethe-Salpeter equation (BSE)
[26]. In Fig. 3(a), the lowest-energy peak around 0.39 eV
corresponds to four bound excitons, where the doubly de-
generated dark excitons are 0.05 meV lower in energy than
the doubly degenerated bright excitons. The exciton binding
energy as high as 0.59 eV due to single-particle band gap
is 0.98 eV in G0W0@PBE level. Such an excitation process
can be described by the angular momentum selection rule
for the absorption of one photon, giving rise to the valence-
to-conduction band transition. Because of spin conservation,
electron keeps its spin ms = ± 1

2 after excitation, while its
orbital angular momentum changes from (l=1, ml = 0, ±1)
to (l=0, ml=0) [see Fig. 2(b)]. It readily shows that the total
angular momentum is Mjeh = mje + mjh = (0, ±1) for the
electron-hole pair generated by absorbing one photon (π, σ±)
[Fig. 2(c)]. However, Pauli exclusion causes carrier exchange
because of the composite nature of excitons [35,36], thus, the
bright excitons with spin ±1 can be transformed into dark
excitons with spin ±2 through carrier exchange [Fig. 2(d)].

To verify the composition and symmetry of these exciton
states, exciton wave function in k space is obtained. Our
results indicate that the weight is overwhelmingly localized in
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vicinity of the � point, indicating a direct transition between
the VBM and CBM states, as shown in the inset to Fig. 3(b).
In addition, exciton wave-function distribution in real space
attained by diagonalizing the BS two-particle Hamiltonian
gives more information regarding the localization and sym-
metry of the bound exciton [see Fig. 3(b)]. Particularly, the
exciton distribution probability confirms the spatial separa-
tion of quasielectrons and quasiholes, which are confined
into Bi/Se double bilayers and Te layer, respectively. This
is in agreement with the results of the ground state. It can
be found that the lowest-energy exciton spreads over almost
eight unit cells, which is an important result for our following
discussion. We estimated the root-mean-square radius (rRMS)
of the exciton as the in-plane gyration radius, approximately
3.2 nm (see Appendix C); this is larger than the lowest-energy
excitons in TMDCs monolayers [37–39].

D. Excitonic phase transition

QL Bi2Se2Te thus corresponds to a quite small critical
density of nc ≈ 1

πr2
RMS

∼ 3.11 × 1012 cm−2 due to the large

exciton radius. The critical density is greatly smaller than
those of all reported vdW heterostructures [4,5,15]. In gen-
eral, the critical density is set as the highest density limit
for the boson condensate state. According to the criterion of
nMr2

RMS ∼ 0.09, the Mott critical density nM for QL Bi2Se2Te
can be attained as 0.88×1012 cm−2, which is a relatively small
value. A natural conjecture is that with such a dilute density,
the BEC-like condensate phase of the excitons can only occur
below a very small critical temperature [4,40]. While, it is not
the case. It is necessary to clarify that dilute density depicts
the strength scaling relationship between interexciton inter-
action and other energy scales. With the diluteness criterion
satisfied (nr2

ex � 1), the average distance between excitons is
much larger than their size and the range of interaction. As
a result, the interactions between excitons are weaker than
other energy scales. In addition to the Mott critical density,
however, the exciton effective mass also plays a decisive role
in determining the characteristic temperature for excitons to
become degenerate. The standard expression correlating the
exciton effective mass and the characteristic temperature is
[4,15,41]

kBTd = 2π h̄2

M
nM, (1)

where kB is the Boltzmann constant, Td is the degeneracy tem-
perature, h̄ is the reduced Planck’s constant, and M = me +
mh is the exciton effective mass. The conelike band dispersion
of QL Bi2Se2Te has already indicated the significantly small
effective masses for both electrons and holes as well as small
exciton effective mass at the �. Considering the quantum
confinement and the reduced dielectric screening in low-
dimensional materials, GW correction (strongly interacting
electrons are described by weakly interacting quasiparticles)
is applied to describing the band dispersion of QL Bi2Se2Te.
With GW approximation included, the effective mass for
quasielectron is me = 0.09m0 and for quasihole mh = 0.10m0,
giving rise to an exciton effective mass (M = 0.19m0) of
QL Bi2Se2Te which is much smaller than those of TMDCs

monolayers [42] (also see Appendix C). Thus, T max
d as high

as 257 K can be attained for QL Bi2Se2Te.
Having determined the Mott critical density of 0.88×1012

cm−2 and the Mott critical temperature of 257 K, a phase
diagram for the electron-hole neutral QL Bi2Se2Te is con-
structed to visually illustrate the phase transition in the low
exciton density regime [see Fig. 4(a)]. In the phase diagram,
the oblique line across (T max

d , nM) borders the degenerate
phase from the classical phase, that is as true for exciton
gas as it is true for electron-hole gas; and the vertical line
separates the exciton gases from the electron-hole gases at the
critical Mott density nM . At lower exciton density, excitonic
BEC phase corresponds to strong coupling due to the reduced
exciton screening. In contrast to degenerate exciton phase,
Berezinskii-Kosterlitz-Thouless (BKT) phase has local phase
coherence and can be characterized as superfluidity [39]. The
phase transition temperature for BKT superfluid state is ob-
tained from a universal, widely accepted relation [43,44]

kBTBKT = π h̄2

2M
nM . (2)

The upper limit for TBKT at Mott critical density is estimated
to 64.25 K for QL Bi2Se2Te. This is an exciting result: it is
superior to all the systems experimentally and theoretically
reported [4,5,9,15]. At low temperature, the carrier screening
increases as the exciton density increases, leading to the phase
transition from BKT to Bardeen-Cooper-Schrieffer (BCS)
phase of exciton [40,45]. BCS phase corresponds to the weak
coupling of composite bosons, and holds when nM < nBCS �
nC with nBCS being the corresponding carrier or pair density.
In this sense, BEC and BCS phases are two limits of the boson
condensate state. Additionally, the Mott transition can also
occur above the Saha temperature

kBTs ∼
(

π h̄2

M
nx

)
e

Eb
kBTs , (3)

where transition from classical exciton gas to classical
electron-hole Fermi gas occurs [not shown in Fig. 4(a) due
to its high critical temperature (> 400 K) in the low density
region].

According to the general theory [46], significant exciton-
exciton repulsive interactions may be anticipated for a
superfluid mixture of excitons with small mass. Thus, at low
densities where the excitons may be regarded as structureless
bosons, the strength of two-body interaction may be estimated
by using the transcendental formula g = 4π h̄2

M ln (1/a2
exn) where aex

is the exciton in-plane Bohr radius as shown in Appendix C.
The diluteness criterion (na2

ex � 1) ensures that the logarithm
takes a positive value which slowly decreases when increasing
the density. To obtain an upper bound for g, one may thus
take the Mott density nM . One gets g = 1.79 eV nm2 for QL
Bi2Se2Te, which is much larger than the corresponding es-
timates for the familiar TMD heterostructures [47]. Due to
the critical temperature of a presuperfluid phase has logarith-
mic dependence on the magnitude of two-body interactions
g, thus, the formula was written as kBTd = 2π h̄2n

M ln(4π h̄2n/M2c2 )
,

where c = √
ng/M and n is the sound velocity and exciton

density, respectively [46]. By considering the interaction g
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FIG. 4. (a) Phase diagram for the lowest-energy exciton as a function of exciton density n and temperature T , nM is the Mott critical
density. (b) Schematic of exciton superfluid transistor.

obtained earlier in QL Bi2Se2Te, it can be further simplified
to kB Td = 1.93π h̄2n

M . Thus, the critical temperature is slightly
lower than that obtained from the standard formula. As a
result, we can conclude that the standard formula stated above
can also describe the excitonic behavior well.

E. Excitonic lifetime

In practice, only quasiequilibrium state is possible because
of exciton recombination, thus, the limitation posed by a finite
exciton lifetime is another ingredient in the discussion of ex-
citonic condensation. We used the method proposed by Louie
and Palummo et al., which employs the Fermi’s golden rule to
derive the radiative decay rate γS (Q) of the exciton in state S
with a wave vector of Q [48,49]. As the inverse of the decay
rate, exciton radiative lifetime for Q = 0 can be written as

τS (0) = h̄2cAuc

8πe2ES (0)μ2
S

, (4)

where c, Auc, and ES (0) represent the speed of light, area of
the unit cell, and the excitation energy, respectively; μ2

S is the
square modulus of the exciton transition dipole divided by the
number of k points. Results indicate that the lowest-energy ex-
citon (X0) of QL Bi2Se2Te has a rather long radiative lifetime
of τ0 ∼ 1.47 ns at zero temperature. At a finite temperature,
the average radiative lifetime in state S is given as

τS (T ) = τS (0)
3

4

(
2Mc2

E2
S (0)

)
kBT . (5)

In case of QL Bi2Se2Te, the radiative lifetime τS (257) for X0 is
approximately 31.24 µs. The long lifetime of exciton X0 can be
attributed to its characteristic spatial separation. It should be
emphasized that only a desirable exciton radiative lifetime in
a broad temperature range is encouragingly to unconditionally
speak about the BEC-BKT phase.

IV. DISCUSSION

Apart from the phases discussed above, exciton gas can
also transfer to electron-hole liquid (EHL) state, rather than
the excitonic condensation. If quasielectrons and quasiholes

are spatially separated, however, excitons behave as oriented
electric dipoles with repulsive interaction, which is crucial to
prevent the occurrence of EHL state and promote the forma-
tion of BKT-BCS phase at low densities [50]. The EHL state
can be more stable at higher densities [51].

Generally, it is difficult to determine intuitively whether
the electron-hole pairs in a semiconductor form unbound
fermionic particles or thermalized excitons when they are ex-
cited. The determination of the dominating phase is associated
with many factors, such as temperature, dielectric environ-
ment, as well as excitation density, etc. [52,53]. In addition,
unbound fermionic particles may further hinder the formation
of excitons due to the Pauli blocking effects. However, the
research of Steinhoff et al. pointed out that the degree of
the ionization of the system depends greatly on the excitation
density, and excitons play a dominating role on the low side of
Mott density [53]. In addition, changing the dielectric environ-
ment of the system can eliminate the influence of ionization
and ensure that the system obeys the Bose-Einstein statistics.
We found that the Mott density obtained by Fogler et al. is in
good agreement with that of Steinhoff et al., with the former
slightly smaller than the latter while in the same order of
magnitude [4,53]. Thus, we can infer that it is a reliable way
to determine the Mott density of QL Bi2Se2Te based on the
method of Fogler et al., and this also means that the estimation
of the maximum BEC and superfluidity critical temperature
does make sense. Moreover, Steinhoff et al. demonstrated
that full excitonic ionization of TMDCs with SiO2 substrate
requires temperature up to 300 K in electron-hole excitation
densities close to zero. Such a temperature is much higher than
the temperature at which the low excitation density in TMDC
systems without substrate can be theoretically predicted to
achieve BEC and superfluidity. Therefore, it can be expected
that BEC and superfluidity can well exist above the room
temperature in suitable dielectric environments. Of course,
this way also applies to QL Bi2Se2Te system.

In addition, in case the interlayer distance between electron
and hole is smaller than the exciton Bohr radius, biexcitons
may probably form and the proposed setting may be used
to achieve paired bosonic superfluidity [54,55]. As usual,
polarized light can be used as an efficient tuning knob for
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FIG. 5. (a) Exfoliation energy for QL Bi2Se2Te; the inset shows the side view of bulk Bi2Se2Te and the interlayer distance. (b) Phonon
band dispersion of QL Bi2Se2Te over the first Brillouin zone. (c) Free-energy variation of QL Bi2Se2Te at 500 K during the AIMD simulations;
insets show the equilibrium structures at 500 K.

generation of biexcitons [52]. Although small exciton mass
would result in relatively small biexciton binding energy, the
width of the shape resonance in the exciton-exciton interaction
is expected to be large, and, therefore, pairing of such excitons
would be similar to the resonant pairing of dipolar polaritons
[56]. Strong correlations and squeezing of emitted photons
could potentially be achievable within the free-standing set-
ting constructed by QL Bi2Se2Te. However, observation of
such effects may be hindered by formation of an exciton liquid
[57].

V. CONCLUSION

In summary, we show that QL Bi2Se2Te is an unprece-
dented choice to study high-temperature excitonic condensa-
tion because of the unique features of its indirect excitons. In
terms of applications, bound excitons traveling in material as a
superfluid with zero viscosity offer a great promise to achieve
room-temperature dissipationless optoelectronic devices [see
Fig. 4(b)] of the schematic for the exciton transistor based on
QL Bi2Se2Te. In particular, electrons are distributed in the top
and bottom Bi/Se bilayers, while holes are confined within
the middle Te layer; the electrons and holes bind together
forming excitons. When the electrons are accelerated by an
applied voltage, the partnering holes can be dragged by its
electrons. QL Bi2Se2Te thus provides a potential platform
where excitons can be formed and condensed into superflu-
idity to flow without resistance, carrying electric current in
opposite direction without dissipation.

Note added. Recently, we became aware of similar work
and materials on related topics in Refs. [58,59].
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APPENDIX A: EXFOLIATION ENERGY
AND STRUCTURE STABILITY

To obtain accurate estimation of exfoliation energy,
DFTD3 corrections within the PBE functional were taken into
account [60]. In the inset of Fig. 5, the procedure of mim-
icking experimentally mechanical exfoliation is illustrated. It
can be found from Fig. 5(a) that the exfoliation energy for
QL Bi2Se2Te was calculated to be 17.68 meV/Å2, which is
comparable to that of graphene (12 meV/Å2) and MoS2 (26
meV/Å2) [19,61]. It is an indication of high feasibility to
experimentally exfoliate QL Bi2Se2Te from the layered bulk
material.

In order to check the dynamic stability of QL Bi2Se2Te, we
calculated the phonon spectrum based on a 5×5×1 supercell
in framework of density functional perturbation theory by
using the PHONOPYcode [62]. Figure 5(b) shows the posi-
tive frequencies for all phonon branches, a sign confirming
the dynamic stability of QL Bi2Se2Te. In addition, ab ini-
tio molecular dynamics (AIMD) simulations were performed
based on a 5×5×1 supercell at 500 K for 15 ps with a time
step of 3 fs. As shown in Fig. 5(c), the free energy fluctuates
slightly within a small range and the configuration can be well
kept when annealing at 500 K for 15 ps, which are strong
evidences for the thermal stability of QL Bi2Se2Te.

APPENDIX B: ELECTRONIC PROPERTY

Atomic-projected band structure illustrates that the valence
band maximum (VBM) and the conduction band minimum
(CBM) are dominantly contributed by Te layer and Bi/Se
double bilayers, respectively [Fig. 6(a)]. And it is supported
by the partial charge density as shown in inset of Fig. 6(a).
In Fig. 6(b), variation of the band structure around the �

point is shown as a function of SOC strength from formally
0% (without SOC) to 100% (with SOC), which intuitively
presents the significant impact of SOC. Therefore, it is the
SOC of the Te atom that dominates the change in the band
dispersion, leading to the indirect-direct transition of the band
gap. In addition, Fig. 7 shows C3-symmetric energy dispersion
relationship of QL Bi2Se2Te over the first Brillouin zone
without and with SOC included.
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FIG. 6. (a) Atomic-projected band structure of QL Bi2Se2Te; inset is the partial charge density, isosurface value is set to 0.003 eV/Å3.
(b) Band structure evolution as a function of SOC strength.

APPENDIX C: EXCITON ROOT-MEAN-SQUARE
RADIUS AND EFFECTIVE MASS

The root-mean-square radius of the exciton is defined by
the radial exciton wave function ψn(r) and the electron-hole
separation r − r0, using the formula [37]

〈r2〉 = 〈ψn|(r − r0)2|ψn〉 =
∫ ∞

0 (r − r0)2|ψn(r)|2r dr∫ ∞
0 |ψn(r)|2r dr

,

(C1)

with r0 being the position of hole. The root-mean-square
(RMS) radius rRMS = √〈r2

n〉 characterizes the spatial extent of
the exciton. In general, the root mean square (gyration radius)
rRMS is given by r2

RMS = 〈ϕn|r̂2|ϕn〉, while the Bohr radius
of exciton is calculated as rex = 〈ϕn|r̂|ϕn〉. Here, ϕn(r) is the
radial exciton wave function with r being the electron-hole

FIG. 7. 2D band structure of QL Bi2Se2Te in the first Brillouin
zone. (a) Band structure without considering SOC. (b) Band structure
with SOC included.

separation. For 2D systems, if making the analogy with a 2D
hydrogen atom [63] with principal quantum number n, we can
obtain

〈n|r̂2|n〉 = 1
8 (2n − 1)[n(10n2 − 15n + 11) − 3]a2

0, (C2)

〈n|r̂|n〉 = 1
2 [3n(n − 1) + 1]a0. (C3)

As the principal quantum number n = 1, for the low-energy
states we have rRMS

rex
=

√
3/8

1/2 ∼ 1.225. The critical density nM ,
below which excitons behave as weakly interacting bosons, is
the key for the excitonic BEC phase transition. In our work,
we considered the condition of the dilute limit reported in the
empirical formulas in 2D cases. If the ratio between the in-
plane gyration radius rRMS and the mean interexciton distance
reaches a critical value of about 0.3 ( rRMS

1/
√

nM
≈ 0.3) [4,64,65],

exciton dissociation will occur. Accordingly, the correspond-
ing critical density nM should satisfy nMr2

ex ≈ 0.06. This is in
excellent agreement with Hohenberg’s theory [66].

The effective mass is nearly isotropic for QL Bi2Se2Te
around the point �, due to the C3 symmetry as shown in
Fig. 7(b). As a result, the band dispersion relation can be
locally approximated as E (k) = E0 + h̄2k2/2m∗. In accor-
dance to m∗ = h̄2[∂2E (k)/∂k2]−1, electron and hole effective
masses of QL Bi2Se2Te around � point can be calculated by
the band dispersion. Once electron and hole effective masses
mzig and marm were obtained along zigzag and armchair direc-
tions, respectively, then the carrier effective mass can also be
obtained by meff = (mzig + marm)/2. In our calculations, SOC
was considered. In Table I, results are summarized.

TABLE I. Carrier effective mass for QL Bi2Se2Te; the unit is
electron mass m0.

Carrier mzig marm m

Hole 0.10 0.10 0.10
Electron 0.09 0.09 0.09
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Based on these expressions mentioned above, results of
carrier effective mass have been proved to be exactly cor-
rect in many previous publications. We also verified that it
is correct for cases of 2H-TMDCs, which show band dis-
persion relations similar to the massive Dirac cone around

the band edge: 0.3–0.5 m0, in good agreement with previ-
ous results [67]. Therefore, we confirm that the parabolic
approximation can be applied to fit the band edge accu-
rately for the QL Bi2Se2Te also with a massive Dirac
cone.

[1] M. H. Anderson, J. R. Ensher, M. R. Matthews, C. E. Wieman,
and E. A. Cornell, Observation of Bose-Einstein condensation
in a dilute atomic vapor, Science 269, 198 (1995).

[2] A. Amo, J. Lefrère, S. Pigeon, C. Adrados, C. Ciuti, I.
Carusotto, R. Houdré, E. Giacobino, and A. Bramati, Superflu-
idity of polaritons in semiconductor microcavities, Nat. Phys. 5,
805 (2009).

[3] Y. Jiang, S. Chen, W. Zheng, B. Zheng, and A. Pan, In-
terlayer exciton formation, relaxation, and transport in TMD
van der Waals heterostructures, Light: Sci. Appl. 10, 72
(2021).

[4] M. Fogler, L. Butov, and K. Novoselov, High-temperature
superfluidity with indirect excitons in van der Waals
heterostructures, Nat. Commun. 5, 4555 (2014).

[5] S. Gupta, A. Kutana, and B. I. Yakobson, Heterobilayers
of 2D materials as a platform for excitonic superfluidity,
Nat. Commun. 11, 2989 (2020).

[6] Q. Zhu, M. W.-Y. Tu, Q. Tong, and W. Yao, Gate tuning from
exciton superfluid to quantum anomalous Hall in van der Waals
heterobilayer, Sci. Adv. 5, eaau6120 (2019).

[7] S. Conti, S. Saberi-Pouya, A. Perali, M. Virgilio, F. M. Peeters,
A. R. Hamilton, G. Scappucci, and D. Neilson, Electron–
hole superfluidity in strained Si/Ge type II heterojunctions,
npj Quantum Mater. 6, 41 (2021).

[8] A. A. High, J. R. Leonard, A. T. Hammack, M. M. Fogler, L. V.
Butov, A. V. Kavokin, K. L. Campman, and A. C. Gossard,
Spontaneous coherence in a cold exciton gas, Nature (London)
483, 584 (2012).

[9] Z. Wang, D. A. Rhodes, K. Watanabe, T. Taniguchi, J. C. Hone,
J. Shan, and K. F. Mak, Evidence of high-temperature exciton
condensation in two-dimensional atomic double layers, Nature
(London) 574, 76 (2019).

[10] L. Sigl, F. Sigger, F. Kronowetter, J. Kiemle, J. Klein, K.
Watanabe, T. Taniguchi, J. J. Finley, U. Wurstbauer, and A. W.
Holleitner, Signatures of a degenerate many-body state of inter-
layer excitons in a van der Waals heterostack, Phys. Rev. Res.
2, 042044(R) (2020).

[11] P. Rivera, H. Yu, K. L. Seyler, N. P. Wilson, W. Yao, and
X. Xu, Interlayer valley excitons in heterobilayers of tran-
sition metal dichalcogenides, Nat. Nanotechnol. 13, 1004
(2018).

[12] H. Chen, X. Wen, J. Zhang, T. Wu, Y. Gong, X. Zhang, J.
Yuan, C. Yi, J. Lou, P. M. Ajayan et al., Ultrafast forma-
tion of interlayer hot excitons in atomically thin MoS2/WS2

heterostructures, Nat. Commun. 7, 12512 (2016).
[13] X. Niu, S. Xiao, D. Sun, A. Shi, Z. Zhou, W. Chen, X. Li,

and J. Wang, Direct formation of interlayer exciton in two-
dimensional van der Waals heterostructures, Mater. Horiz. 8,
2208 (2021).

[14] D. Snoke, Spontaneous Bose coherence of excitons and polari-
tons, Science 298, 1368 (2002).

[15] K. Ulman and S. Y. Quek, Organic-2D material heterostruc-
tures: A promising platform for exciton condensation and
multiplication, Nano Lett. 21, 8888 (2021).

[16] A. Perali, D. Neilson, and A. R. Hamilton, High-temperature
superfluidity in double-bilayer graphene, Phys. Rev. Lett. 110,
146803 (2013).

[17] J. Li, T. Taniguchi, K. Watanabe, J. Hone, and C. Dean, Exci-
tonic superfluid phase in double bilayer graphene, Nat. Phys.
13, 751 (2017).

[18] O. L. Berman, R. Y. Kezerashvili, and K. Ziegler, Superfluidity
of dipole excitons in the presence of band gaps in two-layer
graphene, Phys. Rev. B 85, 035418 (2012).

[19] N. Mounet, M. Gibertini, P. Schwaller, D. Campi, A. Merkys,
A. Marrazzo, T. Sohier, I. E. Castelli, A. Cepellotti, G. Pizzi
et al., Two-dimensional materials from high-throughput com-
putational exfoliation of experimentally known compounds,
Nat. Nanotechnol. 13, 246 (2018).

[20] W. Kohn and L. J. Sham, Self-consistent equations includ-
ing exchange and correlation effects, Phys. Rev. 140, A1133
(1965).

[21] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized gradient
approximation made simple, Phys. Rev. Lett. 77, 3865 (1996).

[22] G. Kresse and J. Furthmüller, Efficient iterative schemes for
ab initio total-energy calculations using a plane-wave basis set,
Phys. Rev. B 54, 11169 (1996).

[23] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C.
Cavazzoni, D. Ceresoli, G. L. Chiarotti, M. Cococcioni, I. Dabo
et al., QUANTUM ESPRESSO: a modular and open-source
software project for quantum simulations of materials, J. Phys.:
Condens. Matter. 21, 395502 (2009).

[24] P. Giannozzi, O. Andreussi, T. Brumme, O. Bunau, M. B.
Nardelli, M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli, M.
Cococcioni, N. Colonna, I. Carnimeo, A. D. Corso, S. de
Gironcoli, P. Delugas, R. A. D. Jr, A. Ferretti, A. Floris, G.
Fratesi, G. Fugallo et al., Advanced capabilities for materials
modelling with QUANTUM ESPRESSO, J. Phys.: Condens.
Matter. 29, 465901 (2017).

[25] H. J. Monkhorst and J. D. Pack, Special points for brillouin-
zone integrations, Phys. Rev. B 13, 5188 (1976).

[26] A. Marini, C. Hogan, M. Grüning, and D. Varsano, Yambo:
an ab initio tool for excited state calculations, Comput. Phys.
Commun. 180, 1392 (2009).

[27] N. Troullier and J. L. Martins, Efficient pseudopotentials for
plane-wave calculations, Phys. Rev. B 43, 1993 (1991).

[28] J. Chang, L. F. Register, S. K. Banerjee, and B. Sahu, Den-
sity functional study of ternary topological insulator thin films,
Phys. Rev. B 83, 235108 (2011).

[29] M. Neupane, S.-Y. Xu, L. A. Wray, A. Petersen, R. Shankar,
N. Alidoust, C. Liu, A. Fedorov, H. Ji, J. M. Allred et al.,
Topological surface states and Dirac point tuning in ternary
topological insulators, Phys. Rev. B 85, 235406 (2012).

054513-8

https://doi.org/10.1126/science.269.5221.198
https://doi.org/10.1038/nphys1364
https://doi.org/10.1038/s41377-021-00500-1
https://doi.org/10.1038/ncomms5555
https://doi.org/10.1038/s41467-020-16737-0
https://doi.org/10.1126/sciadv.aau6120
https://doi.org/10.1038/s41535-021-00344-3
https://doi.org/10.1038/nature10903
https://doi.org/10.1038/s41586-019-1591-7
https://doi.org/10.1103/PhysRevResearch.2.042044
https://doi.org/10.1038/s41565-018-0193-0
https://doi.org/10.1038/ncomms12512
https://doi.org/10.1039/D1MH00571E
https://doi.org/10.1126/science.1078082
https://doi.org/10.1021/acs.nanolett.1c03435
https://doi.org/10.1103/PhysRevLett.110.146803
https://doi.org/10.1038/nphys4140
https://doi.org/10.1103/PhysRevB.85.035418
https://doi.org/10.1038/s41565-017-0035-5
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1016/j.cpc.2009.02.003
https://doi.org/10.1103/PhysRevB.43.1993
https://doi.org/10.1103/PhysRevB.83.235108
https://doi.org/10.1103/PhysRevB.85.235406


SMALL EXCITON EFFECTIVE MASS IN … PHYSICAL REVIEW B 110, 054513 (2024)

[30] K. Miyamoto, A. Kimura, T. Okuda, H. Miyahara, K.
Kuroda, H. Namatame, M. Taniguchi, S. V. Eremeev, T. V.
Menshchikova, E. V. Chulkov et al., Topological surface states
with persistent high spin polarization across the Dirac point in
Bi2Te2Se and Bi2Se2Te, Phys. Rev. Lett. 109, 166802 (2012).

[31] Y. Wang, W. Wei, F. Li, B. Huang, and Y. Dai, Janus Bi2XYZ
monolayers for light harvesting and energy conversion from
first-principles calculations, Phys. E (Amsterdam) 117, 113823
(2020).

[32] J. Gao, Q. Wu, C. Persson, and Z. Wang, Irvsp: To obtain irre-
ducible representations of electronic states in the vasp, Comput.
Phys. Commun. 261, 107760 (2021).

[33] W. Meng, X. Wang, Z. Xiao, J. Wang, D. B. Mitzi, and Y.
Yan, Parity-forbidden transitions and their impact on the optical
absorption properties of lead-free metal halide perovskites and
double perovskites, J. Phys. Chem. Lett. 8, 2999 (2017).

[34] J. Luo, X. Wang, S. Li, J. Liu, Y. Guo, G. Niu, L. Yao, Y. Fu,
L. Gao, Q. Dong et al., Efficient and stable emission of warm-
white light from lead-free halide double perovskites, Nature
(London) 563, 541 (2018).

[35] G. Pikus and G. Bir, Exchange interaction in excitons in semi-
conductors, Zh. Eksp. Teor. Fiz. 60, 195 (1971) [Sov. Phys.
–JETP 33, 108 (1971)].

[36] M. Combescot, O. Betbeder-Matibet, and R. Combescot, Bose-
Einstein condensation in semiconductors: The key role of dark
excitons, Phys. Rev. Lett. 99, 176403 (2007).

[37] J. Zipfel, J. Holler, A. A. Mitioglu, M. V. Ballottin, P. Nagler,
A. V. Stier, T. Taniguchi, K. Watanabe, S. A. Crooker, P. C. M.
Christianen et al., Spatial extent of the excited exciton states
in WS2 monolayers from diamagnetic shifts, Phys. Rev. B 98,
075438 (2018).

[38] M. Goryca, J. Li, A. V. Stier, T. Taniguchi, K. Watanabe, E.
Courtade, S. Shree, C. Robert, B. Urbaszek, X. Marie et al., Re-
vealing exciton masses and dielectric properties of monolayer
semiconductors with high magnetic fields, Nat. Commun. 10,
4172 (2019).

[39] S. Dong, M. Puppin, T. Pincelli, S. Beaulieu, D. Christiansen,
H. Hübener, C. W. Nicholson, R. P. Xian, M. Dendzik, Y.
Deng et al., Direct measurement of key exciton properties:
Energy, dynamics, and spatial distribution of the wave function,
Nat. Sci. 1, e10010 (2021).

[40] J. Hu, Z. Wang, S. Kim, H. Deng, S. Brodbeck, C. Schneider,
S. Höfling, N. H. Kwong, and R. Binder, Polariton laser in the
Bardeen-Cooper-Schrieffer regime, Phys. Rev. X 11, 011018
(2021).

[41] H. Guo, X. Zhang, and G. Lu, Tuning moiré excitons in janus
heterobilayers for high-temperature Bose-Einstein condensa-
tion, Sci. Adv. 8, eabp9757 (2022).

[42] O. L. Berman and R. Y. Kezerashvili, High-temperature super-
fluidity of the two-component Bose gas in a transition metal
dichalcogenide bilayer, Phys. Rev. B 93, 245410 (2016).

[43] J. M. Kosterlitz and D. J. Thouless, Ordering, metastability and
phase transitions in two-dimensional systems, J. Phys. C: Solid
State Phys. 6, 1181 (1973).

[44] D. R. Nelson and J. M. Kosterlitz, Universal jump in the super-
fluid density of two-dimensional superfluids, Phys. Rev. Lett.
39, 1201 (1977).

[45] P. Nozieres and S. Schmitt-Rink, Bose condensation in an
attractive fermion gas: From weak to strong coupling supercon-
ductivity, J. Low. Temp. Phys. 59, 195 (1985).

[46] O. I. Utesov, M. I. Baglay, and S. V. Andreev, Effective interac-
tions in a quantum Bose-Bose mixture, Phys. Rev. A 97, 053617
(2018).

[47] D. Erkensten, S. Brem, and E. Malic, Exciton-exciton in-
teraction in transition metal dichalcogenide monolayers and
van der Waals heterostructures, Phys. Rev. B 103, 045426
(2021).

[48] C. D. Spataru, S. Ismail-Beigi, R. B. Capaz, and S. G. Louie,
Theory and ab initio calculation of radiative lifetime of exci-
tons in semiconducting carbon nanotubes, Phys. Rev. Lett. 95,
247402 (2005).

[49] M. Palummo, M. Bernardi, and J. C. Grossman, Exci-
ton radiative lifetimes in two-dimensional transition metal
dichalcogenides, Nano Lett. 15, 2794 (2015).

[50] L. Butov, Cold exciton gases in coupled quantum well struc-
tures, J. Phys.: Condens. Matter 19, 295202 (2007).

[51] F.-C. Wu, F. Xue, and A. H. MacDonald, Theory of two-
dimensional spatially indirect equilibrium exciton condensates,
Phys. Rev. B 92, 165121 (2015).

[52] F. Katsch, M. Selig, and A. Knorr, Exciton-scattering-induced
dephasing in two-dimensional semiconductors, Phys. Rev. Lett.
124, 257402 (2020).

[53] A. Steinhoff, M. Florian, M. Rösner, G. Schönhoff, T. O.
Wehling, and F. Jahnke, Exciton fission in monolayer transition
metal dichalcogenide semiconductors, Nat. Commun. 8, 1166
(2017).

[54] A. D. Meyertholen and M. M. Fogler, Biexcitons in two-
dimensional systems with spatially separated electrons and
holes, Phys. Rev. B 78, 235307 (2008).

[55] S. V. Andreev, Resonant pairing of excitons in semiconductor
heterostructures, Phys. Rev. B 94, 140501(R) (2016).

[56] S. V. Andreev, Dipolar polaritons squeezed at unitarity,
Phys. Rev. B 101, 125129 (2020).

[57] Y. E. Lozovik and O. Berman, Phase transitions in a system of
spatially separated electrons and holes, J. Exp. Theor. Phys. 84,
1027 (1997).

[58] Y. Xia, L. Shu, Y. Zhang, Y. Chen, L. Peng, J. Zhang, B.
Li, H. Shao, Y. Cen, Z. Sui, H. Zhu, and H. Zhang, Full-
landscape condensation phases for long-lived excitons in 2D
tellurium: Crystal-field splitting and finite-momentum excitons,
Adv. Funct. Mater. 33, 2303779 (2023).

[59] L. Peng, A. Wu, Y. Xia, H. Zhang, Y. Yang, H. Shao, Y. Chen,
J. Zhang, L. Shu, H. Zhu, Y. Zheng, and H. Zhang, Suppres-
sion of intervalley scattering and enhanced phonon anharmonic
interactions in 2D Bi2TeSe2: Crystal-field symmetry and band
convergence, J. Materiomics 10, 386 (2024).

[60] G. Graziano, J. Klimeš, F. Fernandez-Alonso, and A.
Michaelides, Improved description of soft layered materials
with van der Waals density functional theory, J. Phys.: Condens.
Matter. 24, 424216 (2012).

[61] T. Björkman, A. Gulans, A. V. Krasheninnikov, and R. M.
Nieminen, van der Waals bonding in layered compounds
from advanced density-functional first-principles calculations,
Phys. Rev. Lett. 108, 235502 (2012).

[62] A. Togo and I. Tanaka, First principles phonon calculations in
materials science, Scr. Mater. 108, 1 (2015).

[63] X. L. Yang, S. H. Guo, F. T. Chan, K. W. Wong, and
W. Y. Ching, Analytic solution of a two-dimensional hydro-
gen atom. I. nonrelativistic theory, Phys. Rev. A 43, 1186
(1991).

054513-9

https://doi.org/10.1103/PhysRevLett.109.166802
https://doi.org/10.1016/j.physe.2019.113823
https://doi.org/10.1016/j.cpc.2020.107760
https://doi.org/10.1021/acs.jpclett.7b01042
https://doi.org/10.1038/s41586-018-0691-0
http://www.jetp.ras.ru/cgi-bin/dn/e_033_01_0108.pdf
https://doi.org/10.1103/PhysRevLett.99.176403
https://doi.org/10.1103/PhysRevB.98.075438
https://doi.org/10.1038/s41467-019-12180-y
https://doi.org/10.1002/ntls.10010
https://doi.org/10.1103/PhysRevX.11.011018
https://doi.org/10.1126/sciadv.abp9757
https://doi.org/10.1103/PhysRevB.93.245410
https://doi.org/10.1088/0022-3719/6/7/010
https://doi.org/10.1103/PhysRevLett.39.1201
https://doi.org/10.1007/BF00683774
https://doi.org/10.1103/PhysRevA.97.053617
https://doi.org/10.1103/PhysRevB.103.045426
https://doi.org/10.1103/PhysRevLett.95.247402
https://doi.org/10.1021/nl503799t
https://doi.org/10.1088/0953-8984/19/29/295202
https://doi.org/10.1103/PhysRevB.92.165121
https://doi.org/10.1103/PhysRevLett.124.257402
https://doi.org/10.1038/s41467-017-01298-6
https://doi.org/10.1103/PhysRevB.78.235307
https://doi.org/10.1103/PhysRevB.94.140501
https://doi.org/10.1103/PhysRevB.101.125129
https://doi.org/10.1134/1.558220
https://doi.org/10.1002/adfm.202303779
https://doi.org/10.1016/j.jmat.2023.06.011
https://doi.org/10.1088/0953-8984/24/42/424216
https://doi.org/10.1103/PhysRevLett.108.235502
https://doi.org/10.1016/j.scriptamat.2015.07.021
https://doi.org/10.1103/PhysRevA.43.1186


WANG, DAI, HUANG, ANG, AND WEI PHYSICAL REVIEW B 110, 054513 (2024)

[64] S. De Palo, F. Rapisarda, and G. Senatore, Excitonic condensa-
tion in a symmetric electron-hole bilayer, Phys. Rev. Lett. 88,
206401 (2002).

[65] R. Maezono, P. López Ríos, T. Ogawa, and R. J. Needs,
Excitons and biexcitons in symmetric electron-hole bilayers,
Phys. Rev. Lett. 110, 216407 (2013).

[66] D. S. Fisher and P. C. Hohenberg, Dilute Bose gas in two
dimensions, Phys. Rev. B 37, 4936 (1988).

[67] L. Cheng and Y. Liu, What limits the intrinsic
mobility of electrons and holes in two dimensional
metal dichalcogenides? J. Am. Chem. Soc. 140, 17895
(2018).

054513-10

https://doi.org/10.1103/PhysRevLett.88.206401
https://doi.org/10.1103/PhysRevLett.110.216407
https://doi.org/10.1103/PhysRevB.37.4936
https://doi.org/10.1021/jacs.8b07871

