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1. Introduction

Atomically thin 2D materials have created a revolution in mate-
rials science[1–3] since the first isolation of graphene.[4] The emer-
gence of each new 2D material brings excitement and puzzles
stemming from their electronic band structures and the resulting
fascinating physical properties,[1–3,5] which are substantially

different from those of their 3D counter-
parts. Furthermore, 2D materials can be
held together by the weak van der Waals
force, resulting in the so-called van der
Waals heterostructures (vdWHs).[3,6,7] As
a new type of 2D structure, vdWHs not only
combine the extraordinary properties of the
constituent monolayers, but also provide a
wide platform for exploring new fascinat-
ing physics.[3,6–8] One novel physical phe-
nomenon is the emergence of interlayer
exciton (IX), i.e., spatially separated but
bound electron–hole pair, which has
been extensively predicted by theoretical
studies[9–11] and demonstrated by a series
of experiments.[12–15] The spatially indirect
nature for IX reduces the overlap of the
electron and hole wavefunctions, which
results in its longer lifetime than the usual
exciton (or intralayer exciton), reaching
hundreds of nanoseconds[12–14] or even

microseconds,[15] and creates a permanent electrical dipole
moment in the out-of-plane direction, allowing electrical control
of its optical and transport properties.[16–18] Compared with that
in III–V or II–VI semiconductor heterostructures, this new type
of exciton has remarkably high binding energy and is better sta-
bility. On the other hand, the interaction between IX and its pho-
nonic environment would become significant owing to a reduced
screening effect in vdWHs, leading to the emergence of different
quantum states of IX.

In general, the formation of self-trapped exciton could be
attributed to the transient distorted lattice around it due to the
strong exciton–phonon coupling, governing the optical and
energy transport properties of vdWHs. Especially, in recent
years, the efficient white photoluminescence emission in these
vdWHs originating from the radiative recombination of the self-
trapped excitons,[19–21] promises a bright future in optoelectronic
applications such as display and single-component light-emitting
devices, and thus stimulates once again extensive studies of the
self-trapped state. These studies have revealed that, compared
with the free excitons, the self-trapped excitons can decay radi-
atively, yielding a distinctive luminescence, or nonradiatively,
transferring energy to impurities, or forming lattice defects.[20,22]

Therefore, a fully understanding of the quantum transitions
between the free state (FS) and the self-trapped state is of great
importance for the design of high-performance vdWHs devices.
Usually, FS and the self-trapped state are separated by an adia-
batic potential barrier due to the exciton–phonon coupling,[23–25]
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coupling are explored. The critical boundaries of the phase transitions among
free, light, and heavy self-trapped states are given and the dependence of
boundaries on the structural parameters of vdWHs is discussed, implying the
controllability of these IXs states in vdWHs. In order to distinguish different
quantum phases further, a strategy that multiphonon Raman scattering mediated
by these exciton states is proposed. It is found find that multiphonon overtones
appear in Raman spectra for the self-trapped states and not for free states, which
clarifies the long-standing puzzle that free exciton can induce multiphonon
Raman processes. The results lay the significant theoretical foundation for
understanding the quantum phases of IX and their modulation in vdWHs.

RESEARCH ARTICLE
www.pss-rapid.com

Phys. Status Solidi RRL 2024, 18, 2300242 2300242 (1 of 7) © 2023 Wiley-VCH GmbH

mailto:wangziwu@tju.edu.cn
mailto:xinjun@imun.edu.cn
https://doi.org/10.1002/pssr.202300242
http://www.pss-rapid.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpssr.202300242&domain=pdf&date_stamp=2023-10-17


implying exciton undergoes a transition between them with a
change in the coupling strength. For these vdWHs, a large num-
ber of recent experiments[26–29] have displayed phase transitions
of excitons by some external conditions, such as the twist
angle[26,27] and strain,[28,29] which inherently drive the exciton–
phonon coupling strength required for the formation of the
self-trapped state. In our previous work,[30] we have investigated
self-trapped IXs in vdWHs due to the strong IX–interface optical
phonons coupling, where self-trapped IXs could be classified into
heavy self-trapped (HST) state with the increasing binding
energy and light self-trapped (LST) state with the decreasing
binding energy. Nevertheless, the comprehensive picture of
the quantum transitions and the critical boundaries among
FS, LST, and HST for IXs remain lacking until now.

In this article, we systematically study the quantum phase
transitions of IXs for an extensively used vdWHs (see
Figure 1a), in which the self-trapped IXs are formed due to
the strong IX–interface optical phonon coupling. We present
phase diagrams of an IX based on a judging criterion of the
self-trapped state–the self-energy ΔEs> 0, where they are specif-
ically classified as LST and HST by means of the total binding
energy correction ΔEb> 0 and <0, respectively. We find that
the critical boundaries of the phase transitions among FS,
LST, and HST undergo the significant shifts by the modulation
of the structural distances and components of vdWHs.
Furthermore, we propose multiphonon Raman scattering
(MRS) mediated by three types of exciton states, respectively.
It is found that high-order Raman peaks appear only for the
self-trapped state and not for FS. This strategy provides a theo-
retical foundation to distinguish different exciton states and the
phase transitions by Raman technology in future experiments.

Varieties of vdWHs are essentially endless with the continu-
ous growth of the family of 2D materials, arising from the fact
that they can be stacked in ambient conditions with no require-
ments of lattice matching, for example, the CHBS-type hetero-
structure (see Figure 1a: C—covering layer, HB—hosting
bilayer for electron–hole pair, S—substrate layer). This is a clas-
sical structure widely used in the experimental and theoretical
studies for IXs[6,7,27] because the encapsulation of the structure
is favorable for blocking the erosion of the internal 2D material
by the external environment. Here, we mainly study the self-
trapped properties of IXs in such a heterostructure.

2. Phase Transitions of IXs

For the CHBS-type heterostructure, the total Hamiltonian for IX
coupling with interface optical phonons can be written as

H ¼ HR
ex þHr

ex þHph þHex�ph (1)

where HR
ex ¼ �ℏ2∇2

R= 2Mð Þ and Hr
ex ¼ �ℏ2∇2

r= 2μð Þ þ V rð Þ are
the center-of-mass motion and the relative motion of IX, respec-
tively. V(r) is the Coulomb interaction between electron and hole;
M=meþmh and μ ¼ m�1

e þm�1
h

� ��1 are the total mass and the

reduced mass of IX. Hph ¼ P
q ℏωga

†

qaq denotes the interface

optical phonon term, where aq (a†q) is annihilation (creation)
operator of a phonon with wave vector q and ℏωg is the effective
phonon energy, depending on the transverse and longitudinal

optical (LO) phonon modes of the layer materials of vdWHs
(see Equation (S7) and (S8), Supporting Information) based
on the dielectric continuum model,[30] which is reformulated

via ℏωg ¼ ℏ2q20= 2Mð Þ,[31–34] where q0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Mωg=ℏ

q
is defined

as a variational quantity in following sections, just qualitatively
reflecting the diversity of components of vdWHs because both
M and ωg vary with components. The last termHex�ph represents
the exciton–phonon coupling and is expressed as

Hex�ph ¼ P
q

n
eiq⋅R ℳhe�iγ1q⋅r �ℳeeiγ2q⋅r

� �
aq

þe�iq⋅R ℳheiγ1q⋅r �ℳee�iγ2q⋅r
� �

a†q
o (2)

Figure 1. a) The schematic diagram of the IX in CHBS-type heterostruc-
ture (C—covering layer, HB—hosting bilayer for electron–hole pair,
S–Substrate layer), where D is the vertical distance between HB, reh
and r are the spatial and relative distances for the electron–hole pair,
respectively. In such heterostructure, HB can be chosen in the huge mem-
bers of 2D materials family; meanwhile, the covering and substrate mate-
rials also have manifold selections, resulting in the various dielectric
environment for IXs and the different phonon modes couple with them.
b) The schematic diagrams of FS, LST, and HST states of exciton.
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where γ1 ¼ me=M, γ2 ¼ mh=M;ℳeðhÞ ¼ νeðhÞe2�= εqL2Þ
i1
2e�qz

�h
is

the coupling element between electron (hole) and interface opti-
cal phonons given by the dielectric continuum model,[30] in
which νh and νe are the parameters of hosting dielectric environ-
ment for hole and electron (Equation (S6) and (S5), Supporting
Information), respectively; e* is the charge of carrier, ε is vacuum
dielectric constant, L2 is the quantization area in the monolayer
plane, and z represents the interlayer spacing, such as h1 and h2
in Figure 1a, denoting the distance between hosting layer and
covering layer and substrate layer, respectively.

Carrying out the Lee–Low–Pines unitary transformation[35] for
the total Hamiltonian in Equation (1) (see Section SI, Supporting
Information, for details), the transformed Hamiltonian is rewrit-
ten as

H̃ ¼ ℏ2Q2

2M � ℏ2
2μ∇

2
r þ V rð Þ þP

q

ℏ2q2

2M þ ℏωg

� �
a†qaq

�P
q

jℳhj2þjℳej2�ℳ∗
hℳeΞq rð Þ

ℏ2q2= 2Mð Þþℏωg

þP
q

ℏ2q2

2μ
1

ℏ2q2= 2Mð Þþℏωg½ �2
� γ21½

		ℳhj2 þ γ22jℳej2 þ γ1γ2ℳ∗
hℳeΞ∗

q rð Þ�

(3)

with

Ξq rð Þ ¼ exp �i γ1 þ γ2ð Þq ⋅ r½ � þ exp i γ1 þ γ2ð Þq ⋅ r½ � (4)

where one phonon term and the interactions between different
phonons for the center-of-mass motion and the relative motion
are neglected in Equation (3) due to the tiny contribution to the
binding energy. Meanwhile, we assume the center-of-mass is fro-
zen in the ground state (Q ¼ 0) because it is not related to the
exciton binding energy.

The total correction of exciton binding energy ΔEb can be
obtained via Φh jH̃jΦi, where the system wave function
jΦi= jφ1sij0i ph is the product of the zero-phonon state j0i ph
and the ground state of the relative motion jφ1si. The latter is
given by jφ1si ¼

ffiffiffiffiffiffiffiffi
β=π

p
exp �βr2=2ð Þ in the harmonic oscillator

approximation,[36,37] with the variational parameter β, depending
on the vertical distance between the hosting layers of electron
and hole (Equation (S3), Supporting Information). After the com-
plicated calculation, one can find that ΔEb could be attributed to
the Coulomb potential correction ΔEc and the self-energy ΔEs,
satisfying the relation of ΔEb=ΔEs�ΔEc. ΔEc and ΔEs can be
written as

ΔEc ¼
P
q
ανee�2qh1

h
2q0

q2þq20
ξ
1
2e�q η�1ð Þh1

þ 2q0q
2

q2þq20ð Þ2 ξ
1
2e�q η�1ð Þh1

i
Ω qð Þ

(5)

ΔEs ¼
P
q
ανee�2qh1

h
q0

q2þq20
ξe�2q η�1ð Þh1 þ 1
� �

� q0q
2

q2þq20ð Þ2 σξe�2q η�1ð Þh1 þ 1
σ

� �i (6)

where Ω(q)= exp[�q2/(4β)], α represents a dimensionless con-
stant for the IX–interface optical phonon coupling (Equation
(S17), Supporting Information), which determines the magni-
tude of ΔEs and ΔEb; the ratio parameter ξ= νh/νe is called as

the dielectric factor, describing the asymmetry of the dielectric
environment surrounding electrons and holes arising from
the different componential material of vdWHs, such as the vari-
ous choices for the hosting layer of holes (electrons) and sub-
strate (covering) layer; the ratio parameter η= h2/h1 describes
the structural asymmetry of vdWHs, resulting from the
asymmetrical variation of internal distances for h2 and h1;
σ=me/mh is the ratio of the electron-to-hole effective mass.
These three ratio parameters play the central roles to modulate
the quantum phases of IXs in vdWHs.

To obtain the phase diagram of IXs, the key prerequisite is
how to judge the formations of self-trapped exciton states.
Here, the self-energy ΔEs> 0 is used as a judging criterion fol-
lowing the previous studies.[30,31,38,39] Based on this criterion, the
total correction of binding energy could be specified into ΔEb> 0
and <0, which are called as HST and LST, respectively.
Therefore, the phase diagrams of IXs are composed of FS,
HST, and LST in this article. In addition, IXs include two species
according to the spin selection rules and the spin–orbital inter-
action between the valence and conduction bands in vdWHs. We
assume they have the similar behaviors.

According to the judging criterion above mentioned, the dif-
ferent regions for FS, LST, and HST in the σ–q0 plane are shown
in Figure 2a,c. The phase transitions among three types of IX
states follow several different paths under the interplays between
σ and q0 at different η and ξ. From them, one can conclude that
the phase transition from the FS to HST occurred hardly unless
with the help of a mediated state LST, which is consistent with
earlier studies that the exciton ground state changes discontinu-
ously between the FS and HTS with a change in the exciton–
lattice coupling constant.[40–43] However, the LST of exciton
has yet been pointed out until our recent work,[30] because of
the challenging identification of the LST in practice that its
smaller binding energy than FS, confusing with the excited states
of free exciton. Although some traces that the blueshift and
broadened linewidth in the IX spectra at low temperature have
been found in recent experiment,[44] more experimental verifica-
tions for this LST are urgent.

Anther remarkable feature is that the critical boundaries of the
phase transitions undergo a shift by tuning η and ξ. First, let us
discuss the detailed variation of the critical boundaries at differ-
ent η (h2/h1) shown in Figure 2b. When q0 is in the region of
small values (0.1� 1), there only exist the phase transitions
between the FS and LST. The region of FS expands and contracts
for the mass ratio σ (me/mh)< 0.23 and σ> 3.9, respectively, with
increasing η, which can be attributed to the asymmetrical contri-
bution of hole and electron to the self-energy term, originally
causing by the different influence between h1 and h2 on the elec-
tron and hole–interface optical phonon coupling as given in
Equation (S4) and S(5), Supporting Information, respectively.
Generally, this region may be the ideal realm for the identify
of LST without the appearance of HST. With increasing q0,
the phase transitions are occurred between the LST and HST.
The variation of them can be divided into three regions: the first
region for σ> 2, HST gradually expands as η increases; the sec-
ond region for 0.6< σ< 2, HST contracts at η< 1 and expanded
at η> 1; and the third region for σ< 0.6, HST is also a contrac-
tion followed by an expansion, whereas the turning point
between contraction and expansion differs from the second
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region. These complicated phase transitions between the LST
and HST could be tuned by η, implying that the significant influ-
ence of the stacking distances between the covering (substrate)
layer and hosting layer for holes (electrons) on the fundamental
properties of IXs, both of which may be reflected by the variation
of the linewidth in the spectra of self-trapped IXs.[44,45] The
dielectric environment that composed of the hosting layer and
the covering layer (substrate layer) for the electrons (holes) is
described by the parameter νe (νh) given in Equation (S5) and
(S6), Supporting Information, which could be varied in the wide
range due to various of collocations among 2D materials family.
The influence of the dielectric factor ξ (νh/νe) on the phase tran-
sitions in the σ–q0 plane at fixed η= 1 is shown in Figure 2d. It is
obvious that 1) the dependence of phase diagrams on q0 follows
the similar trends presented in Figure 2b except for the slightly
expansion of FS’s region; 2) the region of HST is expanded obvi-
ously for ξ> 1 or ξ< 1, which implies that these HSTs of IX are
more easily obtained when hole and electron are in unequal

hosting environment; and 3) the critical boundaries between
LST and HST show the symmetrical shifting with respect to
the varying from ξ= 1 to ξ= 5 and from ξ= 1 to ξ= 0.2 due
to the exchange effect. For example, for the cases of ξ= 2 and
ξ= 0.5, meaning the exchange of the hosting dielectric environ-
ment for electrons with holes. In fact, just this exchange effect
results in the expansion and contraction of the region of FS for
σ< 1 or σ> 1 with increasing ξ, respectively. In addition, we
investigate the effect of the spatial distance D between electron
and hole on the phase transitions (Figure S1, Supporting
Information). One can find that the changing of this distance
has no influence on the phase transitions between the FS and
LST. But the region of HST is expanded remarkably with increas-
ing D, so the stability of these excitons will become fragile, which
is consistent with our previous work.[30] Besides the general
ways related to three ratio parameters abovementioned for the
modulation of IXs, the moiré angle between two hosting layers,
such as heterostructures based on monolayer transition metal

(a) (b)

(c) (d)

Figure 2. The phase diagrams of IXs. a) The phase diagrams of the FS, HST state, and LST state in the σ–q0 plane at η= 0.5. b) The variation of the
boundaries of quantum phases for different η at β= 0.6 nm�2, h1= 1.0 nm, and νh= νe. c) The phase diagrams of the FS, HST state, and LST state in the
σ–q0 plane at ξ= 0.5. d) The variation of the boundaries of quantum phases for different ξ at β= 0.6 nm�2, νe= 0.4 meV, and h1= h2= 0.3 nm.
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dichalcogenides and graphene,[46,47] could enhance the self-
trapped effect due to the strong quantum confinement of the
moiré potential, which further enriches the controllable ways
for the modulation of IXs in vdWHs. In addition, transitions
among three phases of IX, in fact, are temperature dependences.
This is just the reason why the variations of exciton states are
called as quantum phase transitions. The studies for the temper-
ature dependences of excitonic phases will be presented in the
future work.

3. Raman Scattering Mediated by IXs

In order to identify these phase transitions of IXs in vdWHs, we
propose a theoretical strategy that Raman scattering mediated by
these IXs states. We hope the symbolic features of different
quantum phases of IXS could be directly reflected by Raman
spectra. In the frame of Huang–Rhys model,[48,49] the cross
section of Raman scattering at finite temperature is given by
(see Section SII, Supporting Information for the detailed
derivations)

jℛpj2 ¼ μ4e

						

Q
g

ngþ1
ng

� �p
2e�Sg 2ngþ1ð ÞIp 2Sg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ng ng þ 1
� �qn o

Eel þ pℏωg � ℏωi þ iΓ

						

2

(7)

where μe is the electronic transition dipole moment; ng ¼
1= eℏωg=KBT � 1
� �

denotes the thermal average of the phonon
number (T is temperature and KB is the Boltzmann constant);
Ip is the pth-order modified Bessel function (p= 1, 2, 3⋯); Eel
is the needed energy for the creation of an IX in the ground state;
ℏωi is the incident photon energy; and Γ is the homogeneous
linewidth of excitonic state. Sg is the Huang–Rhys factor and
plays a key role in determining multiphonon processes. This fac-
tor can be calculated by

SFSg ¼ P
q

1
ℏωg

� �
2
			 νhe2

εqL2

� �1
2e�qh2 e�

q2

4βh

� νee2

εqL2

� �1
2e�qh1 e�

q2

4βe

			2
(8)

for the free exciton state and

SLST HSTð Þ
g ¼ P

q

1
ℏωg

� �
2
			 νhe2

εqL2

� �1
2e�qh2e�

q2

4βh

þ νee2

εqL2

� �1
2e�qh1e�

q2

4βe

			2
(9)

for the light or HST states, where βe ¼ 1= 2a2eð Þ) and

βh ¼ 1= 2a2h
� �

with ae ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ= 2meωg

� �q
and ah ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ= 2mhωg

� �q

are the radii of the electron polaron and hole polaron, respec-
tively. Here, we select the structure of Al2O3/MAPbI3/
(PEA)2PbI4/Al2O3 as an example to show the features of
Raman spectra for these IXs states, as shown in Figure 3, where
MAPbI3 and (PEA)2PbI4 are two typical 2D metal halide perov-
skites materials and the related parameters are listed in Table S1,
Supporting Information. Figure 3a shows Raman scattering of
IXs with increasing the dielectric factor ξ (νh/νe). According to
the dependences of phase transitions of IXs on ξ given in
Figure 2d, one can see that multiple phonons Raman scattering
occurred for both LST and HST, not for FS. Moreover, the phase
transitions from FS to LST as well as from LST to HST at certain
values of ξ could be reflected directly in Raman spectra, which is
an agreement with the prediction in Figure 2d. Meanwhile,
orders of phonon overtones increase gradually from LST to
HST, where the strongest overtone shows the blueshifting behav-
ior. Both of them display the discrepancies of the lattice relaxa-
tion effect between LST and HST, which also could be evaluated
quantificationally by the well-known Huang–Rhys factors given
in Table S2, Supporting Information. In fact, self-trapped exciton
states arising from the strong coupling between the excitons and
phonons lead to a number of phonon replicas, which have been
observed in many optical experiments, such as the LO phonon
replicas of free excitons and neutral donor-bound excitons,[50–52]

Figure 3. a) Raman scattering mediated by FS, LST, and HST of IXs for different ξ at temperature T= 77 K,M= 0.85m0, ℏωg = 26.81 emV, νe= 0.3 meV,
σ= 0.29, β= 0.6 nm�2, and h1= h2= 0.3 nm, wherem0 is the electronic static mass. The dashed lines show the boundaries between FS and LST as well
as LST and HST. b) Raman scattering mediated by LST and HST of IXs for different η at M= 0.85m0, ℏωg = 26.81 emV, h1= 1.0 nm, σ= 0.29,
β= 0.6 nm�2, νh= 0.35meV, and νe= 1.0 meV.
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as well as MRS.[53–58] In particular, the strength of exciton–
phonon coupling, the lattice distortion, and the change in vibra-
tional modes can be directly evaluated by MRS. However, what
puzzle is that MRS can also be induced by FS in many past
experiments.[50,51,59–63] Although some researchers have attrib-
uted it to hot exciton effect, the existence of strong
exciton–phonon coupling and the rapid decay of the intensity
of multiphonon peaks render this explanation lacking in credi-
bility. From Figure 3a, it can be concluded that 1) FS cannot
induce MRS; and 2) LST with smaller binding energy than
FS, but stronger lattice relaxation, could provide a better expla-
nation for these experimental measurements than the mecha-
nism of hot exciton states.

The modulation of the ratio parameter η (h2/h1) on Raman
scattering of IXs is shown in Figure 3b, where only the phase
transition from LST to HST and the corresponding multiphonon
scattering with the similar trends in Figure 3a are shown, but not
for the FS of exciton, which can be attributed to the insensitively
modulation of the phase of FS by the parameter η shown in
Figure 2b. In addition, the number of phonon overtones for
LST and HST has far less orders than those in Figure 3a because
the Huang–Rhys factors under this condition (shown in Table
S3, Supporting Information) are much smaller than those in
Table S2, Supporting Information, which implies that the mate-
rial asymmetry for vdWHs, due to the versatile stacking combi-
nations among the huge members of 2D material family, has
muchmore significant effect on the strength of IX–interface opti-
cal phonon coupling than structural asymmetry.

4. Conclusion

In summary, we investigate the quantum phase transitions of IX
in vdWHs stemming from the IX–interface optical phonons cou-
pling. We find that 1) the critical boundaries of the phase transi-
tion among three types of IX states could be modulated by three
key parameters of vdWHs: the mass ratio σ, the structural asym-
metry parameter η, and the dielectric factor ξ, which implies the
controllability of these exciton states; and 2) multiphonon over-
tones appear for the self-trapped states, not for FS of IXs, show-
ing that MRS could be used to distinguish them, which also
clarifies the long-standing question that the excited-state of free
exciton (or hot exciton) could induce multiphonon Raman pro-
cesses. Our results provide the significant foundation for analyz-
ing the phase transitions of IXs from free to self-trapped states in
various of vdWHs.
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