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The impacts of the mass imbalance and Coulomb interaction on the complex phase structures of the po-
laritonic condensates and their Bardeen-Cooper-Schrieffer (BCS)-Bose-Einstein condensation (BEC) crossover
in semiconductor and semimetal microcavities are investigated. In the framework of the unrestricted Hartree-
Fock approximation, a two-band electron-hole model involving photon mode is analyzed by treating Coulomb
attraction and light-matter coupling on equal footing. The single-particle spectral functions and the luminescence
properties are then examined. In the semiconducting regime, a positive band gap stabilizes tightly bound
excitons and yields predominantly BEC-type excitoniclike polaritonic condensates at low density, while in-
creasing excitation density and reducing mass imbalance drives a continuous crossover toward BCS-type pairing
with intermediate and photoniclike polaritonic character. In contrast, the semimetallic regime favors itinerant
electron-hole pairing, with BCS-type condensates dominating and BEC excitoniclike coherence emerging only
at sufficiently strong Coulomb interaction and large mass imbalance situations. The evolution of luminescence
spectra provides clear spectroscopic signatures of these crossover phenomena, offering a unified framework for

understanding and controlling polaritonic condensates in microcavity systems.
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I. INTRODUCTION

Quantum coherent phases emerging from electron-hole
systems have long been central topics in condensed mat-
ter physics, beginning with the prediction of the excitonic
condensation state in semimetallic (SM) or narrow-gap semi-
conducting (SC) materials driven by electron-hole Coulomb
attraction more than 60 years ago [1-5]. With the development
of SC microcavities, it became possible to strongly couple
excitons to quantized cavity modes, forming exciton-photon
hybrid or polariton quasiparticles that combine matterlike
with photonlike dispersions [6,7]. Because polaritons inherit
an extremely small effective mass, typically on the order
of 107 of the free-electron mass, they exhibit macroscopic
quantum coherence at much higher temperatures than conven-
tional atomic or excitonic systems [8]. This ultralight mass has
attracted substantial interest because it permits Bose-Einstein
condensation (BEC) even at room temperature in several SC
microcavity platforms, including organic, GaN, and ZnO sys-
tems [9—-12]. As a result, microcavity polaritons have emerged
as a versatile platform for studying light-matter many-body
states and high-temperature quantum coherence, extending
the landscape of accessible solid-state quantum phases [8].

At low excitation densities, polaritonic condensation (PC)
demonstrates signatures of BEC, including macroscopic
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ground-state occupation, long-range phase coherence, and
nonlinear interaction-driven blueshifts [13—15]. At high densi-
ties, Coulomb screening drives the system toward a Bardeen-
Cooper-Schrieffer (BCS)-like regime of weakly correlated
electron-hole Cooper pairs that can support photon lasing in
case of sufficiently large density [13,16]. Between these limits
resides the long-anticipated polaritonic BCS regime, in which
electron-hole pairs retain significant Coulomb correlations de-
spite their spatial overlap and continue to couple coherently
to the confined cavity photon mode. Early theoretical studies
predicted a continuous BEC-BCS crossover of the polaritonic
condensate in microcavity systems [17-19], and recent exper-
iments have observed fermionic gain and spectral signatures
consistent with a BCS polaritonic phase [15]. These devel-
opments indicate that microcavity polaritons can preserve a
rich hierarchy of coherent states, ranging from strongly bound
excitons to overlapping fermion pairs and ultimately photon-
dominated condensates.

A quantitative understanding of this crossover requires
a theoretical framework that incorporates Coulomb interac-
tions and light-matter coupling on equal footing. Variational,
renormalization, and Green’s function approaches have shown
that the competition between excitonic binding and pho-
tonic hybridization governs the evolution of condensate order
parameters, correlation functions, and luminescence spectra
across the crossover [17-22]. Complementary nonequilibrium
analyses have further highlighted the interplay between co-
herent pairing, pumped reservoirs, and dissipation in shaping
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polaritonic phases [7,15,18]. Despite these efforts, several cru-
cial microscopic parameters remain insufficiently explored.
One such parameter is the electron-hole mass imbalance,
which strongly influences the nature of electron-hole pair-
ing [23-26]. In realistic semiconductor quantum wells and
two-dimensional (2D) materials, the electron-hole mass ratio
varies widely, from nearly unity in transition-metal dichalco-
genide monolayers [27,28] to well below 0.15 in systems such
as GaAs, GaN, and AIN [29-31]. Such variations lead to sub-
stantial changes in excitonic binding energies, pair sizes, and
coherence lengths. Mass-imbalanced excitonic condensates
have been investigated in both continuum and lattice-based
models, revealing that mass asymmetry can substantially
alter pairing strength, critical temperatures, and BEC-BCS
crossover signatures [24,25,32,33]. In microcavities, recent
theoretical analyses incorporating mass asymmetry have
shown that the excitoniclike, intermediate, and photoniclike
PC phases respond differently to changes in the mass ratio,
reshaping phase boundaries and bound-state characteristics
[26,34-36]. Nevertheless, a comprehensive microscopic de-
scription of how mass imbalance, Coulomb attraction, and
excitation density together shape the BEC-BCS crossover of
PCs remains incomplete.

In this work, we investigate the impacts of electron-hole
mass asymmetry and Coulomb interactions on the BEC-BCS
crossover of the complex structure of the PCs in equilibrium
microcavities, focusing on two-band models relevant to opti-
cal SC and SM microcavities [17-22,26]. The Hamiltonian is
analyzed within the unrestricted Hartree-Fock approximation
(UHFA), an extension of the standard Hartree-Fock method
that retains all off-diagonal expectation values and thereby
accommodates spontaneous symmetry breaking in electron-
hole and light-matter channels [37]. The UHFA has proven
effective for elucidating excitonic condensation and phase
diagrams in systems undergoing SM-SC transitions, includ-
ing those with mass imbalance, as well as for modeling
PCs in microcavities [24-26,38]. By treating electron-hole
attraction and light-matter coupling on equal footing, we
self-consistently determine the PC order parameter. Through
detailed analysis of the interplay between excitonic and
photonic components, we identify ground states that may
be excitoniclike PC (EPC), intermediate PC (IPC), or pho-
toniclike PC (PPC) states. Their corresponding BEC-BCS
crossover behaviors are examined through the momentum
distribution of the electron-hole pairing amplitude and the
photonic density [17-20]. Furthermore, we characterize lu-
minescence and quasiparticle structure of the stabilities via
the single-particle spectral functions of electrons, holes, to-
gether with the excitonic polarization and photon mode
response functions [21,39—41]. Our findings reveal how mass
imbalance qualitatively reshapes the condensate landscape,
redistributes coherence between matter and light sectors,
and produces experimentally observable signatures in lumi-
nescence and spectral properties. Taken together, this work
provides a unified microscopic picture of correlated PCs in
mass-imbalanced SM and SC microcavities.

This paper is organized as follows. In Sec. II, we introduce
the equilibrium electron-hole-photon model in a microcavity
and specify the Hamiltonian of the mass-imbalanced system.
Section III presents the unrestricted Hartree-Fock formalism

and the self-consistent equations determining the condensate
order parameters. In Sec. IV, we derive the single-particle
spectral functions and the luminescence responses of exci-
tonic polarization and cavity photons in the present approach.
The numerical results and their physical interpretation are
discussed in Sec. V, where we analyze the ground-state phase
diagrams, BCS-BEC crossover behavior, and spectroscopic
signatures of EPC, IPC, and PPC under the influence of mass
imbalance and Coulomb interaction. Finally, Sec. VI summa-
rizes the main results and conclusions of this work.

II. HAMILTONIAN

Unlike closed systems in true thermal equilibrium,
electron-hole-photon systems are intrinsically open, dissi-
pative requiring external pumping to balance cavity losses.
However, when the polariton thermalization time is shorter
than their lifetime, a condition achievable in high-quality mi-
crocavities, the system can reach a quasithermal equilibrium
state [6-8]. In this equilibrium limit, the ground state of
the system and its dependence on excitation density become
an interesting theoretical problem [18,19]. In this study, we
consider a 2D electron-hole-photon system in thermal equi-
librium confined within a planar microcavity, and the total
many-particle Hamiltonian generally includes both noninter-
acting and interaction parts. In the momentum space, the
noninteracting part can be written as

Ho =Y (epefex + exhihi) + Y wq¥ivq. (1)

k q

where ef((ek), h;f((hk), and I/flz(l/fk) are the creation (annihila-
tion) operators of the spinless conduction electrons, valence
holes, and photons with momentum k, respectively, corre-
sponding to their dispersion relations &f, ', and wg. In the
tight-binding approximation, the dispersion relation of the
electrons/holes reads

E, + 8t/ — 1
B —

Here, ¢/ is the nearest-neighbor hopping amplitude of elec-
trons/holes in lattice, which is inversely proportional to their
corresonding effective mass. Near k = 0, these bands are
equivalent to isotropic parabolic bands. However, unlike a
pure parabola, the cosine form naturally has finite bandwidth
and Van Hove singularities at the Brillouin zone edges. Such
nonparabolicity can be important when the Fermi level or
exciton center-of-mass momentum is large. We emphasize
that the square lattice is not meant to represent any specific
crystal, it is a generic model that captures band curvature and
finite bandwidth effects. In Eq. (2), E, represents the energy
gap between the bottom of the conduction band and the top of
the valence band, thereby distinguishing between SC, E, > 0,
and SM, E, < 0, states. The dispersion relation of photons wq
in a microcavity is

wq =/ (cq)? + w2 — 1, 3)

where c is the speed of light in the microcavity, and in the
nature unit, one sets ¢ = 1. In Eq. (3), w. is a zero-point
cavity frequency. The matter-light correlation depends on the

gli/h = —2t"(cos k, + cosky) + @)
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overlap between the photonic band and those of electron-hole
bands. Therefore, to address the bound state formed by an
electron-hole pair and photons inside the microcavity, one in-
troduces the detuning parameter d = w. — Eg [17,20]. When
d is small, the excitation energy of the electron-hole pair lies
close to the bottom of the photon band, resulting in an en-
hanced photonic contribution to the PC. In contrast, for a large
detuning, the overlap between the photon and the electron-
hole bands becomes weak, and consequently, the photonic
contribution to the PC becomes less significant [17,42]. The
quantity u in Egs. (2) and (3) denotes the chemical potential,
which is adjusted to fix the total excitation density defined as
the sum of electron-hole pairs and cavity photons,

1
n= ;wgw Z( e + (). (@)

where N is the number of lattice sites. Here, the factor 1/2 in
the second term of Eq. (4) ensures that electrons and holes are
counted as pairs. In the present formulation, cavity photons
are strongly coupled to electron-hole pairs via the light-matter
interaction, leading to hybridized polariton modes. As a result,
the system can be viewed as a single interacting quasiparticle
ensemble in which the conserved quantity is the total number
of excitations. The chemical potential therefore controls the
total excitation density of the system, and it naturally appears
the same in the dispersions of electrons, holes, and photons
within the grand-canonical formalism [17,20].

In the electron-hole-photon system, the interacting part of
the Hamiltonian includes the electron-hole Coulomb attrac-
tion and the matter-light coupling. In the momentum space,
one delivers

kk’

il g + T
Hing=— ZekJrqekh thk’ _ﬁ Z(ek+qh7k¢\q +H.c.),
kq
(%)

In this expression of the interaction Hamiltonian, the first
term addresses the Coulomb attraction between conduction-
band electrons and valence-band holes. For simplicity, we
approximate the electron-hole Coulomb interaction by a
momentum-independent coupling constant U. This corre-
sponds to assuming that the Coulomb interaction is strongly
screened so that it can be approximated by an effective
short-range interaction in real space. Such a Falicov-Kimball
interaction approximation is widely used in minimal mod-
els of excitonic condensation, where the essential physics is
the formation of electron-hole pairs, while the detailed mo-
mentum dependence of the Coulomb potential is neglected
[23,43-46]. The second term expresses the Dicke interac-
tion, which was originally introduced to describe the coherent
coupling between an ensemble of two-level atoms and a
single-mode electromagnetic field [47] and has been widely
used to examine the polariton condensate in optical micro-
cavity [6,12,48,49]. In the present work, we incorporate both
the Coulomb attraction from the Falicov-Kimball scenario and
the matter-light coupling of the Dicke picture on an equal
footing within a single compact Hamiltonian [18,21,26]. Such

a treatment enables us to capture the intrinsic BCS-BEC char-
acteristics of PCs in a microcavity.

II1. UHFA

To analyze the ground-state properties of the interacting
electron-hole-photon system, we treat the total Hamiltonian
H = Ho + Hin within the UHFA. This mean-field approach
allows for the spontaneous breaking of U (1) symmetry associ-
ated with the formation of coherent states, while the Coulomb
attraction and light-matter coupling are handled on an equal
footing. To proceed, the interaction terms in H;, in Eq. (5)
are decoupled by expanding the field operators O around their
thermodynamic expectation values (0), i.e., O = (0) + 80,
and neglecting terms of second order in the fluctuations 80.
For the quartic Coulomb interaction, by retaining the distinct
density and pairing channels, we have

T T ~ et h T e h
Cherqklo_qle  Sq.0(nichi e + meyey — ninyg )

+ 0k k(e g i hoe — 1P, (6)
where ne( ) = (e;iek) ((h;&hk» is the electron (hole) density
distribution function, and dx = (elhik) is the electron-hole
pairing amplitude. Similarly, the light-matter interaction is
linearized by treating the photon field as a macroscopic clas-
sical field yq — (¥q) + 814, Where (q) characterizes the
photonic condensate order parameter, so

ef h Vg ~ 8q0(ditiy + (Wgdelhl ). )

Under these approximations, the total mean-field Hamiltonian
can be expressed compactly. Using the Nambu basis v =

(eli, h_,), one can find its electron-hole part taking in the

matrix form
Hie = Z\Iﬂ(A* _h>wk+c ®)

where C contains constant energy shifts that would be ne-
glected for the further evaluation. The diagonal elements in
the 2 x 2 matrix represent the renormalized dispersions

é]f((h) — Elg((h) . Unh(e)’ 9)
with n® =3, n?™ /N, which account for the renormal-
ization of the band structure due to the attractive Hartree
potential exerted by the opposite carrier type. The off-diagonal
elements in the matrix in Eq. (8) define the total PC order
parameter

__v _ 8
A=—s ;dk W(Wo)

= Aen + Apn. (10)

The gap function A is the central result of the UHFA analysis,
demonstrating that the symmetry-breaking field is a coher-
ent superposition of the matter excitonic field, the so-called
excitonic condensate order parameter A, and the cavity pho-
ton field, the so-called photonic condensate order parameter
Aph. The interplay between A, and Apy, can characterize the
complex phase structure of the cavity PC. In the cooperative
regime (0 < A¢p/Apy < 1), the system resides in the PC state
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where the nonzero expectation value (1) acts as an external
field for the excitonic coherence, and vice versa, the nonzero
of dy effectively raises the photonic coherent state.

The photonic part of the total mean-field Hamiltonian takes
the form of a driven harmonic oscillator

Hiwr = O wqi g + VNTY + T 9). (1)
q

The driving force I' = —g )", dx /N physically represents the
macroscopic interband polarization density of the electron-
hole system. In this mean-field picture, the collective coher-
ence of the matter field di acts as a classical source current
that displaces the photon vacuum. This establishes a crucial
feedback loop that the electronic polarization generates a co-
herent photon field via I', which in turn enhances the pairing
potential A via the Rabi coupling g, thereby reinforcing the
original polarization.

To obtain the self-consistent equations, we perform the uni-
tary Bogoliubov transformation by defining new quasiparticle
fermionic operators

Yok = ke + veh'
Yok = —vkek + uch’ |, (12)

where the coherence factors satisfy ulz( + vﬁ =1 and are ex-
plicitly derived as

v = 21— &/W),  ug = 31+ &/W),  (13)

with & = (8¢ + &})/2 and Wk = V& + |AI*.
In the new fermionic representation, the electron-hole
Hamiltonian in Eq. (8) becomes diagonalized and reads

Hio = D EVaVoro (14)
a==,k
with quasiparticle energies given by

3 =h

Ef = + W. (15)
The self-consistent equations are determined by calculating
the thermodynamic expectation values of the original opera-
tors using the inverse Bogoliubov transformation. The carrier
densities and pairing amplitude are given by

ng =l fEF) 4+ vif(ED),
np=1— v f(E}) — u f(ED), (16)
di = wulf(ES) — f(EO]

where f(E) =1/(eff 4+ 1) is the Fermi-Dirac distribution
function with 8 = 1/T, and T is temperature.

To determine the macroscopic photon amplitude (), we
invoke the Heisenberg equation of motion for the annihilation
operator iho; Yy = [V, H]. In the thermodynamic equilib-
rium ground state, the coherent field amplitude is stationary,
implying the time derivative of the expectation value vanishes,
i.e., 9;(Yo) = 0. Evaluating the commutator with the mean-
field Hamiltonian yields the relation Ziwo(¥o) + VNI = 0.
This linear algebraic equation confirms that the cavity field is
statically displaced from the vacuum by the collective matter

polarization, resulting in the relation

VNT
(Vo) = — P (17)
wo

From the expressions for the expectation values Eqgs. (16)
and (17), combined with the renormalized energy bands in
Eq. (9) and PC order parameter in Eq. (10), we establish a
closed set of self-consistent equations. By solving this system
numerically for a fixed total excitation density, we can extract
the spectral properties and thermodynamic order parameters
that characterize the ground state of the mass-imbalanced
electron-hole-photon system.

IV. SINGLE-PARTICLE SPECTRAL
AND LUMINESCENCE FUNCTIONS

To further characterize the condensation states and di-
rectly probe the gap opening in the quasiparticle excitation
spectrum, we calculate the wave vector-resolved single-
particle spectral functions. These quantities are directly
experimentally accessible via angle-resolved photoemission
spectroscopy. The spectral function for the conduction elec-
trons is defined as the imaginary part of the retarded Green’s
function

Ak, w) = —%Im Gk, w). (18)

Here, the frequency-dependence of the Green’s function
G°(k, w) is related to its time counterpart G*(k, 1) = —if(¢)
({ex(1), €, (0)}) via the Fourier transform

[e ]

Gk, w) = / dt MGk, 1), (19)
—o0

where n — 0% ensures convergence.

To evaluate the Green’s function, we express the electron
operators in terms of the diagonalized Bogoliubov quasipar-
ticles y1x using the inverse of Eq. (12), and in the diagonal
basis, the time evolution of the quasiparticle operators is
trivial 4 (7) = e B’y (0). In this schedule, one finds
an expression of the frequency-dependence of the Green’s
function for electrons

2 2
e Uy Uk
G (k@) = ——~— k. 0
w—E +in w-—-E  +in

where the coherence factors uy and vk are given in Egs. (13),
and the quasiparticle energies E.(k) are given in Eq. (15).
Taking the imaginary part leads to the analytical expression
for the electron spectral function

Ak, 0) = up8(w — E) + vi8(w — Ey).  (21)

The expression of Eq. (21) elucidates that, in the condensed
phase (A # 0), the spectral weight of the electron is split
between the two quasiparticle branches. The upper branch E,"
carries weight 7, while the lower branch E, acquires weight
vﬁ due to the particle-hole mixing.

Similarly, for the valence holes, the spectral function is
defined via the Green’s function of the holes Gh(k,lt) =
—i0(t)({hk (1), hl(O)}). Using the reverse relation hT_k =
vk Y4k + uky—x derived from Eq. (12) and noting that hole
creation corresponds to electron annihilation in the valence
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band, the time evolution leads to poles at —w = EkﬁE The
resulting spectral function is

A"k, 0) = vi8(0 + EN) + uid(w + E).  (22)

This expression describes the probability of removing a hole
(or adding an electron to the valence band) with energy w.
The optical properties of the system are characterized by
the luminescence spectrum, which provides direct insight into
the collective excitations of the condensates. Following the
linear response theory framework, the luminescence spectrum
of the PCs in microcavity is analyzed in the signatures of
the response functions for the excitonic polarization and the
cavity photon mode. Similar to Egs. (18) and (19), the lumi-
nescence spectrum for excitonic polarization is specified as

1
A%(K, ) = ——ImG* (K, w), (23)
T
where

G* (K, w) = —i / dt TG (1) ([by (1), bl (0)])

= —i/oo dr e ([by (1), bl (0)]) (24)
0

is the retarded excitonic Green’s function with the exciton
creation operator b£ defined as

1
b =—=> el hi,. (25)
VN 5

Using the identity ImF = (F — F*)/(2i) for any complex
function F, the spectral function can be expressed as the
Fourier transform of the commutator over the entire time axis
[21,39-41]

1 [ ,
ko) = o [ are o sion. o
2 J_o
Similar to evaluating the single particle spectral functions
above, we arrive at the final analytical expression for the
excitonic response function

1
A%, 0) = = ) [l o PFES, By)
P

x 8w—E, ,+E))

+ [VispvpPF(ES, B )80 — B, + Ef)

+ lupup P F(E, , B, )80 — B, + Ep)

+ [vispitp " F(Ey , B, )80 — By + Ep)),
27

where the thermal occupation factor is defined as F(Ey, E;) =
f(E1) — f(E,), with f(E) the Fermi-Dirac distribution func-
tion. This expression describes the spectral weight of electron-
hole recombination processes mediated by the interband
transitions between the renormalized quasiparticle bands.
The response function of the cavity photon mode, often
referred to as the luminescence function, is defined as

1 [ ; +
B™(q, w) = g/ dt e ([Yq(1), Yrq (O)]), (28)

and in the UHFA, the response function is given by
BM(q, w) = 8(w — wy). (29)

The photonic spectral weight is, therefore, concentrated en-
tirely at the cavity dispersion energy wq.

V. NUMERICAL RESULTS AND DISCUSSION

In this section, we present the numerical results obtained
from the self-consistent solution of the UHFA equations de-
rived in the previous section. Our primary objective is to
elucidate the ground-state phase diagram of the PCs in SM
and SC microcavities, with a specific focus on the interplay
between the electron-hole mass imbalance and the Coulomb
interaction. The numerical calculations are performed on a
2D square lattice with N = 200 x 200 sites. To set the en-
ergy scale, we fix the nearest-neighbor hopping amplitude
of the conduction electrons to #* = 1. The mass imbalance
between the charge carriers is controlled by the hole hopping
amplitude ¢, which is varied in the range 0 < t" < 1. Since
the effective mass is inversely proportional to the hopping
integral, the condition " < ¢¢ implies that the valence holes
are heavier than the conduction electrons my, > m,. The limit
t" =1 corresponds to the mass-symmetric case my, = m,, a
regime that has been extensively studied in the context of
electron-hole bilayers and standard excitonic condensation
states [22,42,50]. Conversely, the limit th >0 represents the
extreme mass-imbalance scenario where holes become lo-
calized, corresponding to a flat valence band with infinite
effective mass. As a typical situation, the cavity photon fre-
quency and the light-matter coupling strength are fixed at
o, = 0.5 and g = 0.2, respectively. The system is studied in
the grand canonical ensemble, where the chemical potential p
is tuned to control the total excitation density n, as defined in
Eq. (4). By systematically varying the mass imbalance param-
eter " and the Coulomb interaction strength U, we examine
the stability regions of the EPC, PPC, and IPC and their corre-
sponding BCS-BEC crossover. The BCS-BEC crossovers are
inspected in two distinct regimes: the SC state, characterized
by a negative detuning parameter d = —0.5, and the SM state,
characterized by a positive detuning d = 1. This allows us to
contrast the condensate properties across the SM-SC transi-
tion driven by the cavity detuning parameter.

A. Semiconductor side

We begin our analysis by examining the stability and nature
of the condensed phases in the SC regime with the detun-
ing d = —0.5 corresponding to a positive band gap E, = 1.
Figures 1(a) and 1(b) display the evolution of the excitonic
A and photonic Ay, condensate order parameters as func-
tions of the total excitation density n for different values of
the hole transfer integral t" and two typical values of weak
and strong Coulomb interaction strengths U [U = 1 in panel
(a) and U = 4.5 in panel (b)]. A universal feature observed
in both interaction regimes is the monotonic increase of the
order parameters with excitation density. However, the growth
rates of the two components differ significantly. The photonic
order parameter Ay, exhibits a rapid increase with n. This
behavior is characteristic of the Bose-like nature of the cavity
photons that, as the chemical potential approaches the bottom
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FIG. 1. Condensate order parameters as functions of the excita-
tion density n for different hole hopping amplitudes " at detuning
parameter d = —0.5. The top row shows the excitonic A, (solid
lines) and the photonic A, (dashed lines), while the bottom row
displays their relative weights in the condensates for Coulomb in-
teraction (a) and (¢c) U = 1 and (b) and (d) U = 4.5. The horizontal
dotted and dashed-dotted lines mark the fractions of 20% and 80%,
respectively.

of the photon band, the macroscopic occupation of the zero-
momentum photon mode increases dramatically, driving the
order parameter. In contrast, the excitonic order parameter
A tends to saturate at higher densities. This saturation is
a direct consequence of the composite fermionic nature of
the excitons. As the density increases, the available phase
space for electron-hole pairing is restricted due to the Pauli
exclusion principle. Consequently, the efficiency of pairing
diminishes, preventing the unbounded growth of the excitonic
amplitude even as the total particle number rises.

In the weak coupling regime, the photonic order parame-
ter App dominates over the excitonic component Agp, across
the entire density range [see Fig. 1(a)]. This indicates that
the condensate is primarily photonic in nature or a PPC.
As the excitation density increases, the chemical potential
rises rapidly toward the photon band edge, favoring the
macroscopic occupation of the photon mode. The excitonic
component remains small, reflecting the weak binding of
electron-hole pairs. Conversely, in the strong coupling regime,
Acp becomes significant, comparable with or even larger than
Apn at low densities [see Fig. 1(b)]. This signifies the for-
mation of a robust EPC. However, as the density increases,
Aen saturates due to phase-space filling effects, while Ap,
continues to grow, eventually dominating at high densities.
This crossover highlights the transition from EPC to PPC.

The effect of mass imbalance is also evident. Increasing the
hole hopping integral ¢ or reducing mass imbalance enhances
the photonic order parameter Apy,, particularly at higher den-
sities. This is because a larger ¢" corresponds to a wider
valence band and a lower density of states (DOS), causing
the chemical potential to rise more rapidly and reach the
photon band edge at lower excitation densities. The excitonic

order parameter Ay, on the other hand, is almost insensitive
to variations in ", especially for weak Coulomb interaction,
indicating that excitonic pairing is faintly governed by the
degree of mass imbalance. This weak dependence reflects the
fact that, in this regime, electron-hole pairing is weak and
broadly distributed in momentum space, so that modifying the
hole dispersion only slightly affects the total pairing ampli-
tude. At stronger Coulomb interaction, the overall magnitude
of A, is enhanced, and a more visible dependence on th
emerges, as increased hole mobility improves the phase-space
overlap between electron and hole states. Nevertheless, even
in this case, the variation of A, with mass imbalance remains
modest, leading to the robustness of excitonic binding once
Coulomb attraction dominates over kinetic-energy effects.

To quantitatively clarify the competition between the ex-
citonic and photonic components and to map the distinct
condensate phases, we address in Figs. 1(c) and 1(d) the evo-
lution of the fractional order parameters Ayp/A and Aep/A
as functions of the excitation density n. Based on the relative
weights of these components, we classify the condensate na-
ture into three distinct regimes with EPC when the photonic
fraction App/A < 20%, PPC when Ap,/A > 80%, and IPC
region for values between these thresholds [17,20].

For the weak Coulomb interaction, Fig. 1(c) shows us
that the system predominantly resides in the PPC phase. The
photonic fraction Ayp/A consistently exceeds 80%, while
the excitonic fraction A, /A remains negligible with increas-
ing excitation density. This behavior confirms that, when the
Coulomb attraction is insufficient to tightly bind electron-hole
pairs, the condensate in the SC side is driven almost entirely
by the cavity photon field. The effect of mass imbalance is
relatively subtle here; however, increasing the hole hopping
integral " further enhances the photonic character, pushing
the App/A ratio even closer to unity. In contrast, the strong
coupling regime reveals a rich crossover behavior driven by
the interplay between the mass imbalance and excitation den-
sity [see Fig. 1(d)]. At low excitation densities, the condensate
is purely excitonic in nature Aq, /A ~ 1, signifying the forma-
tion of a stable EPC. This stability is rooted in the strong local
Coulomb attraction, which binds the electron-hole pairs into
tight, composite bosons well below the photon band edge. As
the density increases, a clear crossover occurs, the excitonic
fraction monotonically decreases while the photonic fraction
rises, eventually driving the system through the IPC regime
and into the PPC phase at high densities. This transition is
a manifestation of the saturation of the excitonic component
due to Pauli blocking, as discussed in the previous panels,
contrasted with the unbounded Bose-stimulated accumulation
of photons.

The significant role of mass imbalance in governing the
stability of the excitonic phase is highlighted in Fig. 1(d). We
observe that the critical density at which the crossover from
EPC to IPC occurs, where Ap,/A crosses 20%, significantly
depends on ¢". For small t" or strong mass imbalance, the exci-
toniclike phase occurs up to much higher excitation densities.
Indeed, a smaller 1" corresponds to a flatter valence band and a
significantly higher DOS. Consequently, as the particle num-
ber increases, the chemical potential rises more slowly than
the case of light holes. This pinning of the chemical potential
allows the system to accommodate more particles within the
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FIG. 2. Momentum distributions of the electron-hole pair am-
plitude dy (red solid lines) and the photon density n (blue dashed
lines) in the first Brillouin zone along the k = (k, 0) direction for
three different values of " with n = 0.1 at U = 1 (left column) and
U = 4.5 (right column). The triangle symbols indicate the maximum
position of d.

excitonic manifold before energetically accessing the photon-
dominated region of the dispersion. Conversely, for large ",
the holes become lighter, and the lower DOS forces a rapid
rise in the chemical potential, triggering an earlier onset of
the photonic dominance. Thus, strong mass imbalance acts as
a stabilizing mechanism for the PCs, extending the EPC phase
boundaries against the effects of phase-space filling.

To distinguish the microscopic nature of the condensed
states, specifically whether they exhibit the BCS or BEC
type, we analyze the internal structure of the condensate in
momentum space. Figure 2 depicts the momentum distribu-
tions of the electron-hole pair amplitude dx and the photon
density nﬁ within the first Brillouin zone along the k = (k, 0)
direction for two limits of Coulomb interaction (weak U = 1,
left column, and strong U = 4.5, right column) by varying the
hole hopping integral ¢". Note here that, in the SC situation,
the bottom of the photon band lies slightly below the exci-
tonic resonance, which enhances the excitonic contribution
relative to the photonic one and favors the formation of well-
defined bound electron-hole pairs. As a result, the BCS-BEC
crossover would be sensitively affected not only by the mass
imbalance but also the interlayer Coulomb interaction.

For weak Coulomb attraction, Figs. 2(a)-2(c) show a single
broad maximum in dy for all hole hoppings #". This robust
single-peak structure indicates a BEC-like regime dominated
by tightly bound excitons or exciton-polaritons [15]. The na-
ture of the condensate varies with the mass ratio. For heavy

holes t" = 0.1, the ground state remains predominantly IPC-
BEC [panel (a)]. As t" increases to 0.5 and 0.9, a sharp
peak in nl emerges at k = 0, signifying a transition toward
a PPC-BEC, although the electron-hole pairs remain tightly
bound in the SC situation [panels (b) and (c)]. For strong
Coulomb attraction U = 4.5, the influence of mass imbal-
ance becomes even more pronounced. Indeed, at " = 0.1,
the system retains a single central peak in di with negligible
photonic weight, consistent with a deeply bound EPC-BEC
state [panel (d)]. However, at intermediate hopping " = 0.5,
two distinct maxima develop in dk, demonstrating the emer-
gence of a well-defined Fermi momentum and a crossover
toward a BCS-like excitonic condensate, despite the SC gap
and negative detuning [panel (e)]. In the large mass imbal-
ance situation, the photonic weight is nearly neglectable, and
the system settles in EPC. For nearly mass-balanced carriers
t" = 0.9, the two-peak structure persists [panel (f)], and the re-
inforced photonic weight near k¥ = 0 indicates that the system
forms a IPC in the BCS type, where Coulomb-driven extended
pairing dominates, while light-matter coupling hybridizes the
low-energy quasiparticles. Due to the strong excitonic bind-
ing, the system exhibits an EPC-BEC scenario at extremely
large mass asymmetry and then EPC-BCS behavior at mod-
erate mass asymmetry. Only when the mass ratio becomes
nearly balanced does the condensate acquire a significant
photonic component and transition toward a IPC-BCS regime.
The combined influence of detuning, mass imbalance, and
Coulomb attraction therefore generates a rich sequence of
EPC, PPC, and IPC of the PCs with the BCS-BEC crossover.

To further elucidate the influence of electron-hole mass
imbalance and Coulomb interaction on the PCs, especially
the nature of their BCS-BEC crossover, we examine the wave
vector—and frequency-resolved single-particle spectral func-
tions of electrons A¢(k, @) and holes A" (k, w). Figures 3 and
4 show the spectral intensities along the k = (k, 0) direction
(k > 0) in the first Brillouin zone for the parameter sets with
respect to the left and right columns in Fig. 2. Figure 3
shows the spectral functions in the weak-coupling regime with
U = 1, where as indicated by the pairing amplitudes in Fig. 2,
the system lies deep in the BEC side of the crossover. For
strongly imbalanced masses, the valence band becomes nearly
flat, and the hole spectrum exhibits a narrow, almost vertical
branch centered around k£ = 0, reflecting the extremely heavy
hole mass [Figs. 3(a) and 3(d)]. In the normal state, the spectra
would consist of a single conduction band for electrons and a
single valence band for holes. In contrast, the present spectra
exhibit a pronounced redistribution of spectral weight into two
hybridized branches for both A°(k, w) and A" (k, ), separated
by a sizable hybridization gap. The high accumulation of
spectral weight at zero momentum (highlighted in purple)
reflects the dominant coherent mixing of electron-hole de-
grees of freedom at k = 0 induced by Coulomb attraction and
light-matter coupling. The signature specifies the formation of
tightly bound electron-hole pairs with suppressed center-of-
mass motion, providing direct spectroscopic evidence for the
EPC-BEC state identified earlier. At intermediate hopping, the
mobility of the hole is enhanced that reinforces redistribution
between the electronlike and holelike branches. Neverthe-
less, the spectra still display the hallmarks of a BEC regime
with spectral intensity concentrated near k = 0 [Figs. 3(b)
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FIG. 3. Wave vector-resolved single-particle spectral functions
of electrons A¢(k, ) (red lines) and holes A" (k, w) (blue lines) along
the k = (k, 0) direction (k > 0) for the parameter set corresponding
to the left column of Fig. 2. The spectra highlighted in purple mark
the contributions at the Fermi momentum.

and 3(e)]. Even for nearly balanced masses, the electron and
hole dispersions become more symmetric, the quasiparticle
features remain molecularlike, with a large hybridization gap
and no indication of Fermi momentum, and the system re-
mains in the BEC regime because the negative detuning
stabilizes tightly bound excitons and suppresses extended
Cooper-like pairing [Figs. 3(c) and 3(f)].

The spectral functions reveal a qualitatively different be-
havior when the Coulomb attraction is strong. At U = 4.5,
Fig. 4 shows that the hole band remains nearly flat, and
the spectral features continue to reflect a deeply bound, lo-
calized excitonic state once " = 0.1 [Figs. 4(a) and 4(d)].
Despite the large interaction strength, the enormous mass
imbalance prevents the formation of Fermi momentum, and
the system remains in the BEC-like state. By lowering the
mass imbalance, the system undergoes a qualitative change.
Two dispersive quasiparticle branches appear in both the
electron and hole spectra, bending toward each other near a
well-defined momentum [Figs. 4(b) and 4(e)]. These fea-
tures mark the emergence of extended electron-hole pairing,
signaling the transition to a BCS regime. This interpreta-
tion is supported by the two-peak structure in the pairing
amplitude in Fig. 2(e), which indicates the appearance of
Fermi momentum. For nearly mass-balanced carriers, at th =
0.9, the quasiparticle dispersions evolve into well-defined
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FIG. 4. Wave vector—resolved single-particle spectral functions
of electrons A¢(k, w) (red lines) and holes A" (k, w) (blue lines) along
the k = (k, 0) direction (k > 0) for the parameter set corresponding
to the right column of Fig. 2. The spectra highlighted in purple mark
the contributions at the Fermi momentum.

Bogoliubov-like upper and lower bands with strong spec-
tral weight on both branches [Figs. 4(c) and 4(f)]. The
hybridization gap continues to enhance, consistent with the
development of particle-hole coherence typical of a BCS con-
densate. The reduced effective mass imbalance allows both
carriers to participate equally in electron-hole pairing, produc-
ing the BCS state [cf. Fig. 2(f)].

To inspect deeper insight into the quasiparticle excita-
tion spectrum in the SC state, we examine the signatures
of the luminescence functions for the excitonic polarization
A%(K, w) and the cavity photon mode BP"(k, ) addressed
respectively in Eqs. (27) and (29) for the parameters settled
in Fig. 2. Figure 5 presents the luminescence spectra for
weak Coulomb interaction U = 1.0. The top row shows that
the excitonic-polarization spectrum exhibits pronounced de-
pletion of excitonic spectral weight emerge at low energies,
indicating the coherent electron-hole pairing that increases
with lowering the mass imbalance. In the situation of small
t", the spectrum is nearly flat, reflecting tightly bound exci-
tons with very weak dispersion [Fig. 5(a)]. As " increases,
the excitonic mode acquires stronger dispersion and hy-
bridizes more visibly with the higher-energy band [Figs. 5(b)
and 5(c)]. This evolution directly reflects the enhancement of
hole mobility, which reduces the mass imbalance and pro-
motes the formation of spatially extended electron-hole pairs.
The smearing of the excitonic peak signals a crossover from
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FIG. 5. Intensity plot of the luminescence functions for excitonic
polarization A*(k, w) (top) and for cavity photon mode B (k, w)
(bottom) along the k = (k, 0) direction for the parameter set corre-
sponding to the left column of Fig. 2.

tightly bound excitons to more delocalized, overlapping po-
laritonic excitations.

Across all mass ratios, the photonic luminescence spec-
tra BPM(k, w) show a weak dependence on ", remaining
a sharp, parabolic mode like the bare cavity dispersion
[Figs. 5(d)-5(f)]. Nevertheless, a small but systematic shift
downward to zero frequency of the spectra with increasing #"
is visible, consistent with the fact that light-matter hybridiza-
tion becomes more effective once the excitonic dispersion
broadens and the electronic subsystem enters a more delo-
calized regime. The downward shift of the photon spectral
intensity with increasing " further highlights the enhanced
photonic contribution to the matter-light system, thereby sta-
bilizing the photonic character of the PC state.

In the situation of large Coulomb interaction U = 4.5, sig-
natures of the excitonic-polarization luminescence A (k, w)
and the photon luminescence BP'(k, w) are illustrated in
Fig. 6. Similar to the case of small Coulomb interaction,
A% (k, w) displays a sharp, intense, and weakly dispersive
resonance at small ¢t [Fig. 6(a)]. As t" increases, the excitonic
resonance becomes broader and more dispersive [Figs. 6(b)
and 6(c)], signifing a crossover from tightly bound excitons
to more extended, overlapping electron-hole pairs. The pho-
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FIG. 6. Intensity plot of the luminescence functions for excitonic

polarization A*(k, w) (top) and for cavity photon mode BP'(k, w)

(bottom) along the k = (k, 0) direction for the parameter set corre-

sponding to the right column of Fig. 2.
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FIG. 7. Condensate order parameters as functions of the excita-
tion density n for different hole hopping amplitudes ¢" at detuning
parameter d = 1. The top row shows the excitonic Ay, (solid lines)
and the photonic A, (dashed lines), while the bottom row displays
their relative weights in the condensates for Coulomb interaction (a)
and (c) U = 0.5 and (b) and (d) U = 4.5. The horizontal dotted and
dashed-dotted lines mark the fractions of 20% and 80%, respectively.

ton luminescence BP"(Kk, w) behaves in a different manner.
Indeed, at small ", the photon mode lies at relatively large
w, reflecting the energy mismatch between the heavy-mass
excitonic sector and the cavity mode [Fig. 6(d)]. Increas-
ing " shifts the photon dispersion downward toward @ ~ 0
[Figs. 6(e) and 6(f)], indicating that the effective detuning
between matter and light decreases as the carrier masses be-
come more balanced. This shift enhances the overlap between
the photon mode and the exciton-polariton resonance, thereby
increasing the photonic contribution to the condensate. The
approach of the photon branch toward lower energies is
therefore a direct signature of the growing role of the cavity
field in the PCs as mass imbalance is reduced.

B. Semimetal side

Next, we examine signatures of the PCs in the SM side
by considering the positive detuning case with d = 1. In this
situation, the bare electron and hole bands overlap, and the
cavity photon mode lies energetically above the electronic
continuum. Figure 7 summarizes the dependence of the exci-
tonic A, and photonic Ay, condensate order parameters and
their ratios Agp/A and Ap, /A on the excitation density n.

Due to the positive detuning, the cavity photon mode lies
energetically above the electron-hole continuum, such that
at low excitation densities, the chemical potential resides
entirely within the matter sector. For weak Coulomb inter-
action, coherent condensation is therefore possible only once
the chemical potential approaches the photon energy. In this
regime, light-matter coupling dominates the instability and
favors macroscopic occupation of the photon mode. As shown
in Fig. 7(a), both condensate order parameters exhibit a clear
threshold behavior, remaining vanishingly small up to a crit-
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ical excitation density. This reflects the fact that, despite the
SM band overlap, the combined DOS and interaction strength
are insufficient to sustain spontaneous coherence at very low
densities. Once the threshold is exceeded, the photonic order
parameter Ay, increases rapidly and quickly surpasses the ex-
citonic component Ag,. Consistently, Fig. 7(c) demonstrates
that the photonic fraction Ap,/A exceeds 80% already at low
densities for all values of the hole hopping ¢", identifying a
predominantly photonic polariton condensate. The weak de-
pendence on ¢ highlights the minor role of Coulomb-induced
electron-hole binding in this regime, where condensation is
primarily driven by light-matter hybridization.

In contrast, the strong-coupling regime exhibits quali-
tatively different behavior [Fig. 7(b)]. Here, the enhanced
Coulomb attraction induces electron-hole pairing already at
extremely low excitation densities, driving the system into
an excitonic-polariton condensate. In this limit, the chemi-
cal potential remains well below the photon energy, and the
condensate is dominated by Ay, reflecting an excitonic insta-
bility rooted in the SM background [1-5]. Upon increasing
the excitation density, the chemical potential gradually ap-
proaches the photon level, leading to a growth of the photonic
order parameter and a crossover toward a photonic-dominated
condensate. As illustrated in Fig. 7(d), this redistribution of
condensate weight is strongly controlled by the hole hopping
amplitude. Smaller " stabilizes the excitonic fraction over a
broad density window, whereas larger ¢t accelerates the trans-
fer of condensate weight to the photonic sector. Physically, a
heavier hole mass enhances the electronic DOS, causing the
chemical potential to increase more slowly with density and
thereby delaying resonance with the photon mode. As a result,
the system remains in the EPC or IPC regime up to relatively
high excitation densities. Conversely, for lighter holes, the
reduced DOS leads to a more rapid increase of the chemical
potential, bringing the system into resonance with the photon
mode at lower densities and promoting an earlier crossover to
a IPC or PPC regime.

To investigate the influence of mass imbalance and
Coulomb interaction on the PCs and their BCS-BEC
crossover in the SM regime, we analyze the single-particle
spectral functions for electrons A¢(k, ) and holes A”(k, ®)
along the k = (k, 0) direction (k > 0) atd = 1 and n = 0.05
for some values of the hole hopping integral ¢ and two typical
limits of the Coulomb interaction. For the weak Coulomb
interaction U = 0.5, Fig. 8 reveals that the single-particle
spectral functions exhibit no energy gap at small hole hopping
integral " =0.1 [panels (a) and (b)]. This behavior stems
from the combination of an extremely large mass imbal-
ance, where holes are nearly localized, and a weak attractive
potential that is insufficient to bind electron-hole pairs. Con-
sequently, the electron and hole bands remain overlapping
without gap formation. Additionally, due to the large positive
detuning inherent to the SM regime, the photon band lies
far above the Fermi level, suppressing electron-hole-photon
hybridization. Thus, the system remains in a normal, non-
condensed state. However, reducing the mass imbalance by
increasing ¢" enhances hole mobility, which promotes exciton
formation. As seen in the lower panels (c) and (d) of Fig. 8 for
t" = 0.9, an energy gap develops around the Fermi level in
both electron and hole spectral functions. The spectral weight
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FIG. 8. Wave vector-resolved single-particle spectral functions
of electrons A°(k, ) (red lines) and holes A" (k, w) (blue lines) along
the k = (k, 0) direction (k > 0) ford = 1, n = 0.05, and U = 0.5.
The spectra highlighted in purple mark the contributions at the Fermi
momentum.

near the Fermi level is distributed almost uniformly at finite
momenta, a signature characteristic of a BCS-like condensate
where pairing occurs at the Fermi surface.

In the case of strong Coulomb interaction, at U = 4.5,
the spectral functions are shown in Fig. 9. At large mass
imbalance, e.g., " = 0.1, a distinct energy gap appears around
the Fermi level [see Figs. 9(a) and 9(b)]. Crucially, the single-
particle spectral weight for both electrons and holes becomes
strongly concentrated near momentum k = 0. This concentra-
tion indicates strong electron-hole pairing and the formation
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FIG. 9. Wave vector-resolved single-particle spectral functions
of electrons A°(Kk, ) (red lines) and holes A" (K, w) (blue lines) along
the k = (k, 0) direction (k > 0) ford = 1, n = 0.05, and U = 4.5.
The spectra highlighted in purple mark the contributions at the Fermi
momentum.
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FIG. 10. Intensity plot of the luminescence functions for ex-
citonic polarization A*(K, w) (top) and for cavity photon mode
BM(k, w) (bottom) along the k = (k,0) direction at d = 1.0,
n=0.05,and U = 0.5.

of tightly bound excitons, characteristic of a BEC-type state
where the center-of-mass motion of the pairs is small. As a
result, the system stabilizes in BEC-type condensates. Reduc-
ing the mass imbalance in this strong coupling regime alters
the spectral distribution. The spectral weight in the valence
and conduction bands becomes comparable at finite momenta
[see Figs. 9(c) and 9(d)]. This redistribution indicates that the
condensate evolves into the BCS-type state, where electron-
hole pairs are formed at the Fermi surface. These results
demonstrate that, for a given strong Coulomb interaction, tun-
ing the mass imbalance drives a BCS-BEC crossover within
the excitonic condensate or the PCs. Unlike the SC case
discussed previously, where the gap is intrinsic to the band
structure, here, the gap is purely interaction driven. In the
strong coupling limit, the induced gap in the SM becomes
so large that the system effectively mimics a wide-gap semi-
conductor, allowing for a smooth crossover between BCS and
BEC limits controlled by the kinetic energy scales of the
carriers.

Comparing the SM and SC regimes highlights the funda-
mentally different ways in which they undergo the BCS-BEC
crossover in the impacts of mass imbalance and Coulomb in-
teraction. In the weak interaction limit, the SC system remains
firmly on the BEC side for all values of the mass imbalance,
reflecting the stability of tightly bound excitons across the
entire range of t". By contrast, in the SM regime, the system
evolves from a normal state to a BCS-type condensate as
the hole mobility increases, demonstrating that itinerancy of
both carriers is essential for Cooper-like pairing. At strong
Coulomb attraction, however, the two regimes exhibit quali-
tatively similar behavior, with both developing a continuous
BEC-BCS crossover as the mass imbalance is reduced, un-
derscoring the dominant role of carrier mobility in enabling
extended electron-hole pairing.

Figures 10 and 11 present the momentum- and frequency-
resolved luminescence spectra of the excitonic polarization
A% (K, ») and the cavity photon mode B (k, w) at low excita-
tion density n = 0.05, for weak U = 0.5 and strong U = 4.5
Coulomb interactions, respectively. For weak Coulomb inter-
action, the system remains in a normal, noncondensed state at
low and intermediate hole hopping amplitudes " = 0.1 and
0.5 [see Fig. 7(a)]. This behavior is directly reflected in the
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FIG. 11. Intensity plot of the luminescence functions for ex-
citonic polarization A*(K, w) (top) and for cavity photon mode
BM(Kk, w) (bottom) along the k = (k,0) direction at d = 1.0,
n=0.05,and U =4.5.

excitonic polarization, where A®* (k, w) exhibits finite spectral
weight continuously extending down to low energies around
k ~ 0, indicating no stable excitonic bound state is formed
[Figs. 10(a) and 10(b)]. Only when " becomes sufficiently
large " = 0.9 does a pronounced depletion of excitonic spec-
tral weight emerge at low energies, signaling the onset of
coherent electron-hole pairing [Fig. 10(c)]. In this regime, the
photon luminescence simultaneously shifts toward the chemi-
cal potential [see Fig. 10(f) and compare with Figs. 10(d) and
10(e)], indicating that condensation is predominantly driven
by the photonic component. The resulting ordered phase is
therefore identified as PPC.

The situation changes qualitatively at strong Coulomb in-
teraction illustrated in Fig. 11. At small t", the excitonic
polarization develops a sharp, nearly dispersionless low-
energy feature centered around k = O [Fig. 11(a)]. This strong
concentration of spectral weight reflects the formation of
tightly bound electron-hole pairs with a small spatial extent,
characteristic of a BEC type of excitonic condensate. The
photon luminescence remains well separated from the chemi-
cal potential in this regime [Fig. 11(d)], confirming that the
condensate is excitonic in nature rather than photonic. As
t" increases, the excitonic spectral weight becomes progres-
sively more dispersive and spreads over a wider momentum
range [Figs. 11(b) and 11(c)]. This redistribution indicates
enhanced carrier itinerancy and the emergence of momentum-
selective pairing, signaling a crossover from tightly bound
excitons to extended Cooper-like electron-hole pairs. Despite
this evolution, the photon spectrum stays far from resonance
[Figs. 11(e) and 11(f)], demonstrating that the crossover oc-
curs entirely within the excitonic sector. The resulting phase
is thus identified as a BCS-type EPC.

C. Ground-state phase diagram

To address explicitly the competition of the condensation
states and their BCS-BEC crossover in a microcavity, we
summarize the ground-state phase structure of the electron-
hole-photon system in the U-¢" plane in Fig. 12 for both the
SC (at d = —0.5, top row) and SM (at d = 1, bottom row)
regimes at total excitation densities n = 0.05 (left column)
and n = 0.1 (right column). In the SC regime, Figs. 12(a)
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FIG. 12. Ground-state phase diagram of the mass-imbalance
electron-hole-photon system in equilibrium microcavity in the U-t"
plane in SC,d = —0.5, and SM, d = 1, sides for two different values
of excitation density n. The EPC stabilizing in the BCS/BEC type is
indicated in light/dark green. The IPC in the BCS/BEC type is shown
in light/dark pink, while the PPC in the BCS/BEC type is marked in
light/dark yellow. The white area denotes the normal SM state.

and 12(b) show that the system stabilizes a tightly bound
EPC, IPC, or PPC state over a broad range of interaction
strengths and mass ratios. At low excitation density n = 0.05,
the condensate remains on the BEC type across nearly the
entire parameter space, reflecting the robustness of localized
excitons for a positive band gap [panel (a)]. As the excitation
density is raised to n = 0.1, the phase diagram exhibits all
condensate types including EPC, IPC, and PPC with a clear
BEC-BCS crossover [panel (b)]. At large mass imbalance or
small ¢", the hole mobility is strongly suppressed, and the
condensates are overwhelmingly BEC-like. In this regime, the
strong Coulomb attraction stabilizes an EPC-BEC state, while
at intermediate U, the matter-light hybridization produces an
IPC-BEC state. For weak interaction, the excitonic binding
collapses, and the condensate becomes photoniclike, yielding
the PPC-BEC region. These boundaries reflect the balance
between Coulomb-driven local binding and photon-mediated
hybridization. Reducing the mass imbalance enhances hole
itinerancy that promotes the formation of spatially extended
Cooper-like electron-hole pairs. As a result, both EPC and
IPC phases undergo a continuous BEC-BCS crossover, and
the EPC-BEC and IPC-BEC regions at low t" evolve into
EPC-BCS and IPC-BCS at larger ¢". The critical t" required
for this crossover of the EPC increases with U since stronger
Coulomb attraction favors tightly bound excitons. In sharp
contrast, once the system enters the IPC regime, the sub-
stantial light-matter hybridization weakens the sensitivity of
the electron-hole pairing character to the degree of mass im-
balance, and the BCS-BEC crossover of the IPC is nearly
independent of ¢".

The SM regime with the detuning d = 1 displays qualita-
tively different behavior [see Figs. 12(c) and 12(d)]. Here, the
negative band gap reduces the binding strength of electron-
hole pairs at weak interaction, and the system may even

remain in a normal state when the hole mass is large. As U
increases, the system enters EPC whose character depends
sensitively on the mass imbalance. Indeed, at low excitation
density, the BEC regime dominates only for strongly imbal-
anced masses, while modest hole mobility is already sufficient
to stabilize in the BCS type. This behavior specifies that
itinerancy of both carriers promotes BCS pairing in the SM
state. Increasing the excitation density to n = 0.1 expands
the IPC and PPC regions substantially, but only the BCS
type of condensate is established. In contrast with the SC
case, the BCS-BEC crossover in the SM regime is specified
in EPC phase only. Taken together, these phase diagrams
reveal that mass imbalance and Coulomb interaction play
distinct and complementary roles in shaping the condensate
landscape. The SC regime supports robust EPC and IPC BEC-
BCS crossovers, whereas in the SM regime, the enhanced
carrier itinerancy suppresses localized pairing and confines
the crossover to the EPC channel only. These results establish
the mass imbalance as a key control parameter for the complex
structures of PCs in microcavity systems.

VI. CONCLUSIONS

To conclude, we have investigated the complex structure
of PC states and their BCS-BEC crossover in semiconductor
and semimetal microcavities in the impacts of electron-hole
mass imbalance, Coulomb interaction, and excitation density.
In the framework of the UHFA, we find solutions for a two-
band electron-hole-photon model involving the electron-hole
Coulomb attraction and light-matter coupling on an equal
footing. The ground-state phase structure and luminescence
spectra are then analyzed. In the SC side, a positive band
gap stabilizes tightly bound excitons, leading predominantly
to BEC-type condensates at low excitation density. Increas-
ing excitation density drives a continuous crossover toward
BCS-type pairing and promotes intermediate and photoniclike
polaritonic condensates through enhanced the mass imbal-
ance. The critical mass imbalance required for the crossover
increases with Coulomb interaction, reflecting the robust-
ness of excitonic binding. In contrast, the SM regime favors
itinerant electron-hole pairing, and the BCS-type conden-
sate dominates over a broad parameter range. Here, strong
Coulomb interaction is necessary to establish excitoniclike
coherence, while photoniclike and intermediate polaritonic
states emerge and develop only if the mass imbalance is
sufficiently small. The evolution of the excitonic polarization
and photon luminescence spectra provides clear spectroscopic
signatures of these crossover phenomena, directly linking the
nature of the condensate to experimentally accessible op-
tical responses. Our results offer a unified framework for
controlling and identifying excitonic-polaritonic condensates
in microcavity systems.
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