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Polariton Condensation in Gap-Confined States of Photonic Crystal Waveguides
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The development of patterned multiquantum well heterostructures in GaAs/AlGaAs waveguides has 
recently made it possible to achieve exciton-polariton condensation in a topologically protected bound state 
in the continuum (BIC). Polariton condensation was shown to occur above a saddle point of the two-
dimensional polariton dispersion in a one-dimensional photonic crystal waveguide. A rigorous analysis of 
the condensation phenomenon in these systems, as well as the role of the BIC, is still missing. In the present 
Letter, we theoretically and experimentally fill this gap by showing that polariton confinement resulting 
from the negative effective mass and the photonic energy gap in the dispersion play a key role in enhancing 
the relaxation toward the condensed state. In fact, our results show that low-threshold polariton 
condensation is achieved within the effective trap created by the exciting laser spot, regardless of whether 
the resulting confined mode is long-lived (polariton BIC) or short-lived (lossy mode). In both cases, the 
spatial quantization of the polariton condensate and the threshold differences associated to the 
corresponding state lifetime are measured and characterized. For a given negative mass, a slightly lower 
condensation threshold from the polariton BIC mode is found and associated to its reduced radiative losses, 
as compared to the lossy one.

Introduction.—Exciton-polaritons are elementary excita-
tions that arise from the strong radiation-matter coupling
between a long-lived photonic mode and an excitonic
resonance. Their effects are enhanced when the excitonic
field is confined in low-dimensional nanostructures, such as
semiconductor quantum wells (QWs) made of inorganic
semiconductors. As hybrid radiation-matter bosoniclike
excitations, they represent a powerful platform for either
nonlinear optics applications [1–5], including electrically
pumped polariton lasers [6] or studying fundamental phys-
ics phenomena such as out of thermal equilibrium Bose-
Einstein condensation [7–9] and superfluidity [10,11]. To
date, exciton-polariton condensation has been mostly lim-
ited to planar microcavities with large Q factors based on
distributed Bragg reflector mirrors. A great effort has been
devoted to laterally confine microcavity polaritons to
engineer the potential landscape [8,12–14], which has pre-
viously allowed to achieve condensation from negative-
mass states in patterned microcavities [15–17]. Recently,
polariton condensation has also been achieved in one-
dimensional photonic crystal waveguides, without bottom
and top Bragg mirrors, by exploiting QW exciton coupling
to a long-lived photonic bound state in the continuum (BIC)
[18,19]. In these experiments, exciton-polaritons were
shown to accumulate in the low energy BIC mode at normal
incidence, just above a saddle point of the energy dispersion,

and separated by an energy gap from a minimum-energy
radiative state (lossy branch) [20–22]. Despite the lack of
Bragg mirrors, which greatly reduces the complexity of the
heterostructure, the design still guarantees a low condensa-
tion threshold previously attributed to suppression of radi-
ative losses through symmetry protection of the eigenmodes
[23].However, a full theoretical and experimental account of
the condensation mechanism, especially when considering
the role of the negative effective mass around the saddlelike
polariton dispersion observed in [18], is still missing at the
time of this writing, aswell as the actual relevance of theBIC
lifetime. A better understanding can potentially allow the
study of non-Hermitian nanophotonic interfaces [24], or
even the realization of lower-threshold lasers [19,25]. In this
Letter, we unravel the critical role played by the negative
mass and the energy gap between BIC and lossy modes in
reaching the condensation onset in the saddle point observed
in [18]. We present both experimental evidence and the
results of a driven-dissipative theoretical model [26]. In
particular, we emphasize the role of the blue-shifted neg-
ative-mass dispersion underneath the pump spot, which
creates defect modes within an effective attractive potential,
facilitating relaxation toward the condensed state. With
respect to previous works [18,19], we are now able to fully
control the location of the BIC from a saddle dispersion
point to a minimum energy state. This allows one to gain
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insight into the importance of confinement during the
thermalization process. Indeed, we achieve polariton con-
densation in gap-confined spatially quantized states, regard-
less of their BIC or lossy nature as induced by the symmetry
properties of the lower-lying negative-mass branch. Finally,
we also highlight the differences between the two cases,
showing how the polariton radiative losses still play a role as
demonstrated by the still lower threshold observed when
condensation occurs in the gap-confined state arising from
the negative-mass branch with a BIC at normal incidence.
Sample design and fabrication.—The fabricated sample

is composed of a waveguide core made of 12 GaAs QWs
20 nm thick and 13 Al0.4Ga0.6As barriers grown on an
Al0.8Ga0.2As cladding layer. On the same chip, we fab-
ricated two different one-dimensional (1D) photonic crystal
lattices etched in 170 nm deep grooves, which allowed us to
engineer the polariton dispersion around normal incidence
with the presence of either a BIC or a lossy photonic mode
separated by an energy gap, as schematically shown in
Figs. 1(a) and 1(d). Differently from previous works
[18,19], here we etched deeper grooves in order to create
a larger energy gap between upper and lower branches,
whose BIC and lossy nature can be exchanged as a function
of the air fraction [19,22]. The QWs in the waveguide core
support exciton resonances that are strongly coupled to the

photonic modes, giving rise to polariton branches whose
symmetry properties are derived from the ones of the
corresponding photonic coupled modes [27]. In fact, the
details of the lattice geometry, such as air fraction or
number of grooves in the unit cell, determine whether the
maximum energy point in the dispersion is a BIC [as seen,
e.g., in Figs. 1(b) and 1(c)] or a lossy mode [e.g., Figs. 1(e)
and 1(f)]. Numerical simulations of the optical response
from these structures performed with a Maxwell solver are
given in Supplemental Material (SM) [28]. In particular, the
photonic crystals designs were performed by using the
Stanford Stratified Structure Solver (S4).[29].
Experiments.—Measurements are performed in a cryo-

stat at 4 K, and uncoupled excitons and polaritons are
introduced by nonresonant pumping onto the grating with a
laser tuned at 1.59 eV, with a 12 μm FWHM spot. All
measurements were taken using a single mode continuous
wave laser. However for threshold characterization we used
a pulsed laser with 80 MHz repetition rate and 100 fs pulse
width to avoid spurious thermal effects that could arise at
high pump powers under continuous wave excitation. As
the excitons diffuse in each QW plane, we expect the
potential well to spatially broaden. The photoluminescence
(PL) signal (at around∼1527.5 meV) is collected through a
3 cm focal length air spaced doublet and the real or

(a) (b) (c)

(d) (e) (f)

FIG. 1. Sketch of the etched subwavelength grating in the GaAs/AlGaAs heterostructures, and sample excitation and collection from
the vertical direction supporting a dark (a) or bright (d) lower polariton branch. The insets show the cross section of the grating structure
along the x direction in the two samples. Measured polariton dispersion along the photonic crystal waveguide supporting (b) a lower BIC
and an upper lossy mode, and (e) a lower lossy and an upper BIC mode, respectively; gap-confined modes arising from either the BIC
(b) or the lossy (e) branch, respectively, are clearly visible. The respective calculated excitonic fractions are 44% and 47% for these
samples. (c),(f) Out-of-equilibrium GPE simulations of polariton emission for the two situations measured in (b) and (e), respectively.



reciprocal space plane is reconstructed on the monochro-
mator slits connected to a charged coupled device. At low
excitation power, PL emission clearly evidences the
dispersion of exciton-polariton branches, corresponding
to extended modes along the 1D lattice. On the other
hand, on increasing power, at the onset for polariton
condensation, a dispersionless mode appears in the energy
gap, hence gap-confined mode, arising from the negative-
mass polariton band below the exciton line. The PL
emission pattern in the energy-momentum space is shown
to inherit features uniquely determined by the underlying
photonic mode and the corresponding lattice geometry,
with a dark [Fig. 1(b)] or bright [Fig. 1(e)] emission profile
around kx ¼ 0 μm−1 [19,22,30], clear signature of the
presence or absence of a photonic BIC, respectively. In
fact, an unexpected outcome of this Letter, polariton
condensation takes place in the gap-confined mode even
if it arises from a lossy branch. This indicates that the mode
topological properties and the associated radiative lifetime
play a secondary role in the condensation phenomenon
itself, suggesting a crucial contribution of the negative
polariton mass despite only along one direction of the
saddlelike dispersion in the lower branch.
Theoretical modeling.—In order to describe the conden-

sation phenomenology shown from experiments, we resort
to the formulation of an out-of-equilibriumGross-Pitaevskii
equation (GPE) under incoherent pumping [31], which
allows us to include the effects of exciton-photon dispersion
and exciton-photon coupling in describing the dynamics of
the system. Here, we extend the previous formulation from
Wouters and Carusotto [32], including the effects of multi-
band photonic dispersions coupled to the QW exciton
modes, wave-vector-dependent loss rates within the single
photonic band (distinguishing between BIC and lossy
branches at k ¼ 0 μm−1), and allowing for a confining
potential created by the driven exciton population and de-
scribed by a Gaussian function PðxÞ ¼ V0 expf−x2=2σ2g,
where 2σ represents the spatial extent of the well, and V0 its
amplitude in meV. After solving for the multiband polariton
wave function (polariton state vector), emission can be
calculated from the photonic components of each polariton
eigenmode, after superimposing the positive and negative
group velocitymodes fromeach branch.An example of such
emission calculations is shown in Figs. 1(c) and 1(f), where
the gap-confined modes appear with the right symmetry
inherited from the corresponding negative-mass branch.
Details of this extended formulation are summarized in
SM, and a complete analysis of this model solutions has
been recently reported [26]. We should notice that a 1D
model is employed here, thus neglecting the full 2D
dynamics induced, e.g., by the saddlelike dispersion of
the lower branch, which does not seem crucial to correctly
reproduce the experimental results.
Gap-confined modes and condensation threshold.—By

increasing the laser power, we observed different quantized

(i.e., dispersionless) modes arising underneath the pumping
spot. This effect was observed for both the BIC and lossy
polariton modes, respectively. In Fig. 2 we show the PL
emission resolved in real space, in which we clearly see a
fundamental mode (M0) and first excited (M1) mode,
for polariton condensates arising from either the BIC [in
Figs. 2(a) and 2(b)] or the lossy negative-mass branch
[Figs. 2(c) and 2(d)]. The mode ordering is such that the
M0 is higher in energy as compared to the M1, as it is
appropriate for a negative-mass confinement. Since the
photonic properties of BIC and lossy are naturally trans-
ferred to the corresponding polaritonic modes and conden-
sate, the fundamental mode M0 will have an antisymmetric
or a symmetric emission profile, respectively. For the sake of
completeness, in the insets of Figs. 2(a) and 2(c) we report
also the 2D emission profiles in real space at the same
excitation power, which show their elongation along the
lattice direction. The 1D spatially dependent profiles of
these modes for all the considered cases were also extracted
from the out-of-equilibriumGPE solution, when assuming a
potential V0 ¼ 1.25 meV. These results are superimposed
to the experimental plots in Figs. 2(b) and 2(d) (i.e., 1D cuts
extracted from the full 2D experimental profiles), showing
an excellent agreement. The interpretation is straightfor-
ward: a local blue shift of the polariton dispersion is induced
by the pump spot, which creates confined polariton states
within the energy gap; the latter, in turn, has a photonic
origin due to the dielectric profile modulation introduced
from the lattice. This local blue shift creates an effective
Gaussian-like potential well in which negative-mass exci-
tations are confined. For polaritons, scattering outside the
blue-shifted area can occur at high momenta propagating
modes that are resonant with the saddlelike dispersion
outside the excitation region, while they are confined in a
20° conelike area along the periodicity direction as deter-
mined by the negative mass (see SM for details).
Furthermore, the negative mass is responsible for the
presence of a trapping potential for polaritons, thus enhanc-
ing the relaxation toward the condensed mode as well [12].
As long as the energy blue shift induced by the pump spot
does not overcome the energygap, the available stateswithin
the well are gap-confined [18].
To clarify the role of polariton lifetime on the conden-

sation mechanism, we performed power series measure-
ments that allowed us to observe the thresholds in the two
cases considered in Fig. 1, in which the BIC or the lossy
mode are alternatively coming from the negative-mass
dispersion. The two cases have similar excitonic fraction
associated with the energy state giving rise to the polariton
condensate. Specifically, it is 44% for the BIC and 47% for
the lossy mode, and their respective thresholds are shown in
Fig. 3(a). The condensation in the lossy state [red dots in
Fig. 3(a)] occurs at a higher power as compared to the one
in the polariton BIC [blue dots in Fig. 3(a)]. The only
meaningful difference between the two situations is related



to the photonic losses of the relative condensed state.
Below threshold, the slopes are the same for the two
systems, indicating that both BIC and lossy modes are
populated at the same rate through relaxation along the
positive-mass branch of the lower polariton along ky.
However, the characteristic losses of each final state are
different. As a matter of fact, a different slope above
threshold is observed and shown in Fig. 3(a), with an
estimated ratio of 1.97� 0.02 from the experimental data.
As described in Ref. [32], the condensate density above
threshold can be expressed as jΨ0j2 ∝ 1=γB;Lc , where γB;Lc

are the loss rates associated to the condensed mode that is
either BIC (B) or Lossy (L). Although the BIC suppresses
radiative losses, the condensate emits radiation in the far
field at k ≠ 0 μm−1, as illustrated in Fig. 1(b). This results
in a radiative contribution, denoted as γBrad. The correspond-
ing loss rate from the lossy state is identified as γLrad,
whereas all losses that do not arise from photon emission in
the far field are included in γnr. Based on the rate equations

described in SM, we can determine the ratio of power
thresholds for the lossy and BIC, respectively, 410 W=cm2

and 265 W=cm2, to be

PL
th

PB
th
¼ γLrad þ γnr

γBrad þ γnr
¼ 1.55� 0.04: ð1Þ

Even though the BIC is suppressing the radiative losses
at exactly normal incidence, the condensate is still suscep-
tible to radiative emission at finite angles and nonradiative
recombination in the material. As a result, we attribute the
lower threshold and steeper curve to the suppressed
perpendicular emission from the polariton BIC. In contrast
to the BIC, the lossy state has additional radiative losses
causing a shorter lifetime, which increases the threshold
and decreases the observed slope above threshold. Using a
previously introduced model [27,33] and fitting the energy
dispersions, we determine the linewidths γnr ¼ 0.11 meV
and γLrad þ γnr ¼ 0.377 meV (see SM). To rule out the

(a) (b)

(c) (d)

FIG. 2. Emission from quantized polariton condensate modes, with a fundamental (M0) and first excited (M1) state within the
potential well created by the exciting laser spot, arising from either a BIC [(a),(b)] or a lossy [(c),(d)] lower branch. The insets also show
the 2D spatial emission of the two M0 modes. In panels (b),(d) the x dependence of the measured luminescence is directly compared to
the spatially resolved emission simulated through the 1D out-of-equilibrium GPE formulation (brown dashed lines). The measured
exciton emission (blue line, corresponding to the broad and weak emission centered at 1527.5 meV) is compared to the Gaussian
confining potential assumed in the simulations.



possible role of the excitonic fraction, we show the con-
densation thresholds for different detunings in Fig. 3(b),
when the condensation originates from a BIC (circles) or
lossy (triangles) mode. The blue and red markers represent
the thresholds measured in the samples under consideration
in Fig. 3(a). The polynomial fit through the BIC con-
densation thresholds shows that the considered excitonic
fractions should not play a relevant role. Therefore, we can
make a meaningful comparison between the two photonic
crystal designs. The optimal detuning that minimizes the
condensation threshold is also found to be consistent with
previous works [34,35]. This further confirms that the
relaxation toward the condensed modes in our samples

occurs through a positive-mass dispersion of the lower
polariton branch along ky. In fact, the effective mass along
y is very similar to the one typically measured for conven-
tional microcavity polaritons (see SM), and the same
relaxation mechanisms are at play.
Summary.—We have shown the possibility to achieve

polariton condensation driven by a negative-mass dis-
persion in a photonic crystal waveguide patterned on a
multi-QW heterostructure, independently on whether the
state in which the particles accumulate is a polariton BIC or
a radiative polariton eigenmode. The spatial quantization is
demonstrated by the discretization of the energy levels
induced by a confining potential created by the pumping
spot itself, for both BIC and lossy modes. All these results
have been successfully modeled by an extension of the 1D
out-of-equilibrium GPE, including the effects of multiband
strong coupling, wave-vector-dependent losses, and effec-
tive confining potential in plane. Finally, we studied the
impact of photonic losses, observing changes in both the
critical density and the dependence of the condensate
population on the injection rate. This gives us the ability
to estimate the ratio of losses between the two cases. From
this analysis we can assert that while the BIC shows a lower
threshold between the two cases, its longer lifetime is not
the main factor to drive the condensation. Instead, our
results show how the negative mass can be used to induce a
trapping potential and drive the polariton thermalization in
both cases toward the lower branch, thus triggering the
condensation onset.
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(a)

(b)

FIG. 3. (a) Condensate emission intensity from the BIC (blue
dots) and the lossy gap-confined mode (red dots), respectively,
plotted as a function of the incident laser power. (b) The gray
circles and triangles represent the power thresholds measured on
structures characterized by a condensate from a BIC and lossy,
respectively, with different excitonic fractions. The fourth order
polynomial fit through the condensation threshold from the BIC
is represented by the dark dotted line. The condensate thresholds
for the BIC and lossy shown in (a) are represented by the blue
circle and red triangle, respectively.
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