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Abstract: A central challenge for advancing polariton-
based circuits is the controlled and scalable coupling of indi-
vidual condensates. Existing approaches based on etched
or epitaxially grown microcavities are fabrication-intensive
and restrict in-plane coupling. To overcome these limi-
tations, we introduce a lithographically defined silicon-
based platform of high-contrast grating (HCG) microcavities
with a ladder-type m-conjugated polymer. In this system,
doublet cavities exhibit mode hybridization into bonding
and antibonding states, where coupling is mediated across
shared HCG mirrors. Extending the design to arrays, N-
coupled condensates exhibit systematic red-shifts of the
condensate energy, due to delocalization, and a progres-
sive threshold reduction, consistent with extended binding
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modes. Our experimental results are quantitatively sup-
ported by transition-matrix multi-scattering simulations,
together with tight-binding modelling. First-order coher-
ence measurements using Michelson interferometry con-
firm the existence of spatially extended condensates with
exponentially decaying temporal coherence. Altogether,
these results establish a scalable route toward integrated
polariton devices and quantum photonic networks.

Keywords: exciton-polaritons; polariton condensate; micro-
cavity; high-contrast grating; cavity array

1 Introduction

Exciton—polaritons, hybrid light—matter quasiparticles that
are formed under strong coupling between excitons and
photons in optical microcavities [1], have attracted broad
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interest thanks to their nonlinear response. These systems,
when excited at sufficiently high fluences, can undergo
exciton-polariton condensation, resulting in the coherent
population of a single macroscopically extended state [2],
[3]. With organic semiconductors [4], characterized by
strongly bound Frenkel excitons, this condensation can take
place at room temperature [5]-[7], rendering this regime
appealing for photonic devices that can operate at ambi-
ent conditions [8], [9]. Coupling multiple condensates [10],
[11] enables access to Bloch band physics [12] and eventu-
ally the simulation of interesting lattice Hamiltonians [13],
[14]. Furthermore, it opens the way toward more advanced
polariton-based devices [15]. Previous implementations of
arrays of polariton condensates have been realized mainly
in vertical DBR cavities, using etched lattices [12], [16]-[21],
and, more recently, using spatial light modulators (SLMs)
[22]-[24]. In etched arrays, the coupling between lattice sites
is achieved by a finite mode overlap between the resonant
modes of adjacent sites. Here, the losses through the DBR
mirrors, i.e. the outcoupled polariton signal, can only be
redirected into neighboring cavities via external optics [15],
which inhibits the formation of a common mode due to
retardation effects and ultimately limits scalability. In addi-
tion to the vertical outcoupling, SLM-based arrays require
extensive off-chip free-space optics. Hence, hoth approaches
face fundamental challenges in achieving integrated polari-
tonic circuitry.

Subwavelength gratings that harness the high refrac-
tive index contrast between the grating and the surrounding
material have recently emerged as a practical alternative
for the realization of mirrors with high, broadband reflec-
tivity [25], suitable also for polariton lasers and condensates
in vertical cavities [26] but also in metal [27], [28] and silicon
[29] metasurfaces. Planar silicon-based high-contrast grat-
ings (HCGs) enable fully integrated Fabry-Perot-like cavi-
ties that are compatible with silicon photonic fabrication,
offering highly tunable cavity designs and an extremely
compact footprint [30]. Very recently, all-optical polariton
transistor action has been demonstrated in such devices
[31]. As the cavity axis is parallel to the chip, the photons
transmitted through the HCG mirrors can be coupled into
nearby HCG cavities, holding promise to enable the realiza-
tion of larger integrated polaritonic circuits.

Building on our recent work on individual HCG cav-
ities [31], where strong light-matter coupling and polari-
ton condensation were established, here we present arrays
of HCG microcavities filled with a conjugated polymer
that allow us to create integrated coupled polariton
condensates at room temperature. In this architecture,
adjacent cavities share HCG mirrors of finite reflectivity,
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allowing polariton exchange between neighboring sites.
This platform combines lithographic scalability with con-
trolled mode hybridization, providing a basis for systematic
studies of condensation in such directly coupled, integrated
arrays of condensates.

2 Results and discussion

2.1 Polariton condensation in two coupled
HCG cavities

The structure (Figure 1a and b) is fabricated on a silicon-
on-insulator wafer using established silicon photonics
processes, followed by deposition of the ladder-type =-
conjugated polymer methyl-ladder poly(para-phenylene)
(MeLPPP) and an encapsulation layer (see Methods — Fabri-
cation). In this geometry, the HCG mirrors provide in-plane
confinement with a quality factor Q of about 300-400 while
the polymer acts both as the active medium and as the
guiding layer, with vertical confinement provided by total
internal reflection [31]. Imaging with scanning near-field
optical microscopy (SNOM) under resonant excitation (see
Methods — Optical Characterization) reveals the real-space
profile of the hybridized cavity mode in a doublet. Here,
the measured intensity exhibits nodes and antinodes with
a spatial period set by the mode wavelength and effective
refractive index. This possibility to image the whole cavity
mode is unique to the in-plane HCG geometry and not acces-
sible in conventional vertical DBR cavities (Figure 1c).

The structure is optically excited from the top using
pulsed laser illumination (see Methods — Optical Charac-
terization). As the pump fluence increases, the emission
shows a light-in-light-out characteristic with a nonlinear
rise above threshold, where the threshold fluence differs
markedly between a single cavity and a doublet (Figure 1d).
Above threshold, a narrow peak emerges in the spectrum of
a single cavity, whereas the doublet exhibits a clear splitting
into two hybridized modes (Figure 1e) [10], [21], [32]. The
splitting arises from the fact that the central HCG mirror
has finite reflectivity through which the two resonators
are coupled and polaritons can be exchanged between the
two cavities. This gives rise to symmetric and antisymmet-
ric modes, similar to hybridized molecular orbitals with a
lower-energy bonding state and a higher-energy antibond-
ing state. We study the evolution of their energies by extract-
ing the emission peak positions of singlets and doublets as
a function of cavity length and overlaid them on reflec-
tivity maps (Figure 1f) calculated using two-dimensional
rigorous coupled wave analysis (RCWA) in the strong
exciton-photon coupling regime (see Methods — Photonic
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Figure 1: Mode hybridization in HCG cavity doublets. (a) Schematic of a doublet defined by three HCG mirrors forming two contiguously coupled
cavities that share the central mirror. / denotes the coupling strength between the two resonators. (b) Top-view scanning electron microscopy image
of a doublet before deposition of the polymer. (c) Near-field map of a doublet acquired by scattering-type SNOM under 488 nm resonant excitation.
The image shows the fourth-harmonic demodulated signal, normalized to its maximum, with the HCG pillar structures overlaid (white dots). Resonant
excitation allows direct visualization of the real-space field distribution across the two cavities. (d) Integrated emission counts versus excitation fluence
for a single cavity (black triangles) and a doublet (red circles), showing the reduced polariton condensation threshold in the coupled case. (e) Above
threshold emission spectra for a singlet (black) and doublet (red), highlighting the energy hybridization in the coupled system. (f) Calculated
reflectivity from RCWA as a function of cavity length for cavities in the strong light-matter interaction regime (grey scale map). The experimentally
measured energies extracted above threshold are overlaid for singlets (white triangles) and doublets (red circles). As comparison, the dashed line
shows the RCWA-calculated resonance energy dependence for a single HCG cavity in the weak coupling regime, using a fixed nondispersive refractive

index n =1.86.

Simulations). Detuning the cavity resonance energy with
respect to the exciton energy of MeLPPP at 2.71 eV reveals
that the measured mode energies follow the simulated
lower-polaritonic branch in Figure 1f (RCWA-based strong-
coupling model) and are disjunct from the resonance
energies expected in the weak-coupling regime, which,
together with our prior, more detailed single-device study
on the same HCG/MeLPPP platform [31], confirms the strong
light-matter interaction regime. The polariton condensa-
tion preferentially occurs about 200 meV below the exciton
energy due to the vibronically assisted relaxation from the
exciton reservoir [15], [33].

2.2 Array of integrated polariton
condensates

Building on this basic doublet, we next extend the concept
to larger arrays and study how threshold and condensate
energies evolve with the array size. Straightforwardly, this

platform allows the realization of linear arrays of N con-
tiguously coupled HCG cavities (Figure 2a and b), which we
choose to all have the same single-unit cavity length. Our
previous studies have shown that despite unavoidable slight
fabrication variations, the energetic disorder is sufficiently
small allowing to bring them all into resonance with each
other, tuned with an accuracy well within the cavity line
width [31]. The light-in-light-out curves recorded as a func-
tion of excitation fluence show a gradual reduction of the
condensation threshold with increasing number of cavities
N (Figure 2c top panel). The condensate energy in each array
exhibits a slight blueshift with increasing pump fluence, typ-
ically attributed mainly to saturation of the transition [34].
Increasing the number of coupled cavities N induces a sys-
tematic red-shift of the condensate energy, consistent with
the formation of a delocalized mode that extends across the
whole array (Figure 2c bottom panel) [12], [16], [21].

To rationalize these observations, we analyzed the cou-
pled eigenmodes using a transition-matrix multi-scattering
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Figure 2: Polariton condensation in arrays of contiguously coupled HCG cavities. (a) Schematic of an array of N coupled cavities with shared HCG
mirrors. (b) Top-view scanning electron micrograph of a fabricated array for N = 4, prior to the polymer deposition. (c, top) Spectrally integrated
emission intensity as a function of excitation fluence for arrays with different N, showing a progressive reduction of the condensation threshold
with increasing cavity number. (c, bottom) Energy of the emission peak as a function of excitation fluence and number of coupled cavities N.

formalism combined with complex pole extraction (see
Methods — Photonic Simulations) [35]. Figure 3a displays the
energy as a function of array size, where the color encodes
the quality factor Q of each resonance. In this, distinct man-
ifolds of modes can be identified, corresponding to different
transverse orders (designated by index p) within the same
longitudinal order (index m). Coupling induces hybridiza-
tion such that, for each transverse order, an array of N
cavities supports N collective supermodes, labeled by the
coupling index k. Notably, the energetically lowest coupled
mode (k = 1) consistently exhibits the highest Q within the
transverse ground state (p = 0). The calculated electric field

intensity distributions |y oWV = 4)|2 illustrate that the
four supermodes of a 4-cavity array differ markedly in spa-
tial profile (Figure 3b).

Experimentally, condensation occurs predominantly in
the ground state 1//:,1[) _o). The measured condensate emis-
sion energies, extracted from the center of the emission
peak just above threshold (~1.1 P,), red-shift systematically
with increasing N (Figure 3c), in good agreement with a
tight-binding fit (see Methods - Tight-binding analysis) [21].
This trend matches the ab-initio numerical simulations of
the lowest coupled mode (Figure 3a), although the absolute
energies are shifted slightly. The offset likely arises from
variations in the effective refractive index due to possi-

ble thickness non-uniformities of the spin-coated polymer

material and from minor fabrication discrepancies com-
pared to the simulated cavity design. In addition, the exper-
imentally extracted coupling strength (2/-9.4 meV) exceeds
the simulated value of ~4.5 meV, reflecting an overesti-
mation of the mirror reflectivity in the numerical simula-
tions, which neglects fabrication imperfections that eventu-
ally increase the hopping rate. Hence, the comparison con-
firms that the evolution of the lowest coupled state energy
with cavity number (Eﬁ,ll), p(V)) is captured by both the tight-
binding model and the transition-matrix simulations, while
higher-coupled-order states (k > 1) remain essentially unoc-
cupied above threshold. Moreover, the numerically calcu-
lated cavity Q increases for the energetically lowest mode
with the number of coupled cavities N. This can be quali-
tatively rationalized from the scaling of Q with the inverse
of the effective cavity length in Fabry—Perot resonators
[36]. Moreover, as the condensation threshold is lower for
higher cavity quality factor, this rise in Q with N can indeed
account for the experimentally observed threshold reduc-
tion in larger arrays.

2.3 Spatial and temporal coherence

Since extended phase coherence is a defining property of
polariton condensates, we next examined the spatial and
temporal coherence of the coupled arrays [21], [37], [38]. In
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Figure 3: Simulated mode energies and structure. (a) Energies of the coupled modes as a function of array size N, extracted from transition-matrix
multi-scattering simulations with complex pole finding; with color encoding the mode quality factor Q calculated neglecting all the out-of-plane losses.
Three families of modes with different transverse orders are distinguished: 0™ (circles, yellow area), 1st (up triangles, green area), 2nd (down triangles,
cyan area). (b) Simulated real-space intensity distributions showing the four coupled modes of lowest transversal order of a 4-coupled cavity system,
from bonding to antibonding character (top to bottom) corresponding to the filled circles in a. (c) Measured condensation energy of the lowest
coupled state (black squares) as a function of array size N, obtained from emission peaks just above threshold, compared with a tight-binding fit (red
line), which gives a coupling strength of 2/-9.4 meV.

particulay, the first-order coherence of the condensate was recorded at zero delay (Figure 4a) and integrating the emis-
investigated using a Michelson interferometer (see Methods sion over hundreds of excitation pulses above the conden-
— Optical Characterization), where the light in one arm was  sation threshold show clear fringes in the light scattered
delayed and spatially inverted. Real-space interferograms from the HCG mirrors. In fact, as the far-field signal mainly
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Figure 4: Extended coherence in a cavity array. (a) Real-space interferogram of an array of 14 coupled cavities excited by hundreds of laser pulses just
above threshold (~1.3 P,), showing interference fringes at zero time delay in a Michelson interferometer. The emission appears as bright stripes

at the HCG positions because the collected far-field signal originates from out-of-plane scattering at the mirrors rather than from the intra-cavity field
maxima. (b) Interferogram recorded at a delay of 4 ps, where no fringes are visible. (c) Temporal coherence of the condensate in an array of 5 coupled
cavities excited with single pulses well above threshold (~4 P,,). The fringe visibility at each delay was obtained by Fourier transforming

the interferogram, isolating the component at the interference fringe spatial frequency, and normalizing it to the zero-delay visibility extracted
directly from the respective image from fringe minima and maxima. The red line represents the fit with exponential decays around zero, with a FWHM
of 3.2 ps, whereas the blue dashed line corresponds to a Gaussian fit (FWHM of 4.7 ps). The former matches slightly better the temporal behavior

of coherence, with a slightly lower residual error. The insets show single-shot interferograms at zero delay (left) and at 4 ps (right), where

the respective data points are indicated by arrows.
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arises from parasitic out-of-plane scattering at the mirror
positions, the resulting interferograms display bright stripes
coinciding with the HCG positions. These stripes therefore
mark the dominant scattering sites of the supermode rather
than its intra-cavity field maxima, which are located within
the cavities between the mirrors but are vertically con-
fined through total internal reflection in the polymer. These
fringes at the HCG positions confirm the presence of a single,
spatially extended condensate mode across the 14-cavity
array at zero delay. At longer delays, the fringe contrast
decreases and vanishes above 4 ps (Figure 4b). Owing to
the high saturation intensity of the organic polymer, even
single-shot experiments can be performed, allowing direct
observation of condensate dynamics and fluctuations with-
out temporal averaging. Such single-shot measurements,
previously demonstrated only in vertical DBR-based polari-
ton systems [5], [39], are here realized for integrated polari-
ton devices. For an array of 5 coupled cavities under single-
shot excitation, the fringe visibility as a function of delay
is plotted in Figure 4c. Single-shot interferograms at two
delays are shown as insets, confirming the disappearance of
fringes on the picosecond timescale. The noise present in the
temporal evolution of the fringe visibility is a consequence
of the low signal level in single-shot acquisition, compared
to multi-shot measurements as in Figure 4a. Quantitatively,
the temporal decay of the coherence follows an exponen-
tial that can be fit with a characteristic decay constant of
T = 2.3ps, yielding an autocorrelation peak width with
FWHM of 3.2 ps. Whereas a Gaussian decay would suggest
strong inhomogeneous broadening from slow fluctuations,
the observed exponential decay indicates reduced noise and
a coherence time not far from being determined by the
intrinsic linewidth (Fourier-limited FWHM would be A/t ~
0.24 meV for a perfect Lorentzian line) of the hybridized
mode [40]. Notably, because of the short polariton lifetime
of hundreds of femtoseconds, the measured coherence time
is mainly constrained by the excitation pulse duration of
~5 ps that replenishes the exciton reservoir over this dura-
tion, but is also subject to dynamic instabilities [41] and
other sources of noise [42]. Overall, these measurements
confirm that the condensate establishes coherence over
the whole array, consistent with single-mode condensation
directly into a well-defined eigenmode of the coupled array
and not through coupling of intermediate single-cavity
condensates.

3 Conclusions

We have demonstrated lithographically defined arrays of
on-chip microcavities based on silicon photonic fabrication
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technology using high-contrast gratings and organic poly-
mer in the strong light-matter interaction regime. This inte-
grated architecture allows us to access the cavity resonance
mode through near-field techniques and provides precise
control over cavity geometry and array scalability. When
exciting the coupled cavities above threshold, polariton
condensation occurs in modes that are delocalized across
the whole array due to the coupling between the cavities,
as evidenced by first-order coherence measurements. The
evolution of the mode energies and thresholds with array
size is rationalized by numerical simulations. These results
prepare the ground for more elaborate HCG lattices that
could perform more complex functionalities like ultrafast
all-optical logic gates [15], [43], neuromorphic computation
[44], [45], or mimic Hamiltonians that can be simulated with
this room temperature polaritonic quantum fluid. As the
HCG platform is suitable for the integration of a wide range
of materials, and its fabrication is fully compatible with
advanced photonic foundries, it provides a perspective for
scalable and flexible integrated polaritonic circuits.

4 Methods

4.1 Device fabrication

The HCGs were fabricated on silicon-on-insulator (SOI) sub-
strates comprising a 220 nm crystalline-Si device layer atop
2 pm buried oxide by means of electron-beam lithography
(100 kv Raith EBPG 5200), exposing a 180-200 nm thick
hydrogen silsesquioxane (HSQ) negative resist. Following
development in a NaOH-based developer, the resist pat-
tern was transferred into the top Si device layer by induc-
tively coupled plasma reactive-ion etching with HBr, yield-
ing cylindrical pillars ~105 nm in diameter with a 165 nm
pitch. Methyl-substituted ladder-type poly(para-phenylene)
(MeLPPP; M, = 31500, M,, = 79 000) [46] was dissolved in
toluene and spin-coated over the chip to form a conformal
~220 nm film, as confirmed by profilometry and spectro-
scopic ellipsometry. Finally, a 20 nm Al,05 encapsulation
layer was deposited by electron beam evaporation to sup-
press photo-oxidative degradation.

4.2 Optical characterization

We mount the 20 X 20 mm? chips, each containing hun-
dreds of HCG cavities, on an XYZ nano-positioning stage
in ambient conditions. Ultrafast excitation light pulses of
400 nm wavelength, 150 fs pulse duration, and 1 kHz repeti-
tion rate are generated from a frequency-doubled regener-
ative amplifier that is seeded by a mode-locked Ti:sapphire
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laser. We insert the pulsed light into a 25 pm core multi-
mode fiber that stretches the pulse duration to several
picoseconds and provides a smooth, near-Gaussian beam
at its output. The incident beam, normal to the chip sur-
face, is focused through a microscope objective (Mitutoyo
Plan Apo 50%x, NA = 0.7) to an approximately Gaussian
spot with a FWHM diameter of ~6 pm. The beam size can
be controlled by using different objectives (i.e., Mitutoyo
Plan Apo 20X), using different core size fibers (10 pm or
50 pm), and changing the collimation of the beam. Hence,
the experiments were designed to ensure excitation of the
whole array by controlling the pumping spot size. The emit-
ted light, which consists of the cavity modes that are scat-
tered by the HCG out-of-plane on top of a broad photolu-
minescence background, is collected via the same objective
and separated from excitation via a dichroic mirror and
long-pass filters. We detect the emission with a 50:50 beam
splitter simultaneously with a camera and a spectrometer
equipped with a CCD. For spectral measurements, we use
a 1800 lines/mm grating, yielding a dispersion of ~0.05 nm
per pixel (at 490 nm). The spectrometer receives light via a
multimode fiber with 10 pm, 25 pm, 50 pm, or 100 pm core
diameter, resulting in detection spots on the sample of 2 pm,
5 pm, 10 pm, or 20 pm, respectively, when using the 50x
objective. For the first-order coherence measurements, the
signal is instead sent to a Michelson interferometer with
a retroreflector in one arm path with a motorized delay
stage with a resolution of Ax = 100 nm, corresponding to
a temporal resolution At = 0.67 fs.

Real-space field maps were obtained with scattering-
type scanning near-field optical microscopy (s-SNOM) in tap-
ping mode with a cryo-neaSNOM from Neaspec Attocube. A
platinum-coated silicon-made AFM tip (tapping frequency
~260 kHz, amplitude ~45 nm) was illuminated with a con-
tinuous wave (CW) laser at 488 nm (LASOS); the back-
scattered light was collected in reflection and demodulated
at the fourth harmonic of the tapping frequency to retrieve
the near-field signal. The resulting 04 signal was recorded
point-by-point while scanning.

4.3 Photonic simulations

For the computation of the HCG reflectivity of the cavity
filled with polymer, we perform rigorous coupled wave
analysis (RCWA) using a freely available software pack-
age [47]. In particular, RCWA models periodic structures by
expanding the permittivity and fields into spatial Fourier
harmonics. In our setup, we maintain 11 in-plane orders in x
and y directions and include the complex, dispersive refrac-
tive index of silicon and the polymer material obtained
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from variable-angle spectroscopic ellipsometry measure-
ments (Woollam VASE) of a test polymer layer on a silicon
wafer. Gratings are solved by building per-layer Fourier-
convolution matrices, finding the eigenmodes, and cascad-
ing layers with an S-matrix to enforce boundary conditions
and compute diffraction efficiencies. Cavities are treated
as multilayers such as Fabry—Perot or with a supercell for
in-plane defects, and resonances appear as sharp features
in R/T or as poles of the S-matrix.

For the numerical simulations of the resonance ener-
gies, Q-factors and mode fields, we used a transition-
matrix multi-scattering approach with AAA pole finding,
as described in more detail in [35]. In short, the arrays of
HCG cavities were modelled as ensembles of cylindrical
scatterers embedded in an effective background medium
representing the polymer slab. Each isolated cavity supports
resonances labelled with their longitudinal index m and
transverse index p. When N identical cavities are coupled,
these single-cavity modes hybridize into N collective eigen-
modes, denoted as ll/,(,lf,)p(N) with coupling index k =1...N.
The transition-matrix formalism was used to compute the
multiple scattering response of the coupled cavities at com-
plex frequencies. Subsequently the AAA algorithm for ratio-
nal approximation was used to identify poles of response,
corresponding to the complex resonance frequencies of the
modes. In such a way, each resonance is characterized by its
frequency, linewidth (from the pole’s imaginary part), and
field distribution. The unngrmalized simulated modal fields

® anl®
are presented as ‘u/m’ p(N)| .

4.4 Tight-binding analysis

To describe the evolution of eigenmodes with cavity num-
ber, we used a nearest-neighbor tight-binding Hamiltonian.
Thus, the lowest-energy mode of each (m, p) family in an N-
cavities array corresponds to wﬁfp(N). Their eigenenergies

dare:

kr

(1) () _

EQ () =EQ (1) = 2], cos( 1)
fork=1,...,N

(0)
m

where E;,/,(1) is the uncoupled single-cavity resonance.
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