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Abstract
All-optical logic has the potential to overcome the operation speed barrier that has persisted in electronic circuits for
two decades. However, the development of scalable architectures has been prevented so far by the lack of materials
with sufficiently strong nonlinear interactions needed to realize compact and efficient ultrafast all-optical switches with
optical gain. Microcavities with embedded organic material in the strong light-matter interaction regime have recently
enabled all-optical transistors operating at room temperature with picosecond switching times. However, the vertical
cavity geometry, which is predominantly used in polaritonics, is not suitable for complex circuits with on-chip coupled
transistors. Here, by leveraging state-of-the-art silicon photonics technology, we have achieved exciton-polariton
condensation at ambient conditions in fully integrated high-index contrast sub-wavelength grating microcavities filled
with a π-conjugated polymer as optically active material. We demonstrate ultrafast all-optical transistor action by
coupling two resonators and utilizing seeded polariton condensation. With a device area as small as 2 × 2 µm2, we
realize picosecond switching and amplification up to 60x, with extinction ratio up to 8:1. This compact ultrafast
transistor device with in-plane integration is a key component for a scalable platform for all-optical logic circuits that
could operate two orders of magnitude faster than electronic counterparts.

Introduction
The clock speed of electronic circuits has been stagnant

at a few gigahertz for almost two decades because of the
breakdown of Dennard scaling1, which states that by
shrinking the size of transistors they can operate faster
while maintaining the same power consumption. All-
optical logic with the ambition to supplement electrical
circuits, particularly for high-speed signal processing and
tasks that are not parallelizable2 and therefore cannot fully
benefit from the ongoing density scaling of electronic
transistors3, has been an active field of research for several
decades4–7. On this journey, a large variety of device
concepts has been explored, including optical bistability in
semiconductor quantum wells and other materials6,
semiconductor optical amplifiers8, resonators based on

rings9, discs10 and photonic crystals11, plasmonics12,
Mach-Zehnder interferometers13, excitons14 and single
molecules15. While certain technologies enable operation
at speeds that greatly exceed those of existing electronic
circuits, achieving scalability for numerous inter-
connected all-optical gates continues to pose a significant
challenge. This issue affects not only free-space archi-
tectures16 but is also attributed to the typically low
intrinsic nonlinearities of materials and the necessity for
precise sizing and matching of optical resonators
throughout a chip17. To boost the nonlinearities, some
recent approaches utilize the strong light-matter interac-
tion regime, where an optically active material is
embedded in a microcavity such that the coupling rate
between optoelectronic excitations (correlated electron-
hole pairs, excitons) in the material and photons in the
cavity exceeds the loss rates in the material and the cav-
ity18, effectively forming hybrid light-matter exciton-
polariton quasi-particles. By using parametric scattering
or resonant excitation, optical amplifiers19 as well as
transistors20 and routers21,22 have been realized at
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cryogenic temperature, and more recently with lead halide
perovskites at room temperature23.
With organics, in addition to the large exciton binding

energy permitting exciton-polaritons at ambient condi-
tions24, the polariton formation can be strongly enhanced
by matching the detuning of the polariton state from the
exciton reservoir to the energy of molecular vibrational
modes25. At sufficiently high excitation density, nonlinear
polariton condensation occurs26,27, resulting in coherent
macroscopic occupation of a single polariton mode. Light
inserted into the microcavity can seed and promote
polariton condensation through bosonic stimulation,
which can be harnessed for all-optical transistors and
logic gates28,29 operating at sub-picosecond speed and
controlled with tens or less signal photons30. However, a
major downside common to these exciton-polariton
devices is their vertical cavity design with distributed
Bragg reflectors (DBR), resulting in a polariton con-
densate wavevector that is essentially perpendicular to the
substrate. Such vertical configuration necessitates the use
of external free-space optics to route emitted light
between the individual transistors, resulting in significant
propagation delays on the order of hundreds of picose-
conds that ultimately prevent the realization of scalable
ultrafast circuits. Alternative geometries without DBRs
have employed waveguides with facets31 or microwires32

to demonstrate amplification and logic functionality with
polaritons in ZnO, but a scaling path towards more
complex circuits has been missing.
Sub-wavelength gratings built from materials with high

refractive index contrast provide an alternative to
DBRs33,34 and have already been used in a vertical
microcavity structure to realize exciton-polariton lasing35.
Fabricating pairs of high-contrast gratings (HCG) per-
pendicular to the chip substrate, compact 2 × 2 μm²
Fabry-Perot like cavities can be created36,37 where the
cavity mode is parallel to the substrate, enabling scalable
in-plane architectures. Remarkably, compared to polar-
iton condensation with metal38,39 and silicon40 meta-
surfaces, where the condensate extends over hundreds of
micrometers, the effective modal area in HCG cavities is
only about 1 μm2, enabling extraordinarily compact
optical circuits with comparably high device densities,
which is beneficial for lowering power consumption and
high speed.
Here, we establish in-plane polariton condensation at

room temperature by introducing compact integrated
sub-wavelength grating cavities filled with an organic
ladder-type polymer. With one HCG cavity generating the
in-plane control signal that constitutes the input “seed”
for a second “transistor” cavity, we demonstrate transistor
action on a picosecond time scale. We observe up to 60x
gain and a switching contrast exceeding 8:1 with an
architecture that provides a scalability path through the

planar on-chip nature of the signal routing and the
compact device.

Results
On-chip polariton condensation
As illustrated in Fig. 1a, the device comprises two HCG

mirrors that provide lateral light confinement, and a
polymer serving as both active material and guiding layer
with vertical light confinement via total internal reflection,
enabling in-plane propagation. The diameter and pitch of
the nanostructured silicon pillars are designed to yield
high in-plane reflectivity for transverse-electric light
polarization at perpendicular incidence to the grating (see
Fig. S1). The wide reflectivity maximum in spectrum and
configuration space ensures broadband reflectivity and
excellent robustness against fabrication errors. The HCG
microcavity is fabricated on a silicon-on-insulator wafer
using state-of-the-art silicon photonics technology and
subsequent deposition of the ladder-type π-conjugated
polymer (MeLPPP) and the encapsulation layer (see
Methods and Fig. S2). Photonic simulations show the
optical mode confinement within the device (Fig. 1c–e),
resulting in a cavity quality factor of around Q ~ 420 for a
wavelength of 490 nm, despite the strong optical absorp-
tion of the silicon constituting the HCGs. Notably, this Q-
factor is sufficiently high to enable strong light-matter
interaction and exciton-polariton condensation26, while
still being low enough to ensure sub-picosecond polariton
lifetimes and to relax the fabrication tolerance require-
ments for matching resonator wavelengths across the
chip.
We excite the structure from the top using a pulsed

laser (see Methods). At low pump fluence, the intensity of
the emission increases linearly (Fig. 2a, top panel), and a
Lorentzian-shaped spectral peak with ~6meV full-width
at half-maximum (FWHM), consistent with the calculated
cavity Q-factor, is observed along with a broad photo-
luminescence background. With increasing pump fluence,
above threshold (Pth= 39 μJ cm−2), the emission peak
acquires a Gaussian shape (Fig. 2b, inset and Fig. S3a) and
undergoes a linewidth narrowing down to ~1meV. Fur-
thermore, a continuous blue-shift up to 5 meV from its
original photon energy at a pump fluence of 90 μJ cm−2 is
observed (Fig. 2a, bottom panel). To confirm that these
observations are indeed signatures of polariton con-
densation, as already reported in vertical DBR cavities
with the same active material and similar Q-factor26, we
assess the presence of strong light-matter coupling in
these structures by measuring a manifold of devices where
the cavity length L is systematically varied, similar to the
wedge-tuning in vertical DBR cavities41,42. Due to the in-
plane architecture of our system, conventional white-light
reflectivity or absorption measurements are not feasible,
so instead, we probe the emission from the lower
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polariton branch: by plotting the resonance energies
versus the cavity length L, we observe the characteristic
bending of the lower polariton branch in the strong
light–matter interaction regime, that is supported by
comparing to simulations of the weakly-coupled and the
strongly-coupled polymer-filled cavities (Fig. 2d, e) where
the resonance energies change with a distinctly different
slope with L. Fitting with a coupled-oscillators model
(Fig. S4) yields a Rabi splitting of 2Ω= 327 ± 48meV
for an excitonic fraction of 50% at L= 1.7 μm. The large
Rabi splitting and high excitonic fraction, compared to
the values found in vertical DBR cavities where
polariton condensation with MeLPPP was observed26

(2Ω ~ 120meV and 20% exciton fraction), results from
the significantly increased amount of polymer material in
the cavity that is, however, partly offset by the reduced
cavity finesse. Notably, for microcavities with MeLPPP,
polariton condensation occurs only when the lower
polariton branch is within ±20meV the energy of the
exciton reservoir (2.714 eV) minus the energy of the
strong vibronic transition of the polymer30 (200 meV),
where vibron-enhanced relaxation is prevalent43. The
above-threshold emission of MeLPPP is reasonably stable,

exhibiting only a few percent of photodegradation after
several hours-long excitation (Fig. S3b). This could be
potentially much further extended together with a further
reduced threshold by changing the pump photon energy
from 3.1 eV closer to the exciton resonance, resulting
in less excess energy and higher absorption in the
MeLPPP30.
Introducing a curvature to the HCGs allows us to

engineer the modal structure of the microcavity. Gratings
with a Gaussian shape, besides increasing the light con-
finement along the grating, lead to the discretization of
the transversal modes (Fig. S5). The different transversal
orders can be clearly identified from the spectrally filtered
real-space emission patterns of the polariton condensates,
which show the parasitic vertically scattered light of the
in-plane mode by the HCGs. Thus, by engineering the
cavity length and curvature, we can ensure single mode
polariton condensates with well-defined polarization
(Fig. S6), an important feature for controlled coupling of
multiple HCG resonators.
For scaling to circuits with many devices, it is crucial

that the resonance frequency of the fabricated HCG
cavities is well controlled, and deviations stay within the
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linewidth of the resonators. The fact that the resonance
energies of more than three hundred HCG cavities line up
almost perfectly in the study of the mode structure
(Fig. S5), suggests good homogeneity and precision of the
fabrication processes. Moreover, we studied the statistical
distribution of polariton condensate emission energies of
>30 nominally identical fabricated cavities (Fig. S7),
resulting in a standard deviation of <0.5 meV, much below
the cavity linewidth (FWHM~ 6meV). Hence, even
accounting for blue-shift of the condensate emission, this
fulfils a pivotal condition for device cascadability where
the output of one cavity serves as input of another one.
To realize ultrafast devices, it is important to assess the

dynamics of the polariton condensation. By exciting a
single HCG cavity above threshold (~1.2 Pth) with a
femtoseconds-pulsed laser and interfering the real-space

images by means of a Michelson interferometer with a
retroreflector mounted in one arm, we measured tem-
poral and spatial coherence (Fig. S8). The coherence time
of the condensate, which is directly related to its lifetime,
shows a FWHM~270 fs, providing an estimate for the
ultrafast pulse duration generated as HCG cavity output.
Furthermore, we performed an experiment with a bi-
injection scheme where we excited a single HCG cavity
with two subsequent pulses of the same fluence and same
duration (~150 fs), while precisely tuning the time delay
between them. When the fluence of a single pulse is below
threshold, the polariton condensation process with its
concomitant increase in emission is triggered only when
the second pulse arrives within about 1 ps (Fig. S9), which
we therefore attribute to an intrinsic relaxation time,
consistent with modeling and experimental results with
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match with the experiment. This offset dominates over the small energy blueshift (at most 5 meV) occurring above threshold, which is approximately
rigid and thus negligible in comparison with the applied horizontal correction (~11 meV). The right panel shows the absorption (green) and emission
(blue) spectra
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MeLPPP polaritons in vertical cavities29,44. For larger time
delays, a much longer lifetime component around 22 ps is
observed that corresponds to the lifetime of the excitons.
Hence, from the time scale of the initial fast drop, the
maximum repetition rate of the devices can be inferred,
and the height of the long tail versus the initial peak gives
a limit for the extinction.

In-plane transistor action
Next, we study a configuration comprising two cavities

with curved HCG mirrors, having the same resonance
energy and being spatially separated by a 3 μm gap. We

excite independently each cavity with an ultrafast pulse of
controlled fluence and a variable time delay Δt between
the two pulses (Fig. 3a). In this scheme, we use the output
photons of one cavity, representing the control gate or
“seed”, as input for the other cavity, representing the
“transistor”. The polymer layer, that covers both struc-
tures as well as the space between them, serves as a
waveguide with vertical confinement realized through
total internal reflection due to the polymer’s higher
refractive index than the SiO2 layer and air cladding below
and above, respectively. This vertical confinement, com-
bined with low lateral divergence, allows the emission
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from the seed cavity to couple into the same mode of the
transistor cavity after only few femtoseconds propagation
due to the short distance between them. We estimate a
coupling efficiency of ~84%, obtained from the ratio of the
integrated intensity of parasitically scattered light from
the transistor output mirror and the transistor input
mirror when the seed cavity is pumped but the transistor
cavity is not excited.
Real-space images of the emission (Fig. 3b) indicate that

the transistor can still achieve polariton condensation
when excited below threshold (Ptransistor= 0.8 Pth), but
only if the seed cavity is excited above its condensation
threshold (Pseed= 1.2 Pth) slightly before the transistor
cavity with a negative seed–transistor pump pulse time
delay around Δt=−1 ps. We record the output intensity
of the transistor cavity by collecting the emission spec-
trum only from the transistor HCG mirror that is on the
far side from the seed, i.e. the transistor output. When we
plot the emission intensity versus the excitation fluence
(Fig. 3c), we find that the condensation threshold is
reduced only when the gating signal from the seed is
present and arrives with the aforementioned timing, but
not when the seed cavity is excited later (Δt=+1 ps).
To map the temporal dynamics, we vary both the

transistor excitation fluence and the time delay Δt
between the excitation pulses for the seed and the tran-
sistor cavity, for a fixed seed excitation fluence of
Pseed= 1.5 Pth (Fig. 3d). Comparing the emission inten-
sities, we observe that signal amplification (Fig. 3e) in the
transistor only occurs when the seed cavity is excited
~1 ps before the transistor cavity. This optimal timing
condition reflects the intrinsic relaxation dynamics within
the seed cavity, as demonstrated by the two-pulse
experiment in a single HCG cavity, and should not be
interpreted as the time needed for photons to propagate
between cavities, which is only tens of femtoseconds.
Furthermore, we observe a significant threshold reduction
of the transistor cavity (Fig. 3e), which for this seed flu-
ence is about 15%, but can reach >30% with stronger seed
(Pseed= 2 Pth).
As both seed and transistor cavities are nominally

identical, they can switch roles. When we detect the light
on the HCG mirror of the seed cavity on the far side of the
transistor cavity, we observe the mirrored temporal
dynamics compared to Fig. 3d (Fig. S10), with a higher
background due to the above-threshold excitation of the
seed cavity (Pseed= 1.2 Pth). This demonstrates that the
excitation pulse sequence determines the directional flow
of the signal on the chip, suggesting that scalable circuits
comprising multiple successive transistors with signal
routing free from complications arising from back-action
can be developed by utilizing customized excitation
sequences. Furthermore, in contrast to vertical geome-
tries28,29, which need to reroute the off-chip transistor

output back onto the chip, thereby incurring hundreds of
picoseconds latency, the propagation time of the photons
between different integrated cavities here is on the order
of tens of femtoseconds.

Transistor metrics
We extract key transistor metrics from the emission

spectra and their temporal dynamics. When comparing the
emission spectrum at the transistor output without and
with applying the excitation to the transistor cavity
(Fig. 4a), we observe that the amplified peak faithfully
reproduces the input from the seed, only negligibly chan-
ging its energy and spectral shape. Likewise, comparing
spectra from the transistor output without and with seed
excitation shows that the output spectrum remains essen-
tially unchanged apart from the intensity change (Fig. 4a),
allowing the extraction of the extinction ratio (on/off) of
the transistor. The absence of significant spectral distortion
is a fundamental requirement for the cascadability of the
devices. We plot the transistor metrics as a function of
transistor excitation fluence (Fig. 4b), showing that for a
given seed excitation fluence (Pseed= 1.5 Pth) the amplifi-
cation increases with the transistor excitation up to a value
of 43, and the extinction reaches a ratio of 8:1 near the
threshold. Varying the seed excitation fluence, and thereby
the intensity of the gating input to the transistor, we find
that the signal amplification increases for smaller input
signals (Fig. 4c), reaching 60 for the smallest inputs that we
could produce without losing polariton condensation in
the seed cavity. At this condition, where the seed pumping
fluence is just above the seed cavity condensation thresh-
old, also the switching energy is minimal, which is around
~10 fJ (for details see “Definition and Extraction of Key
Performance Metrics” in Supplementary Information).
Furthermore, to assess the temporal robustness of the

transistor amplification, we investigate how the amplifi-
cation dynamics change with transistor excitation fluence
(Fig. 4d). We find that the time delay between the seed
and the transistor excitation where the maximum
amplification is achieved slightly shifts from −0.9 ps to
−1.4 ps with increasing transistor excitation. This can be
understood considering that for stronger transistor exci-
tation, the spontaneous polariton condensation is gen-
erally more dominant, and therefore the seed light must
be injected early enough into the cavity to stimulate
scattering into the seeded mode and suppress sponta-
neous condensation.

Discussion
An aspect that could become important with future,

highly-dense circuits is crosstalk. In this respect, the lat-
eral confinement provided by the curved HCG mirrors
and the resulting discretization of transverse modes serve
to suppress inter-cavity crosstalk as higher-order modes,
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where present, would be filtered out due to their poor
spatial overlap and mismatched resonance with neigh-
boring cavities. Furthermore, the tightly focused laser
excitation ensures spatially localized pumping, effectively
avoiding unwanted excitation of adjacent cavities. Finally,
the pump sequence with the required seed-transistor
delay intrinsically promotes unidirectional signal propa-
gation between cavities, mitigating back-action and
ensuring directional control even in multi-device
configurations.
In conclusion, we realized optically-pumped room-

temperature polariton condensates that, in contrast to
previous non-scalable architectures, feature a single
micrometer-sized condensate mode that is parallel to the
chip surface, enabling integrated planar circuits. By cas-
cading two ultra-compact resonators in-plane, we
demonstrated all-optical ultrafast transistor action with
femtojoule-level input signals and signal amplification of
up to a factor of 60 that can enable large fan-out and
provide scalability beyond this basic building block (for
benchmarks see Table S1 in Supplementary Information).

Harnessing silicon photonics nanofabrication technology
and exploiting the outstanding engineerability of the HCG
cavities45, we expect our approach to be scalable to
combine several transistors to logic gates28 and more
complex logic circuits. Using waveguides with either
HCGs46 or silicon nitride co-integration47,48 would allow
routing the signals between distant transistors as well as
the excitation pulses for the polariton condensates,
opening the door towards a platform for all-optical logic
circuits that may operate significantly faster than elec-
tronic ones.

Materials and methods
Device fabrication
We have fabricated the HCGs on silicon-on-insulator

(SOI) wafers with 220 nm top-Si thickness and 3 μm
buried oxide using high-resolution silicon photonics
technology, where electron beam lithography (Raith
EBPG 5200) exposes hydrogen silsesquioxane (HSQ)
resist with 200 nm layer thickness. After development
with tetramethylammonium hydroxide (TMAH), the
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structures were transferred by Cl-based reactive ion
etching (RIE) into the top-Si layer. This results in a
grating post diameter of 100 nm and a pitch of 165 nm.
Methyl-substituted ladder-type poly(p-phenylene)
(MeLPPP; Mn= 31,500 (number averaged molecular
weight), Mw= 79,000 (weight averaged molecular
weight)) was synthesized as described elsewhere49.
MeLPPP is dissolved in toluene and spin-coated on the
fabricated HCG structures, resulting in approximately
220 nm layer thickness, verified by profilometry and
ellipsometry. A 20 nm-thick encapsulation layer of Al2O3

is evaporated on top for protection against
photodegradation.

Photonic simulations
For the computation of the HCG reflectivity and the

spectra of the empty cavity and filled with polymer, we
perform rigorous coupled wave analysis (RCWA) using a
freely available software package50. For the three-
dimensional finite-difference time-domain (3D FDTD)
simulations, we use the commercial software ANSYS
Lumerical. For both calculations, we use the complex
refractive index obtained from variable-angle spectro-
scopic ellipsometry measurements (Woollam VASE) of
the polymer layer on a test silicon wafer.

Optical characterization
We mount the 20mm × 20mm chips, each containing

hundreds of HCG cavities, on an XYZ nanopositioning
stage in ambient conditions. Ultrafast excitation light
pulses of 400 nm wavelength, 150 fs pulse duration and
1 kHz repetition rate are generated from a frequency-
doubled regenerative amplifier that is seeded by a mode-
locked Ti:sapphire laser. For the cavity detuning experi-
ments with single HCG cavities, we insert the pulsed light
into a photonic crystal fiber that stretches the pulse
duration to >5 ps and provides a near-Gaussian beam at
its output. The light is focused through a microscope
objective (Mitutoyo Plan Apo 100X, NA= 0.7) to an
approximately Gaussian spot size of ~2 μm e−2 diameter
on the sample. The beam is incident along the optical axis
of the objective (i.e., normal to the chip surface) (Fig. S11).
For single-cavity condensation dynamics and transistor

operation, the laser beam is split into two paths with
independent delay lines and variable power control. Both
beams are recombined collinearly and coupled into the
same objective. The spatial position of the beam on the
chip is aligned manually via imaging of the beams and
refined via nanopositioning stages to ensure targeted
illumination of either single cavities or cavity pairs,
depending on the experiment.
Time delay between the two excitation pulses is tuned

using a motorized delay stage with a resolution of
Δx= 100 nm, corresponding to a temporal resolution

Δt= 0.67 fs (derived from Δt= 2Δx/c, with c being the
speed of light). Emitted light is collected through 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 liquid-nitrogen-cooled
CCD. For spectral measurements, the 0.5 m-long spec-
trometer uses an 1800 lines per mm grating, yielding a
dispersion of ~0.05 nm per pixel (at 490 nm). The spec-
trometer receives light via a multimode fiber with either
10 μm or 100 μm core diameter, resulting in detection
spots of ~1 μm and ~10 μm, respectively, on the sample.
The spatial resolution of our optical system, determined
by fitting the point spread function (PSF) of scattered light
from a single point emitter, yields a FWHM of ~477 nm,
which corresponds to an effective Rayleigh resolution of
~649 nm, close to the theoretical diffraction limited
resolution of ~430 nm (for λ= 492 nm and NA= 0.7).
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