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Leaky Integrate-and-Fire Mechanism in Exciton–Polariton
Condensates for Photonic Spiking Neurons

Krzysztof Tyszka,* Magdalena Furman, Rafał Mirek, Mateusz Król, Andrzej Opala,
Bartłomiej Seredyński, Jan Suffczyński, Wojciech Pacuski, Michał Matuszewski,
Jacek Szczytko, and Barbara Piętka*

This paper introduces a new approach to neuromorphic photonics in which
microcavities exhibiting strong exciton–photon interaction may serve as
building blocks of optical spiking neurons. The experimental results
demonstrate the intrinsic property of exciton–polaritons to resemble the Leaky
Integrate-and-Fire (LIF) spiking mechanism. It is shown that exciton–polariton
microcavities when non-resonantly pumped with a pulsed laser exhibit leaky
integration due to relaxation of the excitonic reservoir, threshold-and-fire
mechanism due to transition to Bose–Einstein Condensate (BEC), and
resetting due to stimulated emission of photons. These effects, evidenced in
photoluminescence characteristics, arise within sub-ns timescales. The
presented approach provides means for ultrafast processing of spike-like laser
pulses with energy efficiency at the level below 1 pJ per spike.

1. Introduction

Neuromorphic engineering aims to develop hardware capable of
unconventional computing by emulating the physiology of the
neuronal network of a brain.[1] Here, we particularly refer to Spik-
ing Neural Networks (SNN) a special class of Artificial Neural
Networks (ANN) often denoted as 3rd generation networks.[2]

This notion reflects the promise of improvements in the com-
putational power efficiency of SNN by maintaining a more strict
analogy to brain-like processing with trains of asynchronous
spikes.[3]
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W. Pacuski, J. Szczytko, B. Piętka
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The concept of Neuromorphic Pho-
tonics introduced advantages of optical
information processing into the neuro-
morphic engineering domain.[4] This
especially addresses potentially limiting
factors of more matured neuromorphic
electronics. Although the progress within
this domain is astonishing, most of the
state-of-the-art processors are optimized
for a specific goal, e.g., achieving low
power consumption by utilizing digital
representations of spiking signals,[5] pro-
viding high flexibility and reconfigurabil-
ity based on von Neumann’s many-core
architecture or high-speed processing
based on analog neural circuits.[6,7]

These approaches are a result of
trade-offs between desirable objectives, but also a consequence
of fundamental limits related to electrical signal propagation.[8,9]

For the same reason, such electronic systems rely on at most sub-
𝜇s timescales of operation to achieve asynchronous communica-
tion within a dense network of electronic interconnections.[10]

Optical implementations, on the other hand, may allow target-
ing sub-ns regimes with the gigahertz switching speeds simul-
taneously providing high communication bandwidth, and low
cross-talk.[11] In connection with sub-ns pulsed lasers, photonics
is very well-suited for ultrafast spike-based information process-
ing requiring high interconnection densities.[12] It is expected
that hypothetical integrated photonic spiking processors could
potentially operate six orders ofmagnitude faster than neuromor-
phic electronics.[13]

Since the beginning, the engineering of SNN devices has fo-
cused on two mutually exclusive aspects, first to develop scal-
able, fast, and low-powered solutions, and second to faithfully
model biological neurons.[8,14] The contradiction, as a rule of
thumb, is that the more rich neuron models add more useful-
ness to neuromorphic hardware while being more computation-
ally inefficient and harder to emulate in large networks. Within
the neuromorphic electronics field, this issue has been often ad-
dressed, e.g., by introducing digital neuron representation,[15,16]

optimizing spiking analog circuits, or the model itself to suit the
hardware better.[17] The less mature optical domain research still
seeks suitable solutions allowing the implementation of spiking
neural networks.
In general, the minimum neuron functionality necessary to

realize efficient and brain-like information processing is well
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approximated by the family of Integrate-and-Fire (IF) models.[18]

The simplest IF neuron captures only the most basic biologi-
cal neuron features, i.e., at least integration of input spikes and
spike firing due to threshold crossing. Nevertheless, it has been
demonstrated that networks of IF neurons are capable of vi-
sual pattern recognition,[19] saliency extraction,[20] speech recog-
nition, or robot control.[21] Considerable effort was made to find
a physical phenomenon within the all-optical domain that ac-
curately mimics neuro-computational functionalities supported
by IF models. One of the first reports pointed to neuron-like
pulse generation in a semiconductor resonator cavity with pump
perturbation.[22] Later the excitability of semiconductor lasers has
been often discussed in the context of neuronal excitability (the
fundamental property of a biological neuron to spike in response
to a strong enough stimulus).[23–25] The turning point came after
the first demonstration of a fiber-based ultrafast Leaky-Integrate-
and-Fire (LIF) neuron, a class of IF.[26] The semiconductor opti-
cal amplifier has been used to implement the LIF mechanism,
although with periodic gain sampling. This work focused par-
ticularly on the optical realization of the neuronal model for
neuromorphic computation.[27] Following this approach, within
the last decade, there have been several reports pointing explic-
itly to similarities between spiking neurons and various opti-
cal effects. The first reports focused on excitability in semicon-
ductor ring lasers,[28] injection-locked Vertical Cavity Emitting
Lasers (VCSEL),[29] and optically pumped VCSEL with the sat-
urable absorber.[30] Soon later these systems were used to imple-
ment more advanced LIF functionalities,[31–32] or controlled gen-
eration of spiking patterns.[33] This was followed by demonstrat-
ing computational usefulness—temporal recognition tasks with
chains of micro-lasers,[34] and pattern recognition based on co-
incidence detection of VCSEL spikes.[35] Recent advancements
in integrated photonics also led to on-chip spiking neuron re-
alizations with basic spiking neurons based on phase-change
materials.[36] Althoughmuch progress has beenmade the optical
approaches are much in their infancy in comparison to the elec-
trical domain. Current efforts are focused on identifying the po-
tential mechanisms for useful and flexible neuron implementa-
tion. Nevertheless, the foundations have been laid down proving
the possibility of ultrafast neuromorphic processing. The build-
ing blocks of future optical SNN competitive with electronic so-
lutions are yet to be clarified.
In this context, we propose a new solution in which exciton–

polaritons (abbr. polaritons) in microcavities may provide build-
ing blocks for sub-ns optical emulation of biological neurons
with the low energetical cost of single spiking operation. Polari-
tons are quasiparticles formed due to the strong interaction of
photons confined in optical microcavity and excitons confined
within embedded quantum wells.[37,38] Such light–matter cou-
pling strengthens photon–photon interactions through the ad-
mixture of the excitonic component. This leads to remarkable
phenomena like non-equilibrium Bose–Einstein ondensation
or superfluid-like states.[39,40] Importantly, polaritons also pro-
vide non-linear oscillatory dynamics under pulsed excitation.[41]

These unique properties allowed the demonstration of Joseph-
son junctions,[42] polariton transistors and logical gates,[43,44] clas-
sical artificial neurons,[45] non-linear phenomena at the femto-
joule level,[46] and polariton-based reservoir computing.[47] Our
proof-of-principle polariton binarized neural network has shown

the capability of efficient handwritten digit recognition with high
accuracy.[44] Moreover, we have shown that in general polariton-
based networks could provide energy efficiency and performance
density in inference tasks orders of magnitude higher than
electronics.[48]

Here we report that exciton–polariton systems can mimic the
LIFmechanism underlyingmost of the advanced IF spiking neu-
ron models. Particularly, we experimentally show that polariton
microcavities under non-resonant pulsed pumping exhibit spik-
ing photoluminescence characteristics similar to the pulse re-
sponse of a LIF neuron butwithin ps timescales. This effect arises
due to the property of polaritons that can undergo a rapid transi-
tion to non-equilibrium Bose–Einstein Condensate (BEC) above
the excitation threshold, followed by a strong spike in photolumi-
nescence. We demonstrate this analogy in detail based on ultra-
fastmeasurements with a streak camera, focusing onmicrocavity
pulse response to single or consecutive picosecond laser pulses.
First, by comparing the LIF model with the polariton condensa-
tion mechanism we propose the polariton population as an inter-
nal state variable. This is equivalent to LIF membrane potential
which governs the spiking behavior of the neuron. Then, step
by step we designate other analogies to particular functionalities
implied by the LIF model and experimentally demonstrate the
physical mechanisms behind each of these similarities. This way
we show that systems taking advantage of intrinsic properties of
exciton–polaritons may become future building blocks of optical
neurons and neuromorphic devices in general.

2. LIF Neuron and Its Polariton Analog

Within the LIF model, neuron dynamics are reproduced by the
electrical circuit depicted in the inset of Figure 1a.[49] The spikes
of electrochemical signals (action potentials) are events ideal-
istically represented as delta functions 𝛿(t − t(f)j ), where t(f)j de-
scribes the moment of spike firing. The input from multiple
presynaptic neurons is represented as a series of delayed spikes

x(t) =
∑
f
𝛿(t − t(f)j )which are low-pass filtered at the synapse and

generate the postsynaptic current I(t) =
∑
j
𝜔j

∑
f
𝛼(t − t(f)j ). The 𝛼

function describes the synapse response to a delta spike and is
discussed in more detail in the Experimental Section. The 𝜔j
corresponds to the efficacy of connection of a neuron with jth
presynaptic neuron. The I(t) current either charges the capacitor
or leaks through the resistor Rm of a parallel RC circuit effec-
tively causing the exponential decay of voltage across the capaci-
tor plates. This potential difference represents themembrane po-
tential of a neuron Vm(t), and the RC circuit effectively works as a
“leaky integrator” with a time constant 𝜏m = RmCm. In result, the
membrane potential decays in time according to Equation (1).

⎧⎪⎨⎪⎩
𝜏m

dVm(t)

dt
= Vrest − Vm (t) + RmI (t)

at t(f )such that Vm

(
t(f )

)
= 𝜗, reset to Vreset

(1)

If Vm(t) reaches the threshold before circuit discharge, a delta
spike is emitted at the moment of threshold crossing t(f). Imme-
diately, the potential is reset to a new valueVreset. Here we assume
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Figure 1. a) Calculation of LIF spiking in response to multiple incoming spikes, 𝜔—synapse efficacy. The main LIF neuron functionalities from (i) to
(vi) are also depicted. Inset—LIF neuron circuit representation: x(t)—series of delta spikes from presynaptic neurons, I(t)—synapse output in a form of
decaying current Rm, Cm—resistance and capacitance associated with the neuron’s membrane. The RC circuit works as a leaky-integrator of membrane
potential Vm and drives the thresholder 𝜃. Threshold crossing leads to a firing event (spike emission). Here we assume Vreset = Vrest = 0. b) Scheme
of a polariton microcavity, its working principle, and relationship between the angle of microcavity far-field emission 𝜃 and in-plane momentum k//. c)
Scheme of non-resonant optical excitation of polaritons, represented in energy versus angle 𝜃 of emission (equivalent to k//), dashed lines—the pure
cavity photon and quantum-well exciton dispersions, solid lines—the lower polariton (LP) branch (low energy side), and upper polariton (UP) branch
(high energy side). Exemplary energies of the excitation pulse and emitted pulse are also depicted by (wavy arrows).

Vreset = Vrest = 0, where Vrest is the membrane resting potential.
This corresponds to the case when the refractorinessmechanism
is not implemented.
The described IF model instance reduces the biological neu-

ron to six fundamental functionalities: (i) defines internal state
variable representing the membrane potential, (ii) provides leaky-
integration of input spikes which contributes to the build-up
and decay of the membrane potential, (iii) sets the threshold
level of membrane potential for realization of fire or no-fire
decision, (iv) triggers the spike firing event which contributes
to consecutive spike emission into the network, (v) forces the
reset of the membrane potential. The LIF model also implies
synapse functionality., i.e., (vi) weighted-summation of incom-
ing spikes. According to this model, the sequence of LIF-like
spiking in response to multiple incoming spikes is shown in
Figure 1a.
To make the comparison between the LIF neuron and the po-

lariton cavity we assume that the neuron responds only to exci-
tatory inputs in the form of pulses, without a possibility of in-
hibitory behavior as in a biological neuron. This is needed as the
polariton cavity spiking response occurs only for the pulsed ex-
citation regime. Particularly, within the regime of pulsed non-
resonant excitation of semiconductor microcavities in the strong
light–matter coupling regime, we can derive the mechanism and

phenomena which can reproduce six main LIF functionalities.
We explain this analogy in the next sections.

2.1. Membrane Potential and Thresholding

Microcavity exciton–polaritons are bosonic quasiparticles formed
due to the strong light–matter coupling of photons confined in
optical microcavity and excitons typically confined within embed-
ded quantum wells (QW), as depicted in Figure 1b.[50] Typical
planar optical microcavities resemble a structure of an optical
resonator composed of two facing Distributed Bragg Reflectors
(DBR) separated by a sub-micron cavity (as shown in Figure 1b).
The key condition required to obtain an exciton–polariton system
is to achieve strong exciton–photon interaction by confining both
photons and excitons into a small volume for an extended time.
The former is provided by a high-quality microcavity, the latter by
embedding an active medium into the cavity, e.g., semiconductor
quantum well.
The photon–exciton interaction leads to the creation of new

eigenstates—upper and lower polaritons. Particularly, the po-
lariton dispersion relation (the relation between polariton en-
ergy and in-plane momentum) takes the form of characteristic
quasi-paraboloids and can be fully reproduced in the angular
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Figure 2. a) Characteristics of time-averaged polariton microcavity photoluminescence versus laser pulse energy. Intensity thresholding occurs due to
the transition of polaritons to a BEC (top). This is accompanied by emission line narrowing and energy blueshift at emission maximum occurring at zero
angle (bottom). The pulse energy threshold level is extrapolated (inset). The gray area marks the BEC transition region. The representative emission
spectra accompanying the transition to BEC—b) above the threshold, c) at the threshold, and d) below the threshold.

distribution of the microcavity far-field emission, as shown in
Figure 1c.[51] These states can be efficiently populated by particles
throughnon-resonant laser pumping. Photo-excited free carriers,
electrons and holes, relax through phonon scatterings, creating a
source of incoherent excitons in the form of the excitonic reservoir.
The reservoir serves as the source of excitons which may contin-
uously refill the lower polariton states of the system driving the
radiative relaxation of polaritons.
For high enough laser pumping power, scattering becomes

very effective, which leads to bosonic stimulation and generation
of a polariton BEC accompanied by rapid relaxation of polaritons
and strong microcavity emission.[39] The phenomenon is consid-
ered a non-equilibrium BEC due to the dissipative character of
the system.[52] The short lifetime of polaritons renders polariton
condensates out of equilibrium because the steady-state is a bal-
ance between losses and scattering from the excitonic reservoir.
The condensation mechanism can be directly evidenced by

the observation of non-linear characteristics of time-averagedmi-
crocavity photoluminescence and emission spectra. Importantly
the BEC transition is accompanied by characteristics that exhibit
thresholding. We routinely observe such characteristics during
experiments, as shown in Figure 2a. Below a certain pumping
power (power threshold) the response of the system can be de-
scribed by a linear relationship. At this stage, polaritons are in
a low-density regime, i.e., there are not enough polaritons in
the system to form the condensate. The emission spectra re-
veal lower polariton quasi-parabolic dispersion (Figure 2d). If
power increases above a certain level, the population of exciton–
polaritons reaches a critical level (population threshold level) for
condensation to occur (Figure 2c). A superlinear increase in the
intensity is observed due to collective and coherent light emission
from BEC (Figure 2b). This effect is accompanied by other char-
acteristic properties, narrowing of the emission line and emis-
sion blueshift (Figure 2a). Here, typically BEC transition occurs
at excitation pulse energies below 1 pJ. Due to the finite size of the

system, the transition is not sharp. The BEC transition region has
a width of≈0.3 pJ in the function of pulse energy. Some emission
from the lower polariton branch occurs regardless of whether the
BEC threshold was reached due to spontaneous processes which
is an inherent property of polariton microcavity. This emission
is weak and has a wider spectrum in comparison to condensate
emission, thus, can be minimized by spectral filtering. It is ex-
pected that this kind of modification may improve the overall
performance of the polariton microcavity-based thresholder. In
our optical LIF mechanism proposal, the phenomenon of BEC
transition under non-resonant pumping underlies the threshold-
ing mechanism (iii). The choice of this non-linear phenomenon
implies the polariton population as an analog of (i) membrane po-
tential, as the internal state variable.

2.2. Threshold-and-Fire Mechanism and Reset

Inherently, under pulsed non-resonant excitation, the BEC
threshold crossing is accompanied by pulse generation due to
stimulated polariton radiative emission. Intending to implement
the neuron firing event (iv) after threshold crossing (iii) we in-
vestigated the response of microcavity polaritons to picosecond
non-resonant pulse excitation. By high-resolution time-resolved
measurements with a streak camera, we observed the sub-ns re-
sponse of the polariton system as shown in Figure 3a.
The incoming laser pulse generates free carriers which rapidly,

i.e., in sub-ns scale, scatter to the lower energy states and cre-
ate the excitonic reservoir which serves as the source of excitons.
The reservoir lifetime is a property of the material that is used
to form microcavity quantum wells and exceeds the lifetime of
photons trapped in a microcavity. Below the BEC threshold, this
is evidenced by immediate but extended in time emission of pho-
tons initially bound to the lower polariton branch (Figures 3a
and 2d). In this regime, due to the absence of the condensate, the
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Figure 3. a) High-resolution time-resolved characteristics of emission pulses obtained with streak camera results. The energies of excitation pulses
correspond to the boundaries and the center of the BEC transition region (gray area (b)). For clarity, emissions due to lower energies are multiplied
by 20 and 5 respectively. Dashed lines mark exponential decay interpolation. b) Emission pulse intensity maxima (red) and decay times (black) versus
excitation pulse energies.

dynamics of the emission follow the density of the reservoir,
which decays with the lifetime of the order of 100 ps. The am-
plitude of response inherently depends on the excitation power
as more polaritons render an increased relaxation rate. As higher
energy laser pulses generate more polaritons the density is in-
creased and above critical value transition to BEC occurs. This
is accompanied by a narrowing of the emission line (Figure 2b),
pulse narrowing, and sharp decay due to rapid polariton relax-
ation and emission under bosonic stimulation (Figure 3b). A
delay of the condensate emission corresponds to the time re-
quired for the relaxation of free carriers through phonon scatter-
ing, reservoir formation, and exciton scattering toward the lower
polariton branch. For excitation powers further above 1.3 Eth, the
delay of emission from condensate will become shorter due to an
increased relaxation rate (stimulated scattering).[53,54] The polari-
ton decay time above the condensation threshold becomes short,
and here is on the order of 10 ps. The decaying emissions pre-
sented here reflect changes in the polariton density.
Concerning the neuron functionalities, our measurements

show that polaritonmicrocavity under a pulsed excitation regime
works as an integrating and leaky element (ii). For polariton den-
sities below the BEC threshold emits weak and slowly decaying
pulses. For polariton densities above the BEC provides a strong
and narrow pulse response. Importantly, above the BEC thresh-
old, the stimulated polariton relaxation leads to a rapid decrease
in the polariton population and significant depletion of the exci-
tonic reservoir. This corresponds to a LIF-like mechanism when
neuron stimulation below threshold renders only membrane po-
tential decay due to leaky-integration (ii) while threshold cross-
ing (iii) due to a build-up of membrane potential leads to sub-
sequent spike firing event (vi) and reset (v)—with the exception
that stimulated scattering resets the polariton density below criti-
cal density but not immediately to zero. Due to sub-ns time scales
of adapted physical phenomena, this approach provides ultrafast
processing capabilities with the energy efficiency of ≈0.6 pJ per
spike.

2.3. Leaky Integration of Consecutive Pulses and Reset

The investigation of the microcavity pulse response confirms the
resemblance of the LIF mechanism. Here, we address the evi-
dence of proper processing of consecutive spikes, especially at the
condition when spikes may collectively induce threshold cross-
ing. To confirm this correspondence with the LIF model we in-
vestigated microcavity response to consecutive laser pulses. We
also compared these results to the LIFmodel by fitting the model
parameters. Here, we assumed amore realistic Gaussian form of
spikes instead of delta functions (see Equation (6) in Experimen-
tal Section). Results are shown in Figure 4.
For reference, Figure 4a,b also shows time-resolved emission

due to excitation with each pulse separately. In comparison, the
emission due to the second pulse is stronger in the case of excita-
tion with consecutive pulses. This is because the excitonic reser-
voir generated by the first excitation is replenished by the follow-
ing one. This is possible when the interpulse interval is shorter
than the reservoir lifetime. In this case, the reservoir lifetime is
also extended. The excitons remaining from the prior excitation
contribute to the increased polariton density and a stronger sec-
ondary emission. This is analogical to the membrane potential
(i) build-up due to leaky integration (ii) of incoming spikes in the
numerical simulations of the LIF model (1), as depicted in Fig-
ure 4c. Importantly, in the experiment, we used laser pulses with
different energies to realize excitation with weighted pulses. This
is equivalent to feeding the LIF neuron through synapses with
different efficacies. The result confirms that our optical analog of
the LIF mechanism is capable of processing weighted spikes and
different temporal coding schemes.
When consecutive pulses collectively induce a build-up of po-

lariton density, it may reach the BEC threshold level as in Fig-
ure 4b. The transition leads to a stronger secondary emission
with a shorter lifetime, a faster decrease of the polariton popula-
tion, and faster reservoir depletion. This results in the emission
of a well-defined, sharp output spike, and confirms the analogy to
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Figure 4. Top—polariton microcavity response to excitation with two consecutive laser pulses. a) Pulses do not induce BEC. b) Pulses collectively induce
BEC and strong pulse emission, single pulses are multiplied by a factor of 20 for clarity. Bottom—simulated polariton population build-up, calculated
using the LIF model (1). c) The case analogous to the LIF membrane potential build-up below the threshold. d) The case analogous to LIF threshold-
and-fire mechanism with reset, single pulses are multiplied by a factor of 20 for clarity.

the threshold-and-firemechanism (iii, iv) induced by consecutive
spikes stimulating the LIF neuron, as depicted in Figure 4d. The
fast reservoir depletion occurs also after excitation with consec-
utive pulses confirming that resetting mechanism (v) is present
here.

2.4. Analogy to Polariton Rate Equations

We describe the relation of the LIF model (1) to the coupled rate
equations for the density of the condensate and the reservoir that
are commonly used to model exciton–polariton systems. In the
simplest form, the rate equations read

dnC (t)

dt
= RnRnC − 𝛾CnC (2)

dnR (t)

dt
= P (t) − RnRnC − 𝛾RnR (3)

where nC(t) and nR(t) are the polariton condensate density and
the reservoir density, R is the stimulated scattering rate, 𝛾C and
𝛾R are the condensate decay rate and the reservoir decay rate, and
P(t) is the external pumping rate. In some cases, a more precise
description may be given by a set of equations that includes an
“inactive” reservoir density nI(t), where the pumping term P(t) is
replaced by 𝜅nI

2 and

dnI (t)

dt
= P′ (t) − 𝜅nI

2 − 𝛾InI (4)

with 𝜅 being the scattering rate to the “active” reservoir nR(t) and
𝛾I the inactive reservoir decay rate.

To explain the analogy between the phenomena resulting from
the rate equationmodel and the LIFmodel, it is necessary to look
at the first part of the LIF Equation (1) as an analog of the rate
equation for the reservoir density nR(t). In this sense, the term
that includes the postsynaptic current RmI(t) corresponds to the
external pumping P(t) or 𝜅nI

2 and the leaky integrator time con-
stant 𝜏m corresponds to the inverse of the reservoir decay rate
𝛾−1R . The rate equation for the condensed part does not have a
direct analog in the model given by Equation (1). But, its role
is to provide the firing mechanism similar to the second part of
Equation (1), which is associated with the rapid reduction of the
reservoir density after crossing the condensation threshold. The
desirable spiking effect occurs through RnRnC term which, dur-
ing the condensation, strongly increases for a short time. In this
sense also, the voltage threshold ϑ corresponds to the threshold
reservoir density at which condensation occurs.
From this perspective, the correspondence between the LIF

model (1) and the rate equations of the polariton condensate
is not exact. In the LIF model, the role of the condensed part
is reduced to providing the firing mechanism, which is repre-
sented by a simple, immediate reduction of the potential. This is
of course not the case in a polariton system, where the condensa-
tion lifetime is of the order of picoseconds. Therefore, the analogy
is valid only when both the condensate lifetime and the timescale
of the stimulated scattering are much shorter than the reservoir
lifetime. Only in this case the replacement of the rate equation
for the condensate density by an immediate reset is justified.
Despite the differences, in this work, we show that the two

models share the same set of properties that allow us to ob-
serve six fundamental functionalities of the LIF neuron. Figure 5
shows examples of the evolution of the system for two different

Laser Photonics Rev. 2023, 17, 2100660 2100660 (6 of 10) © 2022 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 5. a) Dependence of the delayΔt between the peak of the pumping pulse P(t) and the peak of the condensate emission nC(t) on the peak pumping
power P. b) Evolution of condensate density nC(t) and the inactive reservoir density for the two pumping powers marked in (a). c) The corresponding
evolution of the active reservoir density nR(t). Parameters: 𝛾C = 1∕12 (1/ps), 𝛾R = 1∕200 (1/ps), 𝛾I = 1∕1000 (1/ps), R = 6 × 10−4, 𝜅 = 5 × 10−2,
P0 is the scaling parameter equal to 445 𝛾C 𝛾R∕R.

values of the pumping power. In the case of high power, the con-
densation occurs faster and the slope of the condensate density
is much steeper than in the low pumping case. The high power
case more closely resembles the evolution of the LIF system that
assumes an immediate reset of the potential.

3. Conclusions

Our experimental results confirm that in the regime of pulsed
non-resonant excitation of exciton–polaritons, the semiconduc-
tor microcavities reproduce the most fundamental spiking neu-
ron functionalities imposed by the LIF model. By combining the
effects of (i) potential-like build-up and (ii) leaky-integration due
to generation of the excitonic reservoir and polariton accumula-
tion, (iii) thresholding due to BEC, (vi) subsequent pulse emis-
sion due to rapid relaxation of the BEC, and (v) resetting due
to reservoir depletion, it is possible to develop an optical analog
of LIF neuron capable of processing asynchronous spikes rep-
resented by picosecond laser pulses. Importantly, due to sub-ns
times scales of adapted physical phenomena, our approach pro-
vides means for ultrafast processing capabilities with a very low
single spiking operation cost at the level below 1 pJ per spike in
comparison to LIF electronic realizations operating at megahertz
regimes with tens of pJ per spike.[55] This cost corresponds to the
single laser pulse energy required to induce polariton conden-
sation and spike emission. It does not include the wall-plug effi-
ciency of the laser and the cost of cryocooling. Considering recent
demonstrations of room-temperature polariton condensation in
microcavities with emitters that do not belong to II–VI or III–V
semiconductor compounds (e.g., perovskites[56,57] or transition-
metal dichalcogenides[58]) the cryocooling cost can be eliminated
by switching to this materials. Furthermore, the cost of laser sup-
ply becomes negligible if we consider the high-frequency opera-
tion of multiple neurons.[48]

The LIF model as a mathematical concept does not have to
cope with network connectivity as it is implemented at the level

of the algorithm. In hardware realization, however, networkabil-
ity is a key factor and based only on the proposed concept it is
a non-trivial task to provide it. Meeting the qualitative scalability
criteria required by any complex system of nodes capable of com-
puting (e.g., cascadability, logic-level restoration, fan-in) is amore
general problem of many photonic computing realizations.[59]

Considering SNN based on the standard network feedforward
architecture as known from classical ANNs, i.e., based on neu-
ral layers, as in ref. [36], two features determine networkabil-
ity. First is a weighted-summation functionality. In Section 2.3
we showed that our LIF optical analog is capable of processing
weighted spikes. The problem of implementing optical weights
can be solved using various methods like Spatial Light Modu-
lators (SLM), as shown in several works.[60–62] The second as-
pect, namely interconnectivity, is more demanding due to input–
output mismatch intrinsic to the proposed concept (different fre-
quencies, intensities, and temporal profiles of microcavity input
and output pulses).
The promising approach to neuron connectivity under non-

resonant excitation is based on a concept of polariton condensate
lattices where neighboring condensates communicate dynami-
cally across the microcavity plane. We propose that condensates
are created in a spiking manner by non-resonant pumping and
the interconnectivity of a hidden layer of a network is realized
spatially, across themicrocavity, as a planar lattice. Interactions in
condensate lattices have been thoroughly examined in refs. [63]
and [64]. The interconnectivity between condensation sites may
arise due to a substantial increase in the condensate population
when it propagates through another nonresonantly excited area.
This kind of amplification under picosecond non-resonant excita-
tion was already demonstrated for 1D condensates.[65] A similar
approach was also proposed in ref. [43] to achieve interconnectiv-
ity between polariton transistors.
Another possible approach to provide networkability, in partic-

ular, cascadability of spiking neurons based on polariton micro-
cavities is based on the use of pump-control configuration where

Laser Photonics Rev. 2023, 17, 2100660 2100660 (7 of 10) © 2022 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH

 18638899, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.202100660 by Institute of Physics PA

N
, W

iley O
nline L

ibrary on [25/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

the pump beam provides gain and control input beam is com-
patible with the output beam, as in refs. [43, 66, 67]. This ap-
proach may limit the leaky-integration functionality as the con-
trol is done resonantly, although this has not been investigated.
The third approach used also in ref. [68] permits electro-optical

(E-O) conversion. Here, we propose that microcavity simply real-
izes an array of ultrafast LIF neurons in order to trigger an array
of detectors. The firing event may be further processed electri-
cally. Such a hybrid approach is implemented in recent success-
ful state-of-the-art demonstrations of ANN accelerators.[69–71]

The proposed analog of the LIF mechanism has limitations
and does not reproduce all functionalities available in the LIF
model, nevertheless provides unique behavior in comparison to
what has been presented up to now. We believe that by taking
advantage of a rich repertoire of remarkable phenomena exist-
ing in polariton systems further analogies to more advanced
neuron functionalities may be demonstrated. For example, fea-
tures equivalent to biological neuron excitability and refractory
period may be enabled based on oscillatory dynamics of polari-
tons which here we have not observed.[41,72] This promise is even
more intriguing considering that the polaritonic platform poten-
tially provides means for ultrafast end energy efficient spike pro-
cessing which copes with aspirations of the neuromorphic engi-
neering field.

4. Experimental Section
Sample: The sample used is a semiconductor heterostructure

with two distributed Bragg reflectors with 16 and 19 alternating
(Cd,Zn,Mg)Te/(Cd,Mg)Te layers separated by 600 nm thick (Cd,Zn,Mg)Te
layer. The microcavity has a quality factor of 300 and contains three pairs
of quantum wells of 20 nm with a small concentration (about 0.5%) of
manganese ions each. The structure was grown on a (100)-oriented GaAs
substrate by molecular beam epitaxy. The detailed scheme of the structure
is included in Figure S1 (Supporting Information).

Experimental Setup: The experimental setup is depicted in Figure S2
(Supporting Information). The sample was placed in a chamber of a confo-
cal microscope and cooled down to 4.2 K with liquid helium. A picosecond
Ti:sapphire laser with 76 MHz repetition rate to create ≈3 ps laser pulses
of 𝜎+ polarized light at the energy Eexc = 1.724 eV (𝜆exc = 719 nm). First, to
generate two consecutive pulses the pulsed laser beam was split in two.
One of the beams was delayed with a free-space tunable delay line. The
power of each pulse was tuned with variable neutral-density filters. The po-
larization was controlled with a set of waveplates. Later, two pulses were
combined with a beam splitter. This pulsed beamwas focused on the sam-
ple by objective with a high numerical aperture (of 0.68). The non-resonant
excitation induced pulsed microcavity emission due to polariton genera-
tion. The emission was collected with the same objective. The detection
optical setup consisted of a spectrometer, CCD camera, power meter, and
streak camera. The emission could be resolved in real space or reciprocal
space.

LIF Simulation: The numerical simulation procedure follows the LIF
model described in detail in ref. [49]. The model describes stimulation by
synaptic currents generated by a synapse in response to presynaptic delta
spikes. This response is described by 𝛼-function and takes the form of:

𝛼 (s) =
q
𝜏s
exp

(
− s
𝜏s

)
Θ (s) (5)

where q is the total charge injected via the synapse, and Θ(s) is the Heavi-
side step function. Equations (1) and (5) were used to fit the LIF response
to the experimental results. Instead of representing spikes as 𝛿-functions

Gaussian pulses were used according to Equation (6) to simulate light

pulses typical for experiments. The t(f)j describes the moment of incom-

ing of fth spike from jth presynaptic neuron.

G (t) = a exp

⎛⎜⎜⎜⎝
−

(
t − t(f )j

)2
c2

⎞⎟⎟⎟⎠
(6)

Performance and Optimization: During the experiments, the perfor-
mance of the polariton LIF mechanism was thoroughly investigated. By
observing two peaks of microcavity emission arising in response to excita-
tion with two consecutive pulses, characteristics showing how threshold-
and-fire event depends on different configurations of delay and energies
of excitation pulses were obtained. Cavity emission for different places on
the sample to find the lowest possible threshold level was also investi-
gated. For exemplary measurement results and further discussion on per-
formance and optimization see Section S3 (Supporting Information).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
K.T. acknowledges support from National Science Center, Poland (Grant
No. 2020/04/X/ST7/01379). M.M. and B.P. acknowledge support from
National Science Center, Poland (Grant No. 2020/37/B/ST3/01657). R.M.
acknowledges support from National Science Center, Poland (Grant No.
2019/33/N/ST3/02019). A.O. acknowledges support from National Sci-
ence Center, Poland (Grant No. 2020/36/T/ST3/00417). This work was fi-
nancially supported by the European Union’s Horizon 2020 research and
innovation programme under Grant Agreement No. 964770 (TopoLight).

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
exciton–polaritons, leaky integrate-and-fire, microcavities, neuromorphic
photonics, semiconductors, spiking neural networks, spiking neurons

Received: November 19, 2021
Revised: August 23, 2022

Published online: September 30, 2022

[1] G. Indiveri, T. K. Horiuchi, Front. Neurosci. 2011, 5, 118.
[2] W. Maass, C. M. Bishop, Pulsed Neural Networks, MIT Press, Cam-

bridge, MA, 1999.
[3] W. Maass, Neural Networks 1997, 10, 1659.

Laser Photonics Rev. 2023, 17, 2100660 2100660 (8 of 10) © 2022 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH

 18638899, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.202100660 by Institute of Physics PA

N
, W

iley O
nline L

ibrary on [25/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

[4] P. R. Prucnal, B. J. Shastri, M. C. Teich, Neuromorphic Photonics, CRC
Press, Boca Raton, 2017.

[5] F. Akopyan, J. Sawada, A. Cassidy, R. Alvarez-Icaza, J. Arthur, P.
Merolla, N. Imam, Y. Nakamura, P. Datta, G.-J. Nam, B. Taba, M.
Beakes, B. Brezzo, J. B. Kuang, R. Manohar, W. P. Risk, B. Jackson, D.
S. Modha, IEEE Trans. Comput.-Aided Des. Integr. Circuits Syst. 2015,
34, 1537.

[6] S. Furber, A. Brown, in 2009 Ninth Int. Conf. Appl. Concurrency to Sys-
tem Design, 2009, p. 3.

[7] S. Scholze, S. Schiefer, J. Partzsch, S. Hartmann, C.Mayr, S. Höppner,
H. Eisenreich, S. Henker, B. Vogginger, R. Schüffny, Front. Neurosci.
2011, 5, 117.

[8] D. A. B. Miller, Proc. IEEE 2000, 88, 728.
[9] J. Hasler, H. Marr, Front. Neurosci. 2013, 7, 118.
[10] A. R. Young, M. E. Dean, J. S. Plank, G. S. Rose, IEEE Access 2019, 7,

135606.
[11] B. J. Shastri, A. N. Tait, T. F. de Lima, M. A. Nahmias, H.-T. Peng, P.

R. Prucnal, in Encyclopedia of Complexity and Systems Science (Ed: A.
Adamatzky) Springer, New York, NY 2018, p. 83.

[12] P. R. Prucnal, B. J. Shastri, T. Ferreira, D. Lima, M. A. Nahmias, A. N.
Tait, Adv. Opt. Photonics 2016, 8, 228.

[13] T. F. de Lima, B. J. Shastri, A. N. Tait, M. A. Nahmias, P. R. Prucnal,
Nanophotonics 2017, 6, 577.

[14] K. Roy, A. Jaiswal, P. Panda, Nature 2019, 575, 607.
[15] A. S. Cassidy, P. Merolla, J. V. Arthur, S. K. Esser, B. Jackson, R.

Alvarez-Icaza, P. Datta, J. Sawada, T. M. Wong, V. Feldman, A. Amir,
D. B.-D. Rubin, F. Akopyan, E. McQuinn, W. P. Risk, D. S. Modha, in
The 2013 International Joint Conference on Neural Networks (IJCNN),
IEEE, Dallas, TX, USA, 2013, pp. 1–10.

[16] K. A. Boahen, IEEE Trans. Circuits Syst. II: Analog Digit. Signal Process,
vol. 47, IEEE Computer Society, Augsburg, Germany 2000, p. 416.

[17] P. Livi, G. Indiveri, in 2009 IEEE Int. Symp. Circuits and Systems, IEEE,
Taipei, Taiwan 2009, p. 2898.

[18] A. N. Burkitt, Biol. Cybern. 2006, 95, 97.
[19] S. G. Wysoski, L. Benuskova, N. Kasabov, Neurocomputing 2008, 71,

2563.
[20] T. Masquelier, S. J. Thorpe, PLoS Comput. Biol. 2007, 3, e31.
[21] H. Paugam-Moisy, S. Bohte, inHandbook of Natural Computing, (Eds:

G. Rozenberg, T. Bäck, J. N. Kok), Springer, Berlin, Heidelberg, 2012,
p. 335.

[22] A. V. Grigor’yants, I. N. Dyuzhikov, Quantum Electron. 1994, 24, 469.
[23] H. J. Wünsche, O. Brox, M. Radziunas, F. Henneberger, Phys. Rev.

Lett. 2001, 88, 023901.
[24] B. Krauskopf, K. Schneider, J. Sieber, S. Wieczorek, M. Wolfrum,Opt.

Commun. 2003, 215, 367.
[25] E. M. Izhikevich, Dynamical Systems in Neuroscience: The Geometry of

Excitability and Bursting, MIT, Cambridge, MA, 2007.
[26] D. Rosenbluth, K. Kravtsov,M. P. Fok, P. R. Prucnal,Opt. Express 2009,

17, 22767.
[27] K. Kravtsov,M. P. Fok, D. Rosenbluth, P. R. Prucnal,Opt. Express 2011,

19, 2133.
[28] W. Coomans, L. Gelens, S. Beri, J. Danckaert, G. Van der Sande, Phys.

Rev. E 2011, 84, 036209.
[29] A. Hurtado, K. Schires, I. D. Henning, M. J. Adams, Appl. Phys. Lett.

2012, 100, 103703.
[30] S. Barbay, R. Kuszelewicz, A. M. Yacomotti,Opt. Lett. 2011, 36, 4476.
[31] F. Selmi, R. Braive, G. Beaudoin, I. Sagnes, R. Kuszelewicz, T. Erneux,

S. Barbay, Phys. Rev. E 2016, 94, 042219.
[32] F. Selmi, R. Braive, G. Beaudoin, I. Sagnes, R. Kuszelewicz, S. Barbay,

Phys. Rev. Lett. 2014, 112, 183902.
[33] A. Hurtado, J. Javaloyes, Appl. Phys. Lett. 2015, 107, 241103.
[34] V. A. Pammi, K. Alfaro-Bittner, M. Clerc, S. Barbay, IEEE J. Sel. Top.

Quantum Electron. 2020, 26, 1500307.
[35] J. Robertson,M.Hejda, J. Bueno, A. Hurtado, Sci. Rep. 2020, 10, 6098.

[36] J. Feldmann, N. Youngblood, C. D. Wright, H. Bhaskaran, W. H. P.
Pernice, Nature 2019, 569, 208.

[37] I. Carusotto, C. Ciuti, Rev. Mod. Phys. 2013, 85, 299.
[38] A. Kavokin, G. Malpuech, Cavity Polaritons, Vol. 1., Elsevier, Acad.

Press, Amsterdam, 2003.
[39] J. Kasprzak, M. Richard, S. Kundermann, A. Baas, P. Jeambrun, J. M.

J. Keeling, F. M. Marchetti, M. H. Szymańska, R. André, J. L. Staehli,
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Appl. 2021, 16, 024045.

[49] W. Gerstner, W. M. Kistler, Spiking Neuron Models: Single Neu-
rons, Populations, Plasticity, Cambridge University Press, Cambridge,
2002.

[50] A. Kavokin, Microcavities, 2nd ed., Oxford University Press, Oxford,
New York, NY, 2017.

[51] R. Houdré, C. Weisbuch, R. P. Stanley, U. Oesterle, P. Pellandini, M.
Ilegems, Phys. Rev. Lett. 1994, 73, 2043.
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