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ABSTRACT

Simple and direct prototyping methods are ideal for large-scale delivery of cognitive photonic hardware. Here, we choose ultrafast laser writ-
ing as a direct fabrication technique to later demonstrate all-optical synaptic-like performance along the laser-written waveguides in a chalco-
genide glass. Neuronal communication protocols, such as excitatory and inhibitory responses, temporal summations, and spike-timing-
dependent plasticity, are shown in the glass chip. This work manifests the potential for large-scale delivery of fully integrated photonic chips
based on cognitive principles by single-step fabrication procedures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0055067

The inefficiency of conventional electronic computers to solve
large combinatorial problems has prompted the incessant search for
novel computational hardware.1,2 Alternative designs to von
Neumann architectures offering memory and computation in a co-
localized single unit, like in the human brain, could offer more energy-
efficient platforms.1–3 A first step toward solving this issue is finding
suitable materials that can emulate synaptic functions as a response to
an external stimulus, as it takes place in biological nervous systems.

Inspired by such systems, state-of-the-art neuromorphic hard-
ware is mostly based on resistive switching memories4–7 and transis-
tors.8–12 Notwithstanding the progress in pure synaptic electronics, the
implementation of light waves in neural networks can overcome the
limitations of electronics by offering potential benefits related to ultra-
fast processing speeds, large bandwidths, and improved connectivity
between computing modules.13 To develop purely photonic artificial
neural networks, a set of key components capable of offering efficient

interconnections (biological axons and dendrites), summations and
thresholding (soma), weighting (synapse), and memory are essential.
Also, artificial neuromorphic networks should offer a massively parallel
and compact three-dimensional architecture that mimics the large num-
ber of neurons and synapses in the brain. The interconnection, parallel-
ism, and compactness requisites can be achieved through the use of
waveguide platforms, whereas summations, thresholding, weighting,
and memory can be performed via light sources combined with materi-
als capable of offering plasticity under certain optical conditions.

Purely photonic implementations of neuromorphic hardware
have been demonstrated, including optical synapses traveling along
chalcogenide fibers and waveguides,14,15 silicon photonics based on
microring resonators for network reconfiguration16,17 or photonic par-
allel networks for the solution of combinatorial problems.18–20 Also,
optimization algorithms for an efficient utilization of such photonic
hardware have been developed.21 However, all the neuromorphic
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hardware developed until now depends on manufacturing methods
that require a tedious amount of processing steps, making the fabrica-
tion procedure time consuming. Direct and single-step prototyping
techniques need to be employed for an efficient large-scale delivery of
neuromorphic hardware, additionally providing portability and easy
coupling mechanisms to other optical circuitry.

Here, we propose the use of femtosecond laser writing22,23 as a
direct prototyping technique to fabricate waveguides that can work as
all-optical neuromorphic units. The spiking activity (action potentials)
underlying in biological nervous systems is emulated in the wave-
guides by inducing a transient photodarkening at the waveguide’s
input facet upon illumination with photon energies near the bandgap
of the hosting chalcogenide glass.33 The control of the input light
parameters from the optical source responsible for photodarkening
allows for several intra- and inter-neuronal communication protocols
at the photonic waveguides.

In this work, the gallium lanthanum sulfide (GLS) glass has been
selected as the hosting platform for laser inscription of the optical
waveguides. The GLS substrates used were rectangular slabs with
dimensions of (10� 10� 1) mm3. Details about the synthesis of the
GLS substrates are available in the previous literature.24

The ultrafast laser writing technique is based on laser-induced
optical breakdown, entailing nonlinear absorption of the ultrashort
laser pulses via a rapid electron ionization, which is confined within
the focal volume, and followed by an energy transfer to the material’s
lattice. The footprint left in the laser-irradiated volume consists of
thermally induced defects and material densification/ablation, which,
in turn, give rise to refractive index changes.23

The micromachining system illustrated in Fig. 1(a) has been
employed for waveguide inscriptions. The workstation consists of a fem-
tosecond Yb:KGW (potassium gadolinium tungstate) oscillator (Pharos,
Light Conversion) emitting at a 1030nm wavelength, whose optical out-
put is regeneratively amplified. The emitted pulses have a fixed pulse
duration of 230 fs, and for the purpose of this work, the equipment has
been configured to deliver pulses at a 500kHz repetition rate.

The power control of the laser beam is provided by an attenuator
composed of a half wave plate (HWP) and a linear polarizer (LP). The
rotation of the HWP allows for the selection of the power ratio

between p-polarized and s-polarized beams. The rotation of a second
HWP allows for the selection of the desired laser writing polarization.
The beam is then steered at a dichroic mirror presenting a high reflec-
tivity at a narrow wavelength band around the laser emission, sending
the beam to the substrate after passing through a 0.42NA, 50�
infinity-corrected microscope objective lens.

The sample stage offers displacement along three axes with a res-
olution of�1nm. To ease the alignment of the laser spot onto the sub-
strates, a charged-couple device is placed behind the dichroic mirror,
collecting the backreflection of the focused laser beam at the substrate’s
top surface and providing a tracing of the waveguide writing in real
time. The integration of all the components in the workstation is inter-
faced by a computer-controlled software. Thus, the technique offers a
rapid way of manufacturing devices by modifying the algorithm that
controls the movement of the translational stage.

During waveguide fabrications, a multiscan inscription modality
has been adopted to reduce the effects of spherical aberration and self-
focusing of light. The multiscan modality is shown in Fig. 1(b) and
consists of several single laser scans at low pulse energies overlapping
transversally to the overall waveguide writing direction. A reasonable
balance between pulse energy and translation speed led to optimal
waveguides at 70 nJ and at 5mm/s, while 18 scans per line with a sepa-
ration distance of 0.3lm allowed for the best compromise between
coupling and propagation losses. Waveguide inscriptions have been
performed at a laser polarization perpendicular to the scan direction
[Fig. 1(b)] and at a depth of 150lm below the sample surface.

Following the laser fabrication of the waveguides, white-light
optical microscopy in the transmission mode has been employed to
observe the guiding structures formed within the bulk of the sub-
strates. Figure 1(c) shows a type I waveguiding structure with a uni-
form overhead shape and a well-defined central area, indicating a
positive refractive index contrast with respect to the bulk. The cross
section of the corresponding waveguide is shown in Fig. 1(c), revealing
an optimummode confinement due to its rectangular shape, typical of
waveguides resulting from the multiscan writing modality.

From a fiber butt-coupled characterization, the resulting wave-
guides present nearly Gaussian single mode guiding at a 800nm wave-
length with mode field diameters (MFDs) of 7.56 0.5lm [Fig. 1(e)].

FIG. 1. (a) Laser micromachining station (HWP: half-wave plate, LP: linear polarizer, DM: dichroic mirror). (b) Multiscan laser inscription. (c)–(e) Waveguide characterization:
overhead microscope image of the fabricated waveguide (c), waveguide cross section (d), waveguide guided single mode at 800 nm (e). Scale bars in (c) and (d) indicate
10 lm, while the scale bar in (e) represents 5lm.
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The fabricated waveguides have insertion losses of 2.0 dB, coupling
losses of 0.7 dB/facet, and propagation losses of 0.1 dB/cm. Further
information about the characterization of the waveguides is detailed in
the previous work.24

To emulate the function of the biological synapse, two
continuous-wave laser sources are externally modulated by two func-
tion generators and collinearly launched into the GLS waveguide
[Fig. 2(a)]. Simultaneously, the monitoring of the laser beams is col-
lected by the Fresnel reflection of two glass slides into two photodetec-
tors interfaced with an oscilloscope. One of the laser beams carries
photon energies below the optical gap of the pristine GLS glass (k
¼ 800nm), whereas the second beam carries photon energies above
the optical gap of the glass substrate (k ¼ 532nm). The light source
operating at k ¼ 532nm is used to illuminate the waveguide’s input
port to induce photodarkening at the exposure point, mimicking the
action of an external stimulus or a pre-spike signal in a biological neu-
ron. On the other hand, the light at k ¼ 800nm lies within the trans-
parency wavelength range of the glass and is guided through the
waveguide, delivering the post-spike function [Fig. 2(b)]. The guided

light is collected at the waveguide’s output and directed to a photode-
tector, which is connected to an oscilloscope to monitor the temporal
evolution of the optical transmission along the waveguide.

The photodarkening characteristics of the laser inscribed wave-
guides are tested under a pulsed illumination with the 532-nm laser,
while the light at k ¼ 800nm is coupled to the waveguide [Fig. 3(a)].
Maximum optical transmission along the waveguide is achieved in the
absence of any pre-synaptic pulse, whereas a transmission attenuation
immediately occurs upon illumination with the pre-synaptic beam,
recovering to its initial value after removal of the 532-nm light. The
transmission attenuation of the post-synaptic 800-nm laser beam upon
illumination of the waveguide with the pre-synaptic 532-nm laser comes
from a contribution of transient photodarkening. Here, transient photo-
darkening can be understood as a reversible generation of absorbing
color centers25,32 taking place at the waveguide’s input facet and it can
be modulated upon a sequence of illumination cycles. Moreover, the
illumination of the waveguide under different optical powers results in
varying transmission attenuation levels, being an indication of the syn-
aptic plasticity of the waveguide [Fig. 3(a)]. A maximum change in

FIG. 2. (a) Experimental setup used to mimic the photonic synapse in the waveguide (PD: photodetector, BS: beam splitter). (b) Analogy between the biological and the pho-
tonic synapse. Here, the waveguide allows the generation of action potentials (spikes) at the exposure point where both laser beams meet each other (photonic synapse) and
traveling all along the waveguide (photonic axon).

FIG. 3. (a) Transmission attenuation of the waveguide upon power modulation of the pre-synaptic beam. (b) EPSPs (upper panel) and IPSPs (lower panel) generated and
transmitted along the waveguide (dashed black line: “resting potential,” D: depolarization, R: repolarization). The EPSPs (IPSPs) are obtained from a power modulation of the
pre-synaptic beam between the resting (inhibitory), 10 mW (25 mW), and the excitatory, 0 mW, potentials, for a duty cycle of 70% (30%) and a modulation frequency of 13 Hz.
(c) Temporal summation (in red) of three individual input pulses (indicated by vertical gray dashed lines) generated in the waveguide upon power modulation of the pre-
synaptic laser at �35 mW. The inset shows the input signal corresponding to the pre-synaptic laser beam (in green).
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transmission of 4.5% is observed along the waveguide under illumina-
tion of pre-spike pulses carrying optical powers above �50 mW, which
is attributed to a saturation of the photoinduced changes. Larger attenu-
ation in waveguide transmission might be achieved using light sources
emitting near the ultraviolet spectral range (see the absorption spectrum
of the pristine GLS glass in Fig. S1).

In biological systems, the transmission of information takes place
in the form of action potentials, which are electrical signals originated
from a change in voltage across the plasma membrane of any neuron.
The action potentials propagate from the neuron’s body to the axon
terminal due to the allocation of voltage-gated ion channels along the
axon, passing then across a synaptic junction and to a next neuron in
the communication line. In the synaptic junction, a pre-synaptic neu-
ron induces changes in the membrane potential of a post-synaptic
neuron through the release of the electrical action potential in the
form of chemical neurotransmitters.26

Typically, in the mammalian’s nervous system, there are two
types of action potentials: excitatory and inhibitory. The implementa-
tion of this bipolar mechanism depends on an increase (depolariza-
tion) or a decrease (repolarization) in the membrane voltage of the
post-synaptic cell, which typically remains in a resting potential in the
absence of any external stimulus.

Excitatory and inhibitory spiking activities, typical of biological
neuronal systems, are mimicked in the photonic waveguide. Applying
a power modulation of the pre-synaptic pulses at specific modulation
rates allows to adjust the synaptic plasticity of the waveguide, giving
rise to different excitatory and inhibitory post-synaptic potentials
(EPSP and IPSP, respectively) [Fig. 3(b)]. These excitatory and inhibi-
tory types of responses are representative features of short-term plas-
ticity in neuroscience.27 The duration of individual EPSPs and IPSPs
generated in the waveguides is about 15 and 20ms, respectively. These
pulse durations are on the same order of magnitude as action poten-
tials generated in animal’s nervous cells where two main types of
responses, caused through calcium and sodium ion channels, present
duration times of 1 and 100ms, respectively.28 Considering a pre-
synaptic firing rate of 13Hz at a maximum power of 25 mW
[Fig. 3(b)], the energy consumed by the artificial neuron for each fire-
and-recovery cycle is�1.9 J.

In addition to the generation of individual EPSPs and IPSPs, the
integration in time of nonsimultaneous input unitary events plays an
important role in biological neuronal networks for information trans-
formation and processing. This biological feature, known as temporal
summation, takes place when a target neuron receives repetitive inputs
from a single axon terminal at short intervals, causing the inputs to
summate temporarily.28,29

The waveguides reproduce temporal summations in a similar
way as it happens in biological neurons. When a burst of pre-synaptic
optical pulses carrying enough power is sent to the waveguide’s input
port, temporal summations of the individual pulses are generated and
transmitted along the waveguide. In this case, the modulation of the
pre-spike beam is applied between two power levels as in the case of
generating EPSPs and IPSPs but at a larger photon flux (>25 mW).

The photonic temporal summation is illustrated in Fig. 3(c),
where three input action potentials produce three EPSPs, but the
second and third EPSPs are generated during the falling phase (repo-
larization) of the first and second EPSPs, respectively. Consequently,
the individual spikes are integrated in time. This added optical

transmission between successive post-spikes is analogous to the tempo-
rarily stored charge in the capacitance of post-synaptic biological mem-
branes, which enables the addition of charge of a second EPSP to the
charge of the first EPSPs, thus allowing for temporal summations.30

During information processing across the biological nervous sys-
tem, the synaptic junctions connecting neurons are constantly
strengthened (potentiated) and weakened (depressed). This ability of
the brain to tune and undo neural connections is known as plasticity,
and it controls how effectively pre-synaptic and post-synaptic neurons
communicate with each other.31 In this context, time plays an impor-
tant role for neuron firing since the connection strength or synaptic
weight depends on the relative timing between a pre-spike and a
post-spike. Specifically, if a pre-spike occurs immediately before a
post-spike, the change in the synaptic weight is strong, whereas if a
pre-spike happens immediately after a post-spike the change in synap-
tic weight is weak. This principle is a form of Hebbian learning and is
known as spike-timing-dependent plasticity (STDP) in biological neu-
ral networks.31

To mimic the STDP principles, the pre-synaptic beam is sent to
the waveguide in the form of a burst of pulses oscillating between two
power levels, following the same modulation cycles used previously to
form EPSPs and IPSPs. This constant modulation mimics the
strengthening and weakening cycles at the photonic synapse in terms
of waveguide transmission [Fig. 4(a)]. While the photodarkening level
keeps oscillating, the post-synaptic beam is launched into the wave-
guide, probing the level of photodarkening induced at the junction
and simultaneously acting as a gate function for the pre-spike. The
opening and closing of the post-spike can be applied anywhere in this
constant cycle.

Various forms of STDP are collected in Fig. 4(b) at different
pre- and post-synaptic relative timings Dt. The arrival time of the
post-spike relative to the pre-spike at the photonic synaptic junction
(Dt ¼ tpost � tpre) contributes to a change in waveguide transmission,
going through potentiation and depression cycles. The relative
change in waveguide transmission represents the changes in the neu-
ral connection strength (synaptic weight change) between pre-
synaptic and post-synaptic beams. As in biological systems, the closer
a pre-spike is to a post-spike (Dt ¼ 0), the larger is the change in the
synaptic weight. Conversely, the further a pre-spike is to a post-spike
(jDtj � 0), the smaller the change induced in the synaptic weight.
Moreover, when the pre-spike beam precedes the post-spike beam,
the synaptic weight depresses due to induced photodarkening,
whereas when the post-spike precedes the pre-spike beam, the synap-
tic weight potentiates.

In summary, we have implemented a purely photonic axon in a
compact waveguide platform via a single-step fabrication method.
Through the application of external stimuli in the way of a modulation
of light pulses, we have demonstrated a series of intra- and inter-
neuronal communication protocols present in biological neural net-
works. This work contributes as a toolbox for emerging ultrafast and
ultrabroad band photonic neuromorphic hardware with a fundamen-
tal building block realized in a single-step fabrication procedure, offer-
ing robustness and easy coupling mechanisms to other optical
computing circuitry. Based on this proof-of-concept, future large-scale
architectures can exploit the three-dimensional patterning and the
parallel processing provided by the ultrafast laser inscription tech-
nique, where the effect of multiple interconnected waveguides could
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play an important role in the connection strength of the photonic
network.

See the supplementary material for a detailed description of the
waveguide characterization losses.
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