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From mechanical to neuromorphic computing platforms

From bio-synapses to artificial ones
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The progress in the computational capabilities closely follows the

development of hardware technologies. Now we are living in the

era of integrated circuits. However, they are reaching their limit in

processing power and energy efficiency.

Neuromorphic
Computing

5% of overall energy production
in US and Japan are spent
on data centre operation

One of the emerging technologies which can be the next step in

information processing is neuromorphic computing, implementing the

principles of operation present in the biological neural networks,

particularly brain. As follows from the table, its enormous potential in

terms of communication, computation and memory is illustrated by

the capabilities of the BlueGene/P supercomputer is only equal to

that of a cat, being vastly outperformed by a human brain.

The reason for this lies in the fundamental

principles of the platforms. In the traditional

computational von Neumann architecture

information processing units and the memory are

separated, leading to a massive data traffic

between them causing both time and energy

penalties. Oppositely, in the neuro-biological

systems data processing and storage happen at the

same place – a synapse.

In bio-neural networks the signals are transferred along neurons in a form of electric spikes. However, transmission of signal between neurons usually happens chemically across a specialised

connection called a synapse. Receiving an electric spike, the output filament on one neuron (axon) releases a special chemical molecules called neurotransmitters which travel across the

synaptic gap exciting the receptors in the input filament of another neuron (dendrite), which convert the signal back to electrical. Thus, the synaptic gap acts as a logical element conditioning

the signal transfer between neurons through its morphology as well as the amount of receptors and available neurotransmitters. The latter parameters are gradually adjusted thorough the

learning process together with the appearance of new neural connections, so the output of the network containing myriads of neurons leads to the most favourable action. Particularly, synapse

transmittance depends on the pre-history and is varied proportionally to how intensely the synapse has been used, it can also be quickly enhanced or suppressed by use of another

neurotransmitter. The obtained states of the synapses work as memory. Thus, information processing and storage in bio-neural networks happen within the same element – synaptic gap.

Here, we developed a fundamental component for non-spiking artificial

neural networks – an optoelectronic synapse, mimicking the action of its

biological counterpart. The transfer of an electrical signal from EGaIn

electrode (axon) to a gold nanorod (dendrite) is conditioned in this case by

the state of the tunnelling junction between them filled with PLH polymer,

which can experience chemical transitions between oxidised and reduced

forms in air and H2 atmospheres, respectively. The key role in catalysing

both chemical reactions play hot electrons generated upon elastic

tunnelling. Thus, the direction of the reaction and therefore of the change in

the synaptic transmittance can be controlled by the reactive atmosphere

(akin to the use of various neurotransmitters in the bio-case), while the

amount of change is defined by the total number of electrons tunnelled by

that time, mimicking the key pre-history dependence in the bio-case.

At the same time, a small fraction of electrons tunnel inelastically exciting surface plasmons propagating along

the rod and coupled to light at the other side, which makes it possible to condition not only electrical, but optical

output of the synapse. With an additional ability to generate hot electrons optically, in terms of input-output

combinations the synapse can operate is electrical, optical or mixed modes.
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Platform
An array of artificial synapses with a very high density (~1010 cm-2) was fabricated by coating

a metamaterial formed by vertically-oriented gold nanorods in an alumina matrix with a

monolayer of PLG polymer and applying eutectic GaIn as a top electrode. Upon application

of voltage, a nonlinear I-V curve characteristic to tunnelling was observed.

Chemical control of synaptic dynamics
The structure was placed in a gas

chamber and a bias of 2.5 V was

applied. Alternating oxidising (air) and

reducing (H2) atmospheres, a gradual

reversable change of the state of the

synapse reflected in the modification of

light emission was observed.

Furthermore, it is possible to fix both

resistive and emissive states of the

synapse at multiple levels introducing

an inert N2 atmosphere.
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Electrical and optical memory effects
It was demonstrated that both resistive and emissive state of the optoelectronic synapse

depend on pre-history of how many electrons tunnelled so far (and catalysed the chemical

reaction in the gap), mimicking the key memory property of the biological counterpart,

particularly dependence of its transmittance on how intensively is has been used.

From H2 to air From air to H2

It was further observed that it is also possible to change the synaptic state upon optical

excitation of hot electrons, which paves the way for optical control or optical input in the

optoelectronic synapse and its multimode operation in terms of input-output combinations.


