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1 Introduction

Recently, the use of photonics-based solutions for artificial neural networks has gained much
renewed interest [1,2]. For bio-inspired processing networks, a main energy expenditure and
complexity challenge is in the need for a large number of communication connections between
components. Using light for network connectivity is in principle a favorable solution as it can
transmit information quickly and with high energy efficiency. However, realizing the full potential
of optical solutions is complicated by the large circuit footprint when using waveguiding schemes
and the energy losses in (macroscopic) optoelectronic components. Significant progress has been
made in concentrating and manipulating light using nanostructure components, thus allowing for
a miniaturization of optical computation circuitry [3,4]. In particular, III-V nanowires (NWs) have
matured into a versatile, controllable and well characterized nanotechnology platform. This has
allowed the development of novel light harvesting/sensing and emission technologies of both
single and array type as well as combination with Si based technology [5,6]. These have been
shown to have excellent absorption and transmission properties and it will be relevant to explore
them for network heavy computing systems. To use light for connectivity we apply a broadcasting
concept in which III-V NW based components are placed in a single quasi 2D waveguide (that is
naturally formed by insulating embedding material). Network connectivity weights are then
obtained by sensitizing the neural nodes to specific light signals by sub-wavelength light
manipulation of emission patterns. We have theoretically shown that this concept is feasible for a
model of the navigation (CX) complex of the insect brain and can potentially yield superior
performance compared to standard technologies [7].

However, a basic task to move forward is to explore the communications between NWs, either
single or in small arrays. While both NW-based absorbers and emitters have been widely explored,
actual on-chip communications have not been investigated beyond conceptual suggestions. As a
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result, we need to start with establishing the basic optical communication between two NW
circuits. This will also serve as a crucial benchmark for any attempts to simulate and understand
the feasibility of larger networks.

Below we first discuss the biological network that serves as inspiration and starting point for our
work. Then we will discuss the properties of the NWs used for communication and follow this by
studies of experimental and theoretical nature on communication between NWs, either in single
devices or in small arrays. After this we further investigate an alternative design of epilayer
material for ITI-V nanopillar nanophotonic neuron components (on GaAs and Ge-on-Si substrates).
Here spiking systems have been achieved and the etching strategy is complementary to the
synthesis strategy in the first part. Exploring two parallel strategies for hardware design gives
important opportunities for comparisons and choosing optimum designs.

2 Biological inspiration: CX complex model

To concretise the basic design criteria for our hardware solutions, we provide a brief discussion of
the insect brain neural navigation network model of Stone et al [8] which is the foundation for
exploring and demonstrating our approach. Converted into mathematical form and implemented
on a standard computer, the CX network allows an insect to be guided back to its nest after a
foraging trip. The model uses the insect’s current heading and speed as input, and by integration
generates an internal (vector) representation of the angle and distance of the point of origin. Once
homing is initiated, the same circuit outputs a left or right steering signal that indicates how the
insect should change its heading to move homeward. The model can perform this task with limited,
noisy input data and deals successfully with obstacles blocking its path. It can function with
internal noise levels in the neural processing of up to 20%.

The three main network layers of this navigational circuit, which can be represented topologically
as concentric circles. The innermost layer and the heart of the CX model is a ring attractor circuit,
with 8 neural nodes which constantly keeps track of the heading of the insect. To achieve this
weighted communication, the neural node components can e.g. be distributed geometrically within
a planar waveguide in a circular pattern and the light emission patterns of the nodes will be shaped
using the morphology of the nano-optoelectronic/photonic structures [7]. The results from this
model are seen in Figure 2.1

However, scaling this down to the basics, a NW based device must be able to absorb light signals,
evaluate their strengths using a sigmoid function and then if a certain threshold is reached emit a
light signal. This can then further be stripped down to NW-to-NW communication in arrays or as
single wires.
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Figure 2.1: FDTD simulations demonstrating dipole emission patterns and absorption in target nanowires (a)
Electic field distribution of dipole emission from a neural node in the xy-plane of a waveguide based on FDTD
modeling. To the right of the dashed white line, a log scale is used to visualize the fields close to the dipole source.
(b) Polar emission pattern from the radiating dipole inside the nanowire branch (oriented horizontally in the figure).
(c) Internode weight matrix calculated from the absorption in each component. An asymmetry can be seen due to
the rotation of the components. (a) FDTD simulation demonstrating the different weights achievable in an optical
network. From ref [7]

3 NW array measurements.

ULUND have processed devices from arrays of axially p-i-n doped InP NWs that were grown
using metal-organic vapor phase epitaxy (MOVPE) with Au seed particles as shown in Fig. 3.1.
The processing steps include protecting the NW sidewalls, planarization, etching the Au particles
and depositing an indium tin oxide (ITO) transparent top contact and a gold contact pad. The
processed devices range in size from 100 x 100 um? to 800 x 800 um?. They can be used both as
light emitters under forward bias, as shown in Fig. 3.1, as well as photodetectors at 0 V electrical
bias[9]. Similar types of NWs (as in Fig 3.1a) were also used for single NW planar devices
discussed below.
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Figure 3.1: (a) SEM image of as-grown InP NWs standing in a hexagonal array. Scale bar: 1 um (b) SEM image taken
in the active area of an InP NW photovoltaic device. Scale bar: 1 um (c) Steps involved in the processing of NW arrays
into photovoltaic cells. (c1) NW coated with SiOx (deposited by ALD) and planarized with Cyclotene 3022-46 (BCB).
(c2) An opening is etched into the SiOx using RIE. (¢3) The Au particle is removed by wet chemical etching. (c4) 150
nm of ITO is sputtered as a transparent top contact.

Electroluminescence (EL) intensity maps of a small device at different bias conditions are shown
in Fig. 3.2 a-c illustrating the device’s ability to function as an emitter. Previous work on InP NW
array operation as solar cells has already confirmed the NWs ability to act as photodetectors. It
was however further confirmed for the present wires (not shown). Fig 3.2 d-e shows line profiles
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of the position dependent EL emission, illustrating stronger emission near the Ti/Au contact pad
at high current levels.
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Figure 3.1: (a)-(c) Spatially resolved EL intensity of a 100 x 100 um? sized device, divided by the measured total driving
current. The device bias was varied, and the corresponding total current is indicated above each EL intensity map. The
red rectangle to the left of each device schematically represents the Au contact pad. Color bar: arbitrary units. Please
note that the color scale is logarithmic — a linear color transition thus corresponds to an exponential change in EL
intensity. Scale bar: 20 um (d) Line profile of the electroluminescence intensity, extracted from intensity maps as shown
in (a) by averaging of the top and bottom 30 % of the device area. The total current is indicated for each measurement.
The Au contact pad is located at positions x < 0. (e) Simulated current as a function of position, simulated using a 1d
finite element model implemented in Matlab. Each curve was normalized by dividing it with the respective total current.

To demonstrate I1I-V NW-NW light intercommunication (M1). We have individually electrically
contacted two NW devices of the type shown in Fig. 3.1 in close vicinity to each other. They were
electrically separated but were within some tens of microns thus optically visible to each other.
Using one device as a light emitter and the other device as a detector, we have achieved optical
communication, shown by the clear response of the detector current on the emitter driving voltage.
The experiments are shown in Fig. 3.3. In Figure 3.3c the emitting device is driven at voltages
from 1-10V (in steps on 1V) light emission from the complete cell at around 4V. For a more
sensitive camera setup, light emission would have been seen at lower voltages (as is the case for
the EL measurements). In Fig. 3.3 on the left the OV current response to the stepped increase in
EL can be observed showing that as the light from emitter increases the response of the other NW
(at OV bias) current increase correspondingly. Finally, we observe a change in the recorded short-
circuit current of the detecting device when placing a reflective material above the devices in order
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to enhance the optical coupling between the devices. We can thus confirm that optical
communication between identical NWs is possible, as demonstrated here for NW arrays.
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Figure 3.3: Left: Short circuit current of the detector device as a function of time (blue) and intensity of the

electroluminescence of the emitter device (orange) as seen in a CCD microscope images, shown tot he right. Right:

Images of the device as the voltage applied to the emitter device varied between 0 — 10 V, with an increase of 1 V

taking place every 10 s.

To create and verify individual NW to NW communication on a chip both theoretical and
experimental work has been performed. Here it is important to note that on chip optical
communication between single NW have not previously been achieved. And while we in the long
term are aiming for communication between several neural nodes even with two receivers
(inhibiting and exciting), the fundamental benchmark is the communication between two NWs as
seen in Fig 4.1a. We have developed a multi-step fabrication pipeline that produces sequentially
aligned pairs of individual NW devices, both capable of photocurrent generation and light emission
when reverse and forward biased respectively. With this NW device pair, utilizing one as a
photoemitter and the other as a detector, we have also successfully demonstrated optical
communication between single NWs on the order of magnitude expected from FDTD simulations.

Theoretical simulations of the circuit as seen in Fig. 4.1a including device leads have been carried
out as well as simulations for larger networks of NWs (without contacts) as seen in Fig 4.1b. It
was found that contacts only lead to smaller reductions of emission-detection efficiency. What
matters is if the wires are enclosed in an oxide yielding a 2D waveguiding effect keeping the light
in the plane or if the NWs are in air, thus allowing the light to escape perpendicular to the device
plain. In the experimental work we have not included such an Oxide yet and could thus expect
significant reduction in efficiencies compared to theoretical limits.

The experimental work has four basic elements. 1) Creation of relevant detector/emitter NWs. 2)
Positioning of the NWs in correct positions and orientations with respect to each other. 3)
Connecting the wires electrically to the external world. 4) Testing inter-wire communication as
well as optical performance of the individual wires.
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For point 1): InP NWs with relevant p/i/n doping were grown to act as either photodetectors or
photoemitters were synthesized based on concepts from photovoltaic developments. Since the
emission is very broad, the same wires can in fact act as emitters and receivers. These wires are
new version of wires used in record breaking solar cells and as shown above for NW arrays. While
NW emission and detection (including the combination) has been established for NW arrays, wires
suited for single NW planar devices, as seen in Fig 3.1a, needed to be created. Here it turned out
that the specific ordering of the growth, with Au-p/i/n was important as the Au particle at the p-
side made contacting easier.

Absorbed Power
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Figure 4.1: (a) 3D lllustration of the initial goal of creating a device with two InP NWs on a Si substrate that can
communicate with each other. Both theoretical and experimental verification of this situation has been performed. (b)
The absolute power absorption in the detector nanowire when comparing a device with, or without gold contacts. (c)
A graph depicting the power absorption in the detector NW for varying waveguide thickness when separated by 3.4
um from the emitter NW.

For point 2: NW placement on device ready substrates were optimized to reduce time to place
wires and increase reliability. Resilience of positioning to additional processing steps were also
investigated. Even though we first achieved an order of magnitude improvement in efficiency for
NW placement using a nanoprobe in an electron microscope (by developing a optimal working
scheme), see Fig 4.2, this was in the end deemed insufficient to scale up to a full circuit.
Additionally, this method also induced Carbon contamination during the rather long electron beam
exposures that introduced contact issues to the NWs. As a result, a completely new concept for
NW placement has been developed during the project period. We etched a pattern of trenches in
the chip oxide surface which we subsequently used for NW placement. Si with 1 um of grown
SiO, was used as a substrate to avoid these effects. Unlike the NW arrays, single NW devices
require a reliable transfer method that allows precise alignment with high rotational uniformity.
For this, reactive ion etching (RIE) was utilized to produce 400 nm wide, and 100 nm deep,
trenches in the oxide material. Here NWs can be aligned precisely with respect to each other using
only a simple macroscopic brushing technique. More refined placement can then be performed
using a microprobe in an optical microscope. Using this optimized concept ~15 pairs of well
aligned emitters and receivers can be fabricated within a total of 3 full working days (including
lithography). In Fig 4.3 we show such devices demonstrating placement of similar InP wires. We
have also placed pairs of InP and InAs wires for more complex systems of wires. The technique
can be extended to alignment at different angles using more complex trench patterns. A4 paper is
planned to describe the positioning method developed for placement of wires in precise patterns.
It has been presented orally at a major fabrication conference.
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B

S

F|gure42. SEM images of NWspIaced onsubstrates (left) using a nanoprobe (right), this is an example of a method
that in principle worked, but had to be abandoned due to contamination and speed issues.

Figure 4.3: (a) Etched parallel trenches in the middle contact area where wires can be deposited and contacted
to the Au contacts seen around. (b) SEM image depicting several nanowires aligned within an oxide trench,
two of which would form a device pair. (c¢) SEM image showing one fully fabricated paired nanowire device.

For point 3: Considerable efforts were put in to creating good contacts in particular to the p-type
materials in the pin NWs. Making a good contact to p-type InP is known to be difficult and indeed
device failure was very high in the beginning. By a combined effort between ULUND and UCPH
this problem was eventually solved, and a high yield recipe was developed. Related also to D1.2
the objective is to establish NW-based circuitry for signal evaluation of light signals. A significant
effort at UCPH has been put into optimization of the InP NW/metal interface resistance to enable
electrical probing of NW/light interaction. Here different semiconductor oxide removal techniques
(acid etching, sputter etching), metal stacks (Zn, Pd, Ti, Au) and rapid thermal annealing protocols
have been tested. The largest forward currents have been observed by combining acid and sputter
etching with annealing of Ti/Zn/Au contacts at 300C for 1 min. These efforts have brought the
ideality factors, a factor indicating how well a device compares to an ‘ideal’ diode, of the InP
nanowires from >100 to an average of 10. State-of-the-art ideality factors for InP NWs are ~2.5,
hence some improvements are still desired.

For point 4: Scanning Photocurrent setup was developed to allow the external probing and
input/output of the connected system as seen in Fig. 4.4. This is a relevant step for being able to
evaluate performance. Electrical measurements of individual nanowires in this setup was
performed with success. We found that the wires are responding well to light using our Scanning
Photocurrent setup thus they are working fine as detectors, and we can detect signals down into
the sub pA range. The electrical performance of the devices was explored recording
current/voltage curves with and without light. It was found that the devices responded well to light,
comparable to NWs in vertical solar cell structures. Significant measurement activities have
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occurred to investigate wire-to-wire communication using light (sending signals from nanowire
emitters to nanowire receivers). Here we also mapped out the spectrum of the InP nanowires used,
which is so broad that they can act as both emitters and receivers. 4 paper has been published on
the SPCM setup[10]

Figure 4.4. Left: Scanning Photocurrent Microscopy image of
NW device, colorscale represents current measured across a
heterostructured NW in a device as seen on the SEM image on
the right (wire between leads). Currents can be measured with
precision in the pA range.

Importantly, first single wire to single wire signals were observed again reaching M1 as seen in
Fig 4.5. For nano-optoelectronic systems even the construction of a system with one NW
communicating optically with another NW has not previously been achieved. Fig 4.5a and b show
the diode behavior of each of the two devices placed as seen in Fig 4.3c. After evaluation of each

—
O
~—

o

1077 151
(a) 2.5] ——Ideality=9.8199 / .

- IV data AN = ~
o tnd b B K\[Nﬂﬂ

(==}
L

(2 urrc 11t~[ A]
NW1 current [A]
\

00 05 10 15 20 index
(b) Detector (NW1) Voltage [V]

x10°"

10-7

® Ideali 7.9426
——ldeality=7.9426
o= 5 M2

+ 1V data

(=]
f

=
L

Current [A]

o

(3]
L

NW?2 current [A]

o
L
(S}

" Etter (NW2) Voltage V] 0 20 40 60 80 100

index
Figure 4.5: (a) IV characterization of NW1, which was used as the detector. (b) IV characterization of NW2, which
was used as the emitter. (c) Emission and detection measurement over time, where each index position represents
an integration time of 20 seconds, where NW2 was stepped in the range [-2,0,2] V showing the resultant current
measurement in NW2 and NW1.

device, one NW was run as an emitter switching between on (+2V) and off (either OV or -2V). In
the other NW a current signal could then be detected when the emitter was on (emitting light).
Further detailed studies are still needed to investigate the performance of the emitter/detector
system for publication and wider dissemination, but basic functionality is established. Since such
light communication has not been attempted before and NW studies have focused on
measurements on individual NW devices or parallel coupled NW arrays issues such as electrical
leaking have rarely been reported in literature. Any leaking can be controlled by the surface and
bulk of the insulating SiO; on the Si substrate and carefully monitored in electrical measurements
between devices. As well as the concurrent measurements between devices and with external light
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sources. Data fit well with what can be expected from theoretical simulations, but work to compare
results is still on-going. Analysis and further measurement of this data is currently ongoing with
the aim of a first publication on wire-to-wire communication as well as parameters to use for a
2nd generation of devices.

5 Nanopillars emission/absorption/communication

5.1 Nanophotonic IlI-V micro/nanopillar-based neuron architecture

The design of the epilayer material for the III-V nanopillar nanophotonic neuron components (on
GaAs and Ge-on-Si substrates) was performed by INL using the following main concept, Fig.
5.1(a): the neuron emitter section consists of a p-i-n layer stack with GaAs/AlGaAs as
active/cladding layers; the light-sensitive neuron section consists of an n-i-n-type
AlAs/GaAs/AlAs double barrier quantum well layer (DBQW) - also known as a resonant tunneling
device — containing a 500 nm GaAs surrounding the DBQW acting as a light absorption layer, as
shown in panel (b). Central to this architecture is the use of the DBQW section since it provides a
region of negative differential resistance (NDR) with peak and valley points in the current-voltage
(I-V) characteristic [ 11], which is a required to operate these devices as spiking/oscillatory neurons,
Fig. 5.1(b). The main goal in the frame of the InsectNeuroNano project is to optimize these two
main sections of the architecture towards realizing interconnected light-sensitive and emitting
neuron components with NDR region for emulation of neuron-like signaling, including spiking
and other oscillatory dynamical behavior (to be reported in D1.5 and preliminary results shown in
section 5.4), as well as memory functions within the nanopillar nodes (to be reported in D2.5).

a) Light-sensitive-emitting p-i-n-type b)  1II-V epilayer n-i-n-type of the neuron + sensor
III-V nanophotonic neuron

§J/l\': Absorption
3 VB% cB DBQ\“I

® Resonant*\ Neuron
p-AlGaAs n @ tunneling °,_ - IR *
Bulk Emitter LED Barrier, AlAs . i Spiking/
(280 nm) GaAs D QW, GaAs 300 nm Load line sclilations
DBQW n-AlGaAs = Barrier, Aljs”  PRNICEYNS . m
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Sensor (1.7 nm/5.5 nm/1.7 nm) Substrate Valley

Substrate GaAs or Si-Ge V4
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Figure 5.1: Design of the I1I-V nanophotonic neuron components illustrating the main functions. (a) Light-sensitive-
emitting neuron component with p-i-n-type stacked layers of GaAs/AlGaAs as emitter/cladding layers (LED section),
and monolithic integrated with the neuron plus sensor part based on the DBQW (bottom section). (b) The light-
sensitive neuron section consists of a n-i-n-type stacked layers including a AlAs/GaAs/AlAs double barrier quantum
well (DBQW) section and a 500 nm GaAs light absorption layer surrounding the DBQW region.

5.2 Overview of the fabrication of electrically-pumped emitter and receiver neurons

The wafer material and epilayer growth using MOCVD for the designs presented in Fig. 5.1 was
provided by an external partner, IQE.plc. In the results presented here, we focus only on wafers
grown on native GaAs substrates whereas wafers on Si-Ge will be evaluated later in the project.
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The INL partner completed the initial fabrication, which involved the microfabrication of
electrically-pumped micro/nanopillars with diameters ranging from 200 nm, Fig. 5.2(b), to 2 pum.
The definition of the pillars in the arrays is provided by e-beam lithography. The fabrication
process has been already established in previous projects, and includes defining the pillars,
isolating the pillars, via openings, and bottom and top electrical contacts, which involves four
optical lithography steps. Additionally, fabrication of micropillar devices has been also
established, with individual pillars ranging from 6 pm to 20 um (examples shown in Fig. 5.2(a)).
The complete details on the fabrication procedure can be found in [12].

III-V nanopillar array b) III-V micropillar light-sensitive neuron devices
light-sensitive-emitting neuron device

6 pm micropillar

Overview of 10 pm
micropillar device

hv, hvy,

Overview of 10 pm
micropillar device «

Figure 5.2: Scanning electron microscope (SEM) images of fabricated III-V micro- and nanophotonic neuron
components. (a) Nanopillar arrays using the epilayer design shown in Fig. 5.1(a) and functioning as a light-sensitive-
emitting nanophotonic neuron component. (b) Single micropillar devices using the epilayer design shown in Fig 5.1(b)
and functioning as a light-sensitive microphotonic neuron node.

5.3 Emission and photoabsorption properties in micro/nanopillar devices

Electroluminescence (EL) and light detection have recently been shown in n-type unipolar
micropillar DBQW devices [13]. However, the EL signal’s output power (~1 nW) is still too low
for a practical nanolight-emitting device. As a result, for nanoscale emitting neurons, a p-i-n-type
design architecture with a bulk emitter, Fig. 5.1(a), is being investigated. The EL of the
electrically-pumped nanopillars was measured using a custom-built micro-electroluminescence
(LEL) acquisition setup. The micro/nanopillar LEDs were electrically connected using a ground-
signal-ground (G-S-G) coplanar waveguide electrical probe (Fig. 5.3(a)) connected to a bias-tee.
The DC port of the bias-T was used to bias the devices with a source meter (Keithley 2280S). The
emission properties of the devices were measured using a multimode lensed-ended fiber connected
to a near-infrared (NIR) fibre spectrometer, while the photoabsorption properties were measured
using NIR illumination (light from a laser source ~830 nm).

Figure 5.3(b) depicts measurements of the emission properties of a fabricated p-i-n nanopillar array
LED. The prominent peak in the EL spectra at ~862 nm corresponds to the bulk emission of GaAs
(design in Fig. 5.1(a)). The optical output power levels for these devices were measured using a
calibrated fiber-coupled power meter and were less than 100 nW. However, these measurements
were limited by 1) the low coupling efficiency of the optical fiber with a low numerical aperture
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(NA=0.2), and ii) due to the metal layers (Pt/Ti/Pt/Au) coating the pillars (corresponding to the p-
type top contact). We predict that power levels >> 1 uW can be obtained using transparent contacts
instead (e.g., ITO). We also investigated the photoabsorption properties of the p-i-n nanopillar
array LED as a function of applied voltage. The dark and illuminated /-7 characteristics are shown
in Fig. 5.3(c). Below the diode’s turn-on voltage, a pronounced photoresponse is achieved due to
the photovoltaic effect. The estimated responsivity at 830 nm is ~15 mA/W, limited by the top
contact metal layers. The photoabsorption effect is lower above the diode’s turn-on. Simulation
work is ongoing to improve the photoabsorption effect, by evaluating the pitch, height and width
of the array and nanopillars.
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Figure 5.3: Experimental results of the emission and absorption properties of micro- and nanopillar nanophotonic
devices. (a) Schematic of the experimental setup and image of the optical characterization setup. (b)
Electroluminescence (EL) spectra of a 10x10 array LED (each pillar with a width of 500 nm) at various pumping
conditions. (¢) Dark and illuminated /-V characteristics (in forward voltage) of a I1I-V 10x10 array LED device. (d)
Dark and illuminated /-V characteristics (in reverse voltage) of a I1I-V micropillar light-sensitive neuron node device.

We note signatures of the NDR region were not achieved in the /-Vs depicted in Figure 5.3(c). We
attribute this, among other factors, to the high concentration of holes which can smooth the NDR
region due to holes’ contribution to the total current. We investigated further a known GaAs/AlAs
photodetector RTD epilayer structure, the microPD-RTD device, in order to optimize our epilayer
structure to observe clear signatures of NDR. The measured dark /- characteristic is depicted in
Fig. 5.3(d) showing a smooth NDR region. Interestingly, upon illumination a considerable
photoresponse is achieved which shifts the overall /-} curve. Importantly, under illumination (> 4
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mW) an enhanced NDR region is achieved (red and purple solid traces). The noticeable photon
absorption and photocurrent effect under NIR illumination (~830 nm) is attributed to the light-
excited electron-hole pairs locally separated in the DBQW. The photoresponse of the device is
also controlled with the applied bias voltage (responsivity of 2.6 A/W at 3 V).

5.4 Preliminary evaluation of neuron-like signaling by light activation

As shown in Fig. 5.3(c), without illumination (dark conditions) the /- characteristic of the single
light-sensitive micropillar shows a linear curve with a ‘flat’ region between 3 V to 4 V. However,
upon illumination (~9 mW) a pronounced photocurrent effect and an enhanced region of NDR is
observed with a clear current drop after 3 V (purple trace). This allowed us to evaluate the single
light-sensitive micropillar PD-RTD as a spiking/oscillatory neuron-like device upon optical
injection of light-pulsed illumination in the NIR (830 nm), Fig. 5.4(a). When exposed to sufficient
light strength, the negative resistance effect provides electrical gain to the device, and self-
sustained oscillations (top panel of Fig. 5.4(b)) are activated, emulating the oscillatory signaling
of neurons. the oscillatory behavior can be turned on and off at a selected threshold amplitude of
the incoming light-pulsed modulation (here around 40 mV), bottom panel of Fig. 5.4(b),
replicating the bursting activity of oscillatory neurons. The nonlinear light activation of neuronal-
like oscillatory behavior can be controlled by the frequency (fin) and amplitude (Vin) of the
incoming light-modulated signals.

a) Light-activated neuron Neuron-like oscillatory signalling
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Figure 5.4: Experimental spiking/oscillatory evaluation of the I1I-V micropillar light-sensitive neuron node. (a) SEM
of a single micropillar device which is optically-pumped using a lensed fiber with laser pulses (fi,=20 kHz and average
power of ~4 mW at 830 nm). (c) Recorded electrical neuron-like oscillatory signaling upon light-pulsed illumination
as a function of the amplitude of the electrical pulses (Vi) driving the laser source.

Other rich neuron-like dynamic signaling, such as spiking (i.e. excitability), can be activated for
devices exhibiting more pronounced NDR behavior [14]. Ongoing work is underway to optimize
the epilayer wafer design in order to achieve a higher peak-to-valley ratio contrast of the NDR
under dark conditions.

5.5 Chip-to-chip emitter-receiver optical communication

Given the early stage of development the waveguide concepts within the InsectNeuroNano (INL
joined the consortium later in the project in December 2022), in order to study light interneuron
connectivity, we investigated one pair of fabricated micro/nanopillar devices (Fig. 5.3) acting as
receiver-emitter and coupled off-chip via an optical fiber. Figure 5.5(a) shows the experiment used
for the initial evaluation of chip-to-chip emitter-receiver optical communication via a fiber link
connection. In this configuration, input pulses drive the micro/nanoLED emitter device. The
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modulated pulsed light is collected by an optical lensed fiber and sent to the microPD-RTD
receiver using an identical lensed fiber. A high-bandwidth (1 GHz) oscilloscope was used to
measure the received photo-detected signal.
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Figure 5.5: Initial testing of chip-to-chip emitter-receiver optical communication over a fiber link. (a) Schematic of
the experimental setup and image of the setup used for chip-to-chip optical communication system. (b) Experimental
link results between a p-i-n nanopillar array LED emitter and an n-i-n microPD-RTD receiver. (¢) Experimental link
results between a p-i-n micropillar LED emitter and an n-i-n microPD-RTD receiver.

In the first experiment, a fiber-coupled link between a p-i-n nanopillar array LED (10x10 array
and each pillar with 600 nm width) and an n-i-n microPD-RTD receiver neuron chip was evaluated.
The results of the responses to a periodic signal (square wave and duration of 2.5 ps) light
stimulation are shown in Fig. 5.5(b). The microPD-RTD neuron is able to receive ultralow power
signals from the nanoLEDs (average power of 20 nW). In a second experiment, a fiber-coupled
link between a p-i-n micropillar LED (20 pum pillar width) emitter chip and an n-i-n microPD-RTD
receiver chip was evaluated. The larger power level for these emitters enables stimulation of more
complex signals. Thus, we have tested different encoding protocols using up to four-bit light
stimulation (80 ns pulses and duration of 200 ns), and the results are shown in Fig. 5.5(b). The
light stimuli photogenerates electron-hole pairs in the DBQW of the microPD-RTD receiver. The
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photogenerated carriers result in a sublinear increase in conductance measured in the temporal
domain. This nonlinear temporal summation emulates graded neurons of the insect visual system,
as for example found in lamina neurons.

The oftf-chip optical communication results presented here will be applied in further optimization
of components and light interneuron connectivity concepts planned latter in the project using either
broadcasting or 2D/ 3D optical waveguide strategies for evaluation of on-chip interneuron
communication links and other complex interconnections relevant to the insect-inspired
architecture.

6 Summary

In summary, light communication has been achieved between both NW arrays, nanopillars and
individual NWs. This is an important step forward for on-chip optical communication between
nanostructures for neuromorphic computing. Additional work is needed to evaluate efficiency
and understand the optimal coupling and extend the work towards larger networks. What sets the
limit for larger networks is the fabrication time of multicomponent systems as well as the yield
of individual devices. Thu sit is desirable to benchmark smaller networks and then develop
simulation tools for larger networks.
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