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Inkjet-Printed Ag/a-TiO,/Ag Neuromorphic Nanodevice

Based on Functionalized Ink

Barbara Salonikidou,* Adnan Mehonic, Yasunori Takeda, Shizuo Tokito,

Jonathan England, and Radu A. Sporea

This study aims to contribute to the burgeoning field of brain-inspired computing
by expanding it beyond conventional fabrication methods. Herein, the obstacles
toward the effective inkjet printing process are encountered and the electrical
characteristics are explored, providing new insights into the reliability aspects of
fully printed Ag/a-TiO,/Ag electronic synapses. The versatility of the approach is
further enhanced by the highly stable in-house-developed a-TiO, ink, exhibiting
optimal shelf life of five months and repeatable jetting, producing layers with
nanoscale thickness resolution. Most importantly, device electrical characterization
reveals synaptic dynamics, leading to activity-dependent conductance state
retention and adaptation characteristics, implying inherent learning capabilities.
The synaptic dynamics are attained by solely adjusting the duty cycle of the applied
pulsed voltage trigger, while keeping amplitude and polarity fixed, a method readily
compatible with realistic applications. Furthermore, I~V analysis demonstrates a
dynamic range dependence on a-TiO; layer thickness and conduction mechanism
that is akin to the conventionally developed electronic TiO, synapses. The
developed devices provide a time- and cost-effective ecologically benign alternative
toward biomimetic signal processing for future flexible neural networks.

1. Introduction

The notion of electronics mimicking bio-
logical working principles has existed for
a long time.»? Distinct from the widely
used von Neumann computational archi-
tecture,® bioinspired computing enables
processing which is comparable with that
performed by the brain during memoriza-
tion and learning.**! The past two decades
have seen a growing trend toward two-
terminal resistive switching (RS) devices,
named electronic synapses, owing to their
simple structure and resistance-state tran-
sitions that obey biosynaptic processing
principles./*”! Vital for dynamic adaptation
and event-based learning,* such biomi-
metic properties make them competent
to operate both as computational and as
memorization nodes in neuromorphic
electronics.>#1%
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In biological neuronal circuits, memori-
zation and learning are inherently con-
trolled through communication between

neurons, via small junctions, named synapses. The transfer of
information occurs through action potentials, which are
electrical impulses, caused by the movement of ions and signal-
ing molecules (neurotransmitters) across the cell membrane,
inducing brief changes in conductance.""'? The synaptic
strength or efficacy w between adjacent neurons is altered accord-
ing to the timing and history of past events, a phenomenon that
is called synaptic plasticity. Specifically, synaptic plasticity is clas-
sified into short term when the retention range is milliseconds—
minutes and long term when the retention is extended to hours
or years. Synaptic efficacy is bidirectional, as it can be enhanced
or weakened, depending on trigger timing and intensity, leading
to event-based changes in synaptic plasticity.'’! While under
tetanic stimulation (application of high-frequency or prolonged
duration trigger) and/or increased number of iterations, long-
term potentiation (LTP) is prompted; when low-frequency stim-
uli is followed, depression is evoked that is expressed through w
weakening and associated with the forgetting effect.'*~'”! Short-
term potentiation (STP) is widely studied through paired-pulse
facilitation (PPF), during which a pair of action potentials is
applied at neuronal presynaptic axon terminals, with the second
impulse inducing the stronger release of neurotransmitters and
w enhancement that is expressed through increased action poten-
tial at postsynaptic terminals.'>'® The postsynaptic increase
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occurs in a stepwise fashion, signifying a temporal summation of
amplitude that is conditional to the time interval between the
applied pair of impulses.***? This second-order phenomenon
is governed by Ca?" residual in the neuronal membrane,
adjusted by the timing characteristics of stimuli.?®*!! Even
though STP duration is brief, it is vital for temporal processing
purposes.???* The conditions under which transitions from STP
to LTP occur constitute the basis of activity-based learning.">®!
The two-terminal electronic synapses are composed of an
active material, in principle, an insulator or a wide-gap semicon-
ductor, positioned between the bottom and top electrode. These
minimal devices are qualified for the realization of multiple con-
ductance states, altered according to the timing and history of
applied voltage triggers.**~2% The conductance state modulation,
analogous to biosynaptic strength, is expected to occur following
plasticity working principles introduced earlier. For the interpre-
tation of RS during high- and low-resistance states, the back-
ground conduction mechanism is widely investigated through
I-V sweeps and is classified into two main categories: the elec-
trode limited and the bulk limited. Electrode-limited conduction
is associated with the interfacial properties between active
layer and electrode and includes Schottky emission,
Fowler-Nordheim tunneling, thermionic emission, and direct
tunneling. Bulk-limited conduction is governed by the properties
of the active layer itself and consists of: ohmic conduction, grain
boundary-limited conduction, space—charge-limited conduction
(SCLC), ionic, hopping, and Poole-Frenkel conduction. The driv-
ing mechanisms with their subcategories are extensively covered
in several reviews.?”*!! Reports have revealed that amorphous
TiO, (a-TiO,) possesses electronic properties and transport prop-
erties that are similar to its bulk crystalline phases,***% a prop-
erty that opens a path toward a cheaper and abundant alternative
to realize analog RS cells.B¥32 In both a-TiO, and ¢-TiO,-based
devices, the choice of the electrode material affects in a similar
manner the charge transport during voltage application. When
inert electrodes, such as Pt, are used, SCLC principally governs
the RS at low voltages, while Schottky emission takes place at
high voltages, in both ¢-Ti0,** and a-Ti0,.*¥ When active
(electrochemically) electrodes (e.g., Ag, Al) are implemented,
ohmic conduction is shown to affect the switching at low voltages
and a bulk, or electrode, limited at higher electric fields, depend-
ing on various factors, including thickness and deposition
process.’>7] A key challenge today of such devices to be utilized
as computational nodes in neuromorphic applications includes
the effective control of gradual current increase with each voltage
trigger, following PPF principles,*® along with STP-to-LTP tran-
sitions, ideally modulated through trigger-timing characteristics
that will be easily implemented in realistic applications.’”!
Considering a-TiO, capability to be synthesized through a
wide range of methods, including the most versatile ones of
solvothermal and sol-gel, it becomes compatible with
solution-processed techniques characterized by low complexity.
As an alternative to traditional methods of radio frequency
(RF) reactive sputtering*®*! and plasma-enhanced ALD,"* ink-
jet printing (IJP) constitutes an ecofriendly and scalable tech-
nique, that enables fabrication of flexible and large-area neural
networks with production scalability at minimum fabrication
costs.[**1 However, the existing reports on synthesis of func-
tional inks that can be reliably jetted after long storage periods
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while sustaining their electronic properties are absent and need
to be addressed. Moreover, the formation of cracks and fissures
in TiO, solution-processed layers further hinders the progress of
such devices.*>™ The concurrent maturing of IJP technology
and increasing interest in two-terminal RS devices make it a
timely opportunity to investigate the dynamic properties of these
artificial synapses and overcome reliability obstacles toward fully
printed neuromorphic devices.

In this work, two functional inks consisting of titanium iso-
propoxide (TTIP): stabilizing agents (acetic acid and acetylace-
tone) 1:4 and 1:8 molar ratios are prepared and characterized.
The jettability properties, nanoparticle size, and chemical struc-
ture of the derived crack-free printed nanolayers are presented.
The dynamic properties of the developed fully printed Ag/a-
TiO,/Ag electronic synapses are studied through voltage pulses.
The synaptic processing and retention capabilities are investi-
gated in a manner that is directly applicable to bioinspired proc-
essing (e.g., biomimetic sensing for electronic skin), by
modulating the trigger duty cycle while voltage amplitude was
kept constant. The findings demonstrated STP and LTP attrib-
utes that were conditional to trigger intensity and duration, strik-
ingly similar to their biological counterparts. Furthermore, the
relation of a-TiO, layer thickness to RS properties is discussed
and [-V measurements are conducted to extract information
about the conduction mechanism.

2. Results and Discussion

2.1. Characterization of Functional a-TiO, Inks and Inkjet
Printing of Ag/a-TiO,/Ag Electronic Synapses

For the development of a-TiO, nanolayers, two custom-made
inks were synthesized and optimized for optimal jettability
and shelf life. When developing custom functional inks, the rhe-
ological requirements of the inkjet printer nozzle, as well as the
surface properties of the substrate or target layer, should be con-
sidered. The critical factors that determine jetting reliability, that
is, the consistent ejection of stable droplets, can be combined in
the physical constant Z.

7= xpx)” ”: ' 1)

where d is the diameter of the printer nozzle (in the present case
of Fujifilm Dimatix DMP 2850 series was 21.5 pm), p is ink den-
sity (kg m ™), y is surface tension (mN m ™), and 7 is ink viscosity
(mPas). The parameters must be adjusted so that the value of Z
lies between the range of 1 and 10 for reliable jetting, without
forming satellite droplets or demanding high driving voltage
for droplet ejection that eventually damages the cartridge
head.>*” Generally, to secure compatibility with Dimatix car-
tridge head, inks should contain particles with sizes below
200 nm and viscosities between 5 and 40 mPas to prevent any
clogging effect.”” A stable ink, without sedimentation, elimi-
nates the appearance of aggregations that will potentially harm
the cartridge and decrease ink shelf life.

In this work, the active ink synthesis relied on Ti isopropoxide
(TTIP) hydrolysis and condensation reactions. Acetic acid
(AcOH) and acetylacetone (ACAC) were implemented as a
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stabilizing agent mixture (S.A). Two active inks were prepared
with molar ratios of TTIP:SA of 1:8 (ink;) and 1:4 (ink;) (detailed
information on the synthesis can be found in the Experimental
Section). The viscosity and surface tension of ink; (ink,) were
defined experimentally and found to be ~8 mPas (9 mPas)
and 31mNm™" (30mNm™"), that resulted in Z number of
3.3-3.5, which was within the acceptable range for efficient jet-
ting.[*) The pH for both cases was around 4 (+0.3), that was opti-
mal for continuous jetting, without causing any damage to the
cartridge and nozzles.

The chemical structure of the inks was characterized through
X-Ray photoelectron spectroscopy (XPS). The binding energies
(BE) of Ti (Figure 1a) and O (Figure 1b) in both inks demon-
strated a characteristic separation of 72.4eV between the
Ti2ps,, and Ols peaks, in agreement with TiO, reported values
that range between 72.9 and 71.2€V.P? Ink; (black line) pre-
sented BE peaks of Ti2p;,, located at 458.88eV, Ti2p;,, at
464.48 eV, and Ols at 531.28 eV. The detected peaks were all
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shifted by +0.4eV relative to ink, (458.48, 464.08, and
530.88 eV, respectively. Values shown with red line), implying
direct control through synthesis. The BEs of Ols were slightly
higher than 530 eV, attributed to Ti—O bonds; thus, the slight
shift in the present case most possibly was related to defects
(e.g., oxygen-deficient regions) and carbon bonds that have also
been previously reported in solution-processed a-TiO, and ¢-TiO,
layers.”>% The XPS survey spectrum with the concentration of
additional elements can be found in Supplementary Information
(Figure S1 and Table S1, Supporting Information, respectively).

Dynamic light scattering (DLS) measurements were per-
formed to investigate the nanoparticle size and distribution of
both inks. The results presented polydisperse size distribution,
with nanoparticles in the range of 20-28 nm for ink; and rela-
tively narrow distribution with nanoparticles between 30 and
40 nm for ink, (Figure 1c). Ink; characterization repeated after
a period of five-month storage and showed about fivefold size
increase due to agglomerations formed over time (Figure 1c, blue
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Figure 1. Chemical and nanoparticle characterization of the synthesized a-TiO, inks. High-resolution XPS spectra of a) Ti2p doublet and b) O1s of inks
(inky in black and ink; in red), both presenting TiO, characteristic binding energies. c) DLS measurements of ink; (black), ink, (red) and ink; 5 months
after synthesis (Ink1b, blue) showing ink stability with nanoparticle size within the acceptable range, over this timescale. Top-down TEM images of Ink,
d) and Ink; €) (see Methodology Chapter). f) Cross-sectional illustration of the printed a-TiO, electronic synapses on the designed array (left) and top-
down optical image of the printed array (right) g) cross-sectional scanning electron microscope (SEM) image of the printed layers on p-type c-Si (see
Methodology Section).
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line). The ink exhibited undisrupted jetting, retaining its proper-
ties (Figure S2, Supporting Information, depicts ink droplets’
ejection, as shown in printer stroboscopic camera, five months
after synthesis). Considering that ink consistency in custom-
made inks is a key challenge,®" the present results constitutes
a considerable achievement. Even though DLS showed an
increase in particle size, the measured values corresponded to
particle clusters that were formed over time but easily broke dur-
ing jetting, due to nozzle stimulation by tickle pulses (periodical
movement of nozzle meniscus that slightly agitates the ink close
to the orifice).*® To get a better insight into particle morphology,
transmission electron microscopy (TEM) was used as a supple-
mentary technique for particle visualization. In Figure 1d,e, TEM
images depict the granular and polydisperse nature of the devel-
oped inks. Ink; consisted of nanoparticles with sizes around and
below 2 nm (Figure 1d), while ink, contained nanoparticles rang-
ing between 2 and 6 nm (Figure 1le). The discrepancy between
DLS and TEM measurements exists due to DLS inability to dis-
tinguish particle aggregations. In both cases, ink, is shown to
have about two times larger nanoparticle size compared with
ink;, that shows a direct correlation between TTIP:SA ratio
and particle size.

The IJP process followed successful ink preparation. IJP
occurred under ambient conditions in a drop-on-demand mode,
which enables development of layers through sequential deposi-
tion of ink droplets of pL volume.’'*”) The device fabrication
followed a sequential process of deposition and thermal treat-
ment, from bottom to top, as shown in the cross-sectional illus-
tration in Figure 1f (see Experimental Section for further
information related to fabrication). Figure 1f also depicts the
array design and the corresponding top-down optical image of
the printed array. The shape and thickness of the layers were con-
trolled through positioning of droplets and drop space (distance
between two sequential drops, in pm). The drop space was set at
20-22 pm for both Ag and TiO, for the formation of continuous,
uniform, and well-defined stacked nanolayers, as shown in SEM
image (Figure 1g). The bottom and top electrodes were around
220nm (2D layer profile shown in Figure S4, Supporting
Information) and 150nm thick, respectively. The active
layer was treated at low temperature at around 90°C for
10 min, that was sufficient for solvent evaporation, as no thick-
ness change was observed after this duration (Figure S3,
Supporting Information) and the electrical properties followed
during electrical characterization were consistent. For the a-
TiO, active layers, it was deduced that there was an optimal
range, between 80 nm and 350 nm, for the development of func-
tional devices. Specifically, a-TiO, layers below 80 nm resulted in
uncovered areas (see the SEM picture in Figure S5a, Supporting
Information) and consequently interconnection between electro-
des and device failure, whereas layers over 350 nm thickness
increased the probability of crack (microscopy picture based
on our previous report presented in Figure SS5b, Supporting
Information)®® formation and also raised considerably the
power requirements for switching (>30V). With ink; a single
IJP scan was used for the formation of thin a-TiO, layers, in
the range of 80 nm, without any surface pretreatment. While
for thicker layers, ranging from 250 to 400 nm, 3-5 IJP scans
were required. Ink, generated thicker (by 30 nm scan™) printed
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layers, that is in direct relation to TTIP:SA and derived particle
size.

Conclusively, in this work, the deleterious crack formation in
a-TiO, printed layers was prevented by implementing synthesis
of low cost and complexity. The small nanoparticle size of the
functionalized inks, controlled through the TTIP:SA molar ratio,
decreased the development of cracks and fissures. Furthermore,
in contrast to our previous report that demonstrated the preva-
lence of cracks at layer thickness above 120 nm,® here, the
incorporation of ACAC decreased the solution evaporation rate
and prevented the pressure gradient in the printed layer that pre-
viously resulted in different shrinkage rates between the inner
and outer layer regions.®” Through TTIP:SA, the effective layer
thickness control was attained, with 80 (ink;) and 120 nm (ink,)
resolution. The electrical properties of the derived Ag/a-TiO,/Ag
electronic synapses are presented and discussed in the following
sections.

2.2. Electrical Characterization

2.2.1. Paired-Pulse Facilitation (PPF) and Timing-Dependent
Plasticity Controlled through Voltage Pulse Train Duty Cycle o

In this work, we investigated the synaptic attributes of PPF and
timing-dependent plasticity in printed Ag/TiO,/Ag electronic
synapses, through sequential voltage pulses (Vi) that applied
across device terminals, and the output current (I,,) was mea-
sured. The plasticity properties were explored by solely modulat-
ing the duty cycle a, defined as

__ Pulse duration

O,
Period T 100(%) @)

On Ag/a-TiO3(350 nmy/Ag device (device 1), 240 voltage pulses
with V;, amplitude =1V, frequency f=4Hz, and duty cycle
a=20% (pulse duration =50 ms and period T =250 ms, green
lines in Figure 2a) were sequentially applied. I, during the ini-
tial 5s and during the whole measurement period of 60s are
illustrated in Figure 2a,b, respectively. I, presented a stepwise
increase under voltage pulses, that was linear during the initial
5 s (Figure 2a), implying analog RS capabilities, whereas the rate
of current increase lessened after around 15s (Figure 2b). To
approximately quantify the temporal dynamics, the synaptic
modification Aw (%) was also investigated.

Tows — 1
Aw = —22__“outl o 100(%) 3)
Ioutl

where I, and I, are the currents measured before and
after Vi, application, respectively. The derived Aw versus
the number of applied pulses are presented in Figure 2c.
Aw demonstrated initially a steep increase in current, while
attenuation was observed after around 50 pulses, behavior
that is in alignment with plasticity-induced self-adaptation
found in biological synapses.[*®*®! Self-adaptation aids in
high-performance functionalities, such as event-based
learning and perception, essential for the flourishing of neuro-
morphic networks.[*%-¢%

In Figure 2d the effect of a on the I, increase is demon-
strated. In this experiment, a printed device with 200 nm
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Figure 2. Paired-pulse Facilitation (PPF) with duty cycle a dependence on current growth. a) Current-time (/-t) plot presents the applied pulsed voltage
train (Vin: 1V, 4 Hz, a: 20%, green lines) on device 1 (Ag/TiOz(250 nm)/Ag), and the corresponding stepwise increase of I, (blue datapoints), during the
first 5 s and b) during 60 s) Aw (%) versus the number of applied pulses as derived from b), showing a steep increase in I, that is flattened after around
50 pulses, implying a form of adaptation under repeated stimuli. d) I plot illustrates the current response under increasing o (10%, 20%, 50% and 60%)
during 30's of Vi, (1V, 4 Hz), occurred with 60 s intervals on device 2 (Ag/TiO2 (200 nm)/Ag). In the inset, the Aw (%) versus the number of applied pulses

are illustrated, showing a potentiation dependence to a (%).

a-TiO, thickness (device 2) was tested under four subsequent Vi,
with increasing a. The amplitude and frequency were kept fixed
at 1V and 4 Hz, respectively, while a was altered sequentially as
follows: 10-20-50-60%. As expected, the average measured I,y
in this case was increased by ~2 orders of magnitude, owing to
the thinner (by ~50 nm) active layer. The results showed a Aw of
~12% (17%) under low a 10% (20%), while for 50 and 60%, duty
cycle Aw rose to ~20% and 33%, respectively (Figure 2d inset).
For a =60%, a sustainable higher current growth (by ~10 pA)
was observed, as illustrated in Figure 2d. Overall, independent
of the active layer thickness, current growth exhibited nonlinear
characteristics, with an initial buildup followed by attenuation.
The stepwise current increase was also observed when double-
pulsed trigger of 2 and 4 V was applied, also showing continuous
conductance modulation that is amplitude dependent and not
affected by voltage alterations (Figure S6, Supporting
Information). This type of sequential and variability-tolerant
processing can also be achieved when a set of high- and low-duty
cycle pulses are applied successionally, as demonstrated in this
work (section: ‘Event-based continuous and repeatable conduc-
tance state modulation’).

Adv. Eng. Mater. 2022, 2200439 2200439 (5 of 11)

3. Internal Dynamics

To interpret the internal dynamics responsible for the synaptic
properties of both device 1 and device 2, electrical character-
izations under low read voltage pulses, Vie,q =80mV with
a=80% (Figure 3a) were conducted 20s after V;, (1V,
a=20%, overall duration 200s) and used for conductance
state acquisition. The amplitude was set at low level to not
affect the conductance even when small intervals were used.
The current response, I;.,q, was characterized by a power
law relaxation, as illustrated in Figure 3D, that is akin to tran-
sient Ca®" decay at synaptic membrane after stimulation.!"®! In
biological synapses, Ca®" concentration plays a key role in
shaping timing-dependent plasticity, owing to the synaptic
strength control it provides, by increasing (decreasing) the
probability of strengthening (weakening) after a follow-up
impulse arrives in a short (long) time window.[**! Likewise
in electronic synapses, the course of decay sets the timeframe
under which a temporal summation can occur and thus it’s
vital for event-based processing and encoding specific to neu-
ronal circuits.['"
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Figure 3. Relaxation dynamics of printed Ag/a-TiO,/Ag electronic synapses a) V,e.d (80 mV, a: 80%, f: 4 Hz) applied after triggering to read the device
conductance state b) Equation used for the exponential fit in current decay and time constant 7 calculation. c) V,..4 applied after V;, (1V, a: 20%, f: 4 Hz,
duration: 200's) and the corresponding fitted (dashed) with their time constants 7 after 1%, 6™ and 10" repetition on device 1 are shown. d) The cor-
responding fitted |,c.4 (dashed) and their time constants t after 1°* and 2nd repetition on device 2. €) Ie,q after Vi, of a: 10, 20, 50 and 60% with reference
to the basal state (black). f) I,e.q after Vi, of a: 10% with durations (t4) ranging from 200-330 s and the corresponding Aw versus trigger duration (inset),
showing the effect of adaptation after around 250s. g) I,eaq after V;, with a: 10% and duration 310 sec (blue) and 330 sec (red) with reference to the

measurement results after 5 min break (grey).

The impact of the number of iterations on I,.,q was explored
through the characteristic time constant decay 7, expressed
through the exponential function.

Y=Y+ A xetr “)

where 7 is the relaxation time constant, t is the time following
Viead» and A; and y, are positive fitting constants. The corre-
sponding fitted I,e,q is illustrated in Figure 3c (device 1) and
Figure 3d (device 2). In both cases, L.,q was augmented and ¢
was decreased after each iteration, implying easier transition
to higher-conductance states with trigger repetition. However,
device 1 exhibited 7 drop of ~50% after five V;, repetitions (from
18 to 8.8), while device 2 showed the same percentage of reduc-
tion after only two sweeps (from 13 to 7), indicating that the thin-
ner active layer prompts faster rate of conductance increase. The
retention of device 2 after stimulation with different duty cycles
was also tested. The relaxation dynamics are illustrated in
Figure 3e, showing an increased I (~2.8 10°° A) retained
for around 3s and then relaxed to a low level (around
25%x10°° A), when Vi, of 60% duty cycle preceded Vieaq.
However, when Vi, was 50, 20, or 10%, I...q Was kept closer
to the low level. The findings imply that triggers of a up to
60% and duration of 200 s induce STP with retention conditional
to the length of duty cycle.
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In addition, current augmentation under low a was feasible
when triggering was prolonged. In Figure 3f, I,.,q Was measured
after sequential Vi, cycles of different overall durations, ranging
from 200 to 330s. The results displayed a rise in conductance cor-
responding to the trigger duration, with 230 s inducing longer STP
that relaxed to the low conductance level after 60s (green in
Figure 3f). However, 310 and 330s trigger durations expanded
the retention to over 90 s. The reading measurements repeated after
5min of voltage break and showed a slight current decrease
(~=0.08 pA), depicted in Figure 3g. However, I.,q was well above
the basal state indicating LTP. The basal state here corresponds
to the conductance state before any stimulation occurs, that was
measured on a weekly basis for 1 month and found to be around
1.4 x 107° A, shown in black in Figure 3e,f. The inset of Figure 3g
presents Aw versus trigger duration and demonstrates
attenuation after V;, of around 250 s, suggesting that learning func-
tionalities are attainable with mild stimulation when its duration is
prolonged.

The characterization of the printed electronic synapses demon-
strates a current modulation through the voltage duty cycle and a
rate of processing that can be controlled though a-TiO, layer thick-
ness, which is an easily adjustable process through IJP. 7 can
be further reduced as observed in our previously developed
Ag/a-TiOy 50 nm)/Ag devices.P® It should be highlighted that IJP
permits the development of layers with different thicknesses, with-
out any supplementary fabrication process. Consequently multiple
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functionalities on the same substrate, using a universal fabrication
method and the same materials, are enabled.

3.1. Event-based continuous and repeatable conductance-state
modulation

The present findings converge with biology, following the notion
that associates intense stimulation with strong responses and
longer-term changes in synaptic plasticity. To further explore
the applicability of such biomimetic attributes, duty cycles above
60% were tested. In this experiment, V;, of 10 V was applied on
the device based on the 350nm active layer (device 3). In
Figure 4a, a was set at 80%, and I, exhibited again a stepwise
increase with Aw considerably larger than the in the case of the
lower duty cycle presented earlier. After 10 sets of pulses, Aw
reached 174%, while after the second set of pulses, followed after
a break of ~1.57s (Figure 4a), Aw further augmented up to
~4010°%. Stronger potentiation was attained in the case of

www.aem-journal.com

a=90%, with Aw exceeding 10010°% during the second set
of pulses (Figure 4b) and reaching compliance current after
around 10s (Figure S7, Supporting Information). Even though
the stepwise current increase was observed under 80% duty
cycle, with 90% duty cycle, the graduality was lost after the first
set of pulses and sharp increase followed, implying hard switch-
ing. Figure 4d summarizes the synaptic modification evolution
with the applied pulses of different duty cycles tested here, con-
firming the effect of duty cycle on the extent of potentiation along
with the rise in adaptation after a number of iterations.

Device 3 characterization under Vi, of 90% and 60 s duration
revealed LTP lasting 1 h (Figure S7a, Supporting Information), a
state that was reversed after 60 s of same polarity trigger appli-
cation with reduced amplitude and frequency (Figure S7b,
Supporting Information), returning the device to its initial state
(reset process, Figure S7c, Supporting Information). Even
though the results require further analysis, the findings connote
an interplay of homeostatic regulation in a single unit cell.
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Figure 4. Effect of high duty cycle on the extend of potentiation in printed Ag/a-TiO,/Ag electronic synapses. a) Two sets (10 pulses) of 10V pulses with
a=80% applied sequentially with 1.575 s interval on device 3 (active layer thickness: 350 nm). The Aw after the first set of pulses was 174% and after the
second one Aw rose to 40.7 10°%. In b) the a was changed to 90%, and the I, exhibited a Aw of 806% and 130 x 10°% after the first and second set of
pulses, respectively, implying hard switching with abrupt current increase after 20 pulses. The follow up triggering increased the current up to compliance
current (Figure S7, Supporting Information). c) The I-t plot under a: 80% trigger during 21 s, presenting a stepwise current increase with the applied
pulses d) Aw versus number of pulses plot summary, illustrates the correlation between the extend of potentiation and the number of iterations under the
various duty cycles tested on printed Ag/a-TiO,/Ag electronic synapses, showing similar properties with an effect of habituation after 15 pulses when a
was up to 80%. However, in the case of a =90%, a steep current increase was induced.
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Homeostatic regulation is an inherent mechanism found in neu-
ronal systems, that keeps the synaptic activity within a useful
dynamic range, by changing the synaptic efficacy Aw through
sliding threshold,’® that is, an LTP induction threshold that
changes according to the timing characteristics of the preceded
triggers. Homeostasis secures the long-term stability in neuronal
networks,®>%! and it is attractive as a mechanism to attain
complete biomimicity with error-tolerant attributes for high-
performance neural networks.

To further confirm that conductance modulation through duty
cycle can be reliably achieved, a series of triggers consisting of
50 x high and 50 x low a were applied sequentially with 2 s inter-
vals on a printed Ag/a-TiO3(300 nm)/Ag electronic synapse (device
3, Figure 5a). In the first case, the high a was set at 80% and the
low at 20%. The results demonstrated an average Aw of ~55% at
a: 80% and Aw = 20% at a: 20%, while in the second case, where
high a =90% and low a = 10%, the corresponding Aw reached
100% and Aw: 27-30%, respectively. The results show that 90%
duty cycle has long-term effects in conductance, which are not
affected by the low duty cycle and voltage breaks mediated.
However, under 80-20% duty cycles, continuous I, level con-
trol is achieved with increase and decrease, respectively. Device 3
exhibited repeatable switching for more than 2 x 10° pulses (the
subsequent sweeps can be found in supplementary information,
Figure S8, Supporting Information). This is a significant
achievement for printed electronic synapses, considering that
reports on repeatability and endurance on these types of devices
are scarce.

3.2. I-V Curves

In Figure 6, the I-V curves of devices based on 80 nm (Figure 6a,
b) and 350 nm (Figure 6¢,d) a-TiO, are presented. The device
based on thin active layer was governed by ohmic conduction,
as shown in Figure 6b, where the current increase was linear.
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These devices demonstrated low dynamic range (Figure 6b)
and low cyclability when triggered by high duty cycle pulses
(Figure S11, Supporting Information). Devices based on the
350nm a-TiO, layer exhibited better dynamic range
(Figure 6¢,d) with repeatable characteristics for over 2 10° cycles
(Figure 5, Figure S8, Supporting Information). In both cases, the
first sweep demonstrated a wider loop (green lines in Figure 6a,c
and dotted lines in Figure 6b,d) that is most possibly attributed to
the formation of a conductive path inside the active layer. The
conductive path can be single- or multiple-filament formation
that relies on Ag diffusion through the active and on active layer
defects.***”~%% Grain boundaries arose from the granular mor-
phology of the developed a-TiO, layers (Figure 1d,e) which can
also accommodate the build-up of conductive filaments across
grain boundaries. The size and distribution of these filaments
are conditional to nanograin characteristics.”” Small ones enable
the creation of multiple thin easily relocated filaments, resulting
in fast current increase (Figure 5b, S10ab, Supporting
Information), susceptible to variability. However, with larger
grains, thicker and stronger filaments can be shaped, leading
to Dbetter dynamic range (Figure S10c,d, Supporting
Information) and RS cyclability (Figure 5a, S8, Supporting
Information). The grain boundaries are shown to be potential
mediators for efficient RS control.”*”?! Conclusively, thin
devices require optimization toward reliability, whereas thick
electronic synapses are promising as neuromorphic computa-
tional nodes, owing to repeatable and durable synaptic
properties.

The log-log-scale plots of device 3 are presented in Figure S10,
Supporting Information, and indicate the interplay of SCLC
and trapping-detrapping of charge carriers during the sweep
repetition, as shown to be responsible in TiO,-based
devices.****%%74 The characterization under different frequen-
cies also showed frequency dependence in conductance increase,
suggesting frequency-encoding capabilities.

-2.0%10°9,8%107 2.0x10°* 3,0x10° 4.0x10°* 5,0x10° 6.0x10°* 7.0x10® 8.0x10*

= —
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R
04
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Figure 5. Sequential conductance state modulation through soft and hard stimulation, controlled by changing only pulsed triggers duty cycle. Vi, (10V,

4 Hz).

a) 50 pulses of high (80%) and 50 of low (20%) o were applied sequentially with 2 s interval, for ~350 s on device 3. I, exhibited continuous rise

and fall conditional to the duty cycle. Devices 3 demonstrated a repeatable behavior for over 2 x 10 pulses (the follow up cycles at higher frequencies can
be found in Figure S8, Supporting Information). b) 50 pulses of high (90%) and 50 of low (10%) a were applied sequentially with 2 s interval, for =350 s on
device based on 200 nm active layer thickness. I, exhibited an increase independent to the mediation of lower duty cycle.
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Figure 6. -V plots of 80 and 350 nm a-TiO; - based printed synapses. a) Semilogarithmic plot of —2 to 2 V sinusoidal voltage of thin active device and the
corresponding lin-lin plot for the first five sweeps shown in b), demonstrating low dynamic range compared to the 350 nm a-TiO, - based device.
c) Semilogarithmic plot of —10 to 10V sinusoidal voltage of the 350 nm a-TiO, -based device and the corresponding lin-lin plot for the first five sweeps
shown in d). In both cases the initial sweep is characterized by a wider loop indicating higher resistance during the first cycle (shown in green). This effect
is attributed to the electroforming process that initiates the resistive switching process in both this and thick devices.

4, Conclusion

In summary, we presented fully printed Ag/a-TiO,/Ag electronic
synapses with RS properties that emulate synaptic plasticity
properties that are vital for brain-inspired processing. The formu-
lation of custom-made inks used in this work provides a
low-cost and ecofriendly alternative toward large-area and flexible
neural networks. Through the versatile route of a-TiO, synthesis,
the issues of nozzle clogging and sedimentation were effectively
controlled, giving an optimal shelf life, highly encouraging for
translation toward large-scale manufacturing. Furthermore, a
repeatable and reliable control of a-TiO, thickness with
nanometer-range resolution was achieved. The layer thickness
was directly controlled, through the number of IJP scans, without
entailing any supplementary fabrication or treatment process.
The electrical characterization of the printed devices demon-
strated rich internal dynamics, emulating those of Ca®* that bio-
logical synapses implement for synaptic weight adjustment. We
also presented that devices with thick active layers exhibited dura-
ble RS and conduction mechanism comparable with convention-
ally developed devices. Most importantly, the conductance state
was continuously modulated via duty cycle, by implementing a

Adv. Eng. Mater. 2022, 2200439 2200439 (9 of 11)

single-polarity voltage trigger, therefore minimizing the power
requirements while also enabling complete biomimicity when
characterized under realistic operating conditions.

5. Experimental Section

Active Ink Synthesis and Characterization: a-TiO, nanoparticle suspen-
sion ink was developed and used for fully printed electronic synapses.
The ink comprised titanium isopropoxide TTIP: Ti (IV) (97%), acetic acid
(AcOH, CH;COOH), and acetylacetone (ACAC, C5H802) as chelating
agents. Propylene glycol methyl ether (PGME, main) and ethylene glycol
(CHeO,) were used as solvents. First, 5 mL of a main solvent was mixed
and stirred vigorously (1000 rpm with magnetic stirrer) with stabilizing
agents (SA) glacial acetic acid:acetylacetone of 1:1 molar ratio, and then
TTIP was added drop wise. Ink; had TTIP:SA molar ratio of 1:8 and Ink, of
1:4. Both were stirred for 3 days, under ambient conditions. Then, the solu-
tion was filtered using a 0.2 um PTFE filter, and ethylene glycol was added
(50% vol) and stirred for 1h before its transfer to the printer cartridge.

Ink nanoparticle size was measured through DLS, using Zetasizer
Nano ZSP (Malvern Instruments Ltd., UK). The viscosity and surface ten-
sion values were extracted using a Brookfield rheometer, and the surface
tension was measured through a Theta (Biolin Scientific) instrument,
respectively. pH measurement was carried out using the Hanna
pH 213 instrument. XPS analysis was performed through

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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K-Alpha + spectrometer (ThermoFisher Scientific Instruments, East
Grinstead, UK). The spectra were obtained through a monochromated
Al Ko X-Ray source (hv = 1486.6 eV) with ~32mN m~" and an X-Ray spot
of ~400 um radius. Pass energy of 200 eV was used for survey spectra
acquisition. Spectra were charge referenced against the Cls peak at
285 eV to correct for charging effects during acquisition.

Devices Fabrication, Morphology, and Electrical Characterization: All the
layers that made up the electronic synapses were deposited through inkjet
printing using Fujifilm Dimatix (DMP-2800 series) with a DMCLCP-11 610
cartridge (10 pL nominal droplet volume), in drop-on-demand mode and
in ambient conditions. The glass substrates were cleaned with acetone,
isopropanol, by 2min argon RF plasma etching (100 W, Quorum
K1050X). For bottom and top electrodes, nanosilver ink was used (Ag
nanoparticle ink dispersed in ethanol, Kunshan Hisense Electronics
Co., Ltd.). As active layer, the formulated custom-made TiO, inks were
implemented. The layers were formed using a single-cartridge nozzle.
For solvent evaporation and thin film formation, sintering at 120 °C for
~220 min for electrodes and at 90 °C for 10 min for the active layer followed
immediately from printing. The device active area, that is, the intersection
of metal active-metal, was =100 pm x 100 pm for all the devices tested
here. Electrode pads (600 pm x 600 pm) were deposited at T mm from the
active area to facilitate electrical measurements and protect the device. As
a last step, the active areas were encapsulated with Teflon (AF1600X,
Dupont, Wilmington, DE), dissolved in”>!" Fluorinert (FC-43, 3M
Company, Maplewood, MN) to 1 wt%.I78

The thickness and morphology of the developed layers were character-
ized through profilometry (Bruker Dektak) and microscopy cross-section
SEM (Tescan FERA4 dual beam). To facilitate imaging, the layers were
printed on p-Si substrate, after spin coating the polymer (P11) that was
used as the underlayer to achieve layer uniformity. For the milling process,
a Pt protective layer was deposited on top of the printed layers, and elec-
tron Pt-EBID (beam characteristics: 5 keV and 0.4 nA) and ion (Pt-IBID,
beam characteristics: 30 keV and 0.3 nA) beams were used. The cross sec-
tions were done with Ga+ beam (30 keV and 0.50 nA).

For the ink characterization through TEM, drops of the developed ink
solutions were placed on a copper grid coated with a carbon film and
annealed at 70°C for 2-3min. JEOL JEM-2100F instrument and
GATAN Microscopy Suite software were used for observation. The meas-
urements were conducted at CEA Le Ripault (France).

The electrical characteristics of the printed devices were tested using
Keithley 4200-SCS semiconductor parameter analyzer and Wentworth
probe station. In all cases, the bottom electrode was grounded, and
the top electrode was biased. Voltage amplitude was set at 1-10V,
depending on the active layer thickness (the Vi, amplitude for each case
is referred in the main text). Compliance current, used to protect the sam-
ples, was set at 10 pa for the devices 1 and 2 and 1 mA for the devices
based on thicker active layers (device 3 and 4). The duty cycle was defined
as a=pulse duration/period (%). All measurements occurred in a
current-visible mode (I, measurement took place simultaneously with
voltage bias) and took place under ambient conditions.

Supporting Information

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