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Inkjet-Printed Tungsten Oxide Memristor Displaying
Non-Volatile Memory and Neuromorphic Properties

Hongrong Hu, Alexander Scholz, Christian Dolle, Alexander Zintler, Aina Quintilla,
Yan Liu, Yushu Tang, Ben Breitung, Gabriel Cadilha Marques, Yolita M. Eggeler,

and Jasmin Aghassi-Hagmann*

Printed electronics including large-area sensing, wearables, and bioelectronic
systems are often limited to simple circuits and hence it remains a major
challenge to efficiently store data and perform computational tasks.
Memristors can be considered as ideal candidates for both purposes. Herein,
an inkjet-printed memristor is demonstrated, which can serve as a digital
information storage device, or as an artificial synapse for neuromorphic
circuits. This is achieved by suitable manipulation of the ion species in the
active layer of the device. For digital-type memristor operation resistive
switching is dominated by cation movement after an initial electroforming
step. It allows the device to be utilized as non-volatile digital memristor, which
offers high endurance over 12 672 switching cycles and high uniformity at low
operating voltages. To use the device as an electroforming-free,
interface-based, analog-type memristor, anion migration is exploited which
leads to volatile resistive switching. An important figure of merits such as
short-term plasticity with close to biological synapse timescales is
demonstrated, for facilitation (10177 ms), augmentation (10s), and
potentiation (35 s). Furthermore, the device is thoroughly studied regarding
its metaplasticity for memory formation. Last but not least, the inkjet-printed
artificial synapse shows non-linear signal integration and low-frequency
filtering capabilities, which renders it a good candidate for neuromorphic
computing architectures, such as reservoir computing.

1. Introduction

Novel applications, such as soft robotics,
wearables, bioelectronics, and smart de-
vices for the Internet of Things (IoT) require
flexible, customizable, as well as efficient
data storage and computation abilities. Ide-
ally, this can be realized by printed elec-
tronics (PE) and printable materials, that of-
fer fabrication on non-conformal surfaces
and direct integration into smart objects.!?]
However, currently the performance of
printed active devices is still limited.”®] Per-
formance limitations and fabrication chal-
lenges on device level stem from complex
material stacks and interface properties of
transistors, requiring either thin dielectric
layers or chemically stable polymer elec-
trolytes/ion gels as well as high mobili-
ties of printed semiconductors, to name but
a few. This makes realization of printed
complex circuitry challenging. In addition,
the demand to handle large amounts of
data generated in applications such as
near-sensor computing,/*°! calls for more
efficient information processing beyond
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classical von-Neumann computing architectures. In this re-
gard, neuromorphic computing, which attempts to mimic the
way a human brain processes information, performs computa-
tional tasks efficiently in parallel and is regarded as one of the
emerging techniques to tackle data-intensive tasks.[®]

To facilitate the development of printed neuromorphic cir-
cuits, novel electronic devices, such as printable memristors,
are required. Compared to transistors, memristors are less
complex and provide memory and logic functions in addi-
tion to their interesting analog properties suitable for neu-
romorphic computing.[**12l A memristor is a two-terminal
electronic device that can be stimulated by an external volt-
age and change its resistive state accordingly. Multiple materi-
als and material compositions, such as polymers, carbon nan-
otubes, and metal oxides can be utilized as the active layer in
memristors.[>"°] Depending on the resistive switching mech-
anism, memristors can be categorized according to their elec-
trical behavior. This includes analog-type memristors to emu-
late biological synapses and neurons!'®”] and digital-type mem-
ristors for data storage applications.!'8] Most of these devices
are fabricated using advanced manufacturing methods, such as
atomic layer deposition and magnetron sputtering,'%! but re-
cently also printing of memristors is becoming more and more
popular!?0-2]

Regarding printed electronics, digital printing technologies,
such as electrohydrodynamic jet-, aerosol-, and inkjet-printing,
are of particular interest due to their additive, material efficient,
non-contact, and maskless fabrication capabilities.?*3!] Recent
works on printed memristors mostly focus on digital-type mem-
ristors with filamentary type of resistive switching suitable for
flexible or printed memory applications.?>?°] Active materials
studied before include metal oxides (HfO,, ZnO, TiO, WSe, and
others) as well as graphene and polymers (PMMA+MEH:PPV).
Recently, also synaptic or analog printed memristors have been
reported.[??1 The majority of printed analog-type memristors
for artificial synapses rely on modulation of conducting filaments
within the active layer to achieve short- and long-term plasticity
for spiking neural network implementations. Whilst it is chal-
lenging to realize short-term plasticity in those devices with time
scales in the range of biological synapses, also other important
concepts such as metaplasticity, signal integration, and temporal
filtering has not been reported in printed memristors up to now.
In particular for reservoir computing, memristor short-term plas-
ticity has shown to be a feasible method for classification tasks at
low required device amount.32-34]

In this work, we present an inkjet-printed memristor, which
can exhibit either interface-based, analog resistive switching for
neuromorphic computing applications or filament-based, digi-
tal resistive switching for data storage applications. Both device
properties are realized with only a single material composition,
which allows for direct co-integration of digital and analog-type
memristors on the same substrate at a low processing tempera-
ture of 120°C, which in the future can be used for flexible elec-
tronics. The device behavior can be adjusted by a suitable chosen
electroforming voltage sweep or without using a forming voltage
and exploitation of interface properties.

When used as filamentary-based, digital-type memristor, the
device shows a low operation voltage with a SET voltage of 1.05
and -0.45V RESET voltage, an excellent endurance over 12 672
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write and erase cycles, with a R /R, ratio of 102, and a retention
of 10* s.

When used as an interface-based, analog-type memristor, the
device exhibits synaptic behavior. For short-term plasticity, close
to biological timescales are achieved for facilitation (10-177 ms),
augmentation (10s), and potentiation (35s). Furthermore, the ar-
tificial synapse is thoroughly studied regarding its metaplasticity
for memory formation and frequency dependent, non-linear sig-
nal integration and high-pass filtering capabilities, rendering it
an ideal candidate for reservoir computing.

2. Results

2.1. Device Structure and Material Characterizations

The developed memristor is based on a three-material stack
consisting of a laser-patterned gold (Au) bottom electrode, an
inkjet-printed tungsten oxide (WO, _ ) active layer, and an inkjet-
printed silver (Ag) top electrode. As shown in Figure 1a, the effec-
tive area of the device is formed at the intersection of the two over-
lapping electrodes and is therefore defined by the overlapping
area of the upper Ag top electrode (ca. 50um in width) and of the
lower Au electrode (30um in width). The microscopic morphol-
ogy of a pristine device is visualized in the cross-section depicted
in the inset of Figure 1a by high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM), from
which the thickness of each layer can be approximated (Au bot-
tom electrode has a thickness of 100nm, inkjet-printed WO, _,
active layer with a thickness of ca. 600nm and an inkjet-printed
Ag top electrode of ca. 70nm). The elemental distribution of each
layer is revealed by energy dispersive X-ray spectroscopy (EDS)
over the red highlighted area, in which Ag, W, and Au are clearly
traced in corresponding layers. The Pt layer above the Ag top
electrode is utilized to protect the device structure during lamella
preparation. Furthermore, we investigate the surface roughness
of the inkjet-printed WO, _, active layer by atomic force mi-
croscopy (AFM) over an area of 1ym X 1ym. The AFM micro-
graphs shown in Figure 1b reveal that the surface morphology of
WO, _, layer consists of granular nanoparticles. The root mean
square surface roughness is R, = 28.90nm. In addition, scan-
ning electron microscopic (SEM) images of inkjet-printed Ag and
WO, _, can be seen in Figure Sla,b (Supporting Information).
To reveal the crystal phase composition of the inkjet-printed
tungsten oxide, we investigate it with X-ray diffraction (XRD).
From the obtained spectrum in Figure 1c, we observe a good
match of the peaks in the measured XRD pattern with the data of
the calculated WO, _, (ICSD84139) at the 2 6 positions of 18.1°
(002), 18.9° (110), 22.1° (102), 22.7° (012), and 26.0° (112). The
(110) and (102) planes of the WO, _, crystalline can be clearly
seen in the high-resolution transmission electron microscopic
(HRTEM) image in Figure 1d with a lattice spacing of 3.65 and
3.14A, respectively. The inkjet-printed WO, __ layer is expected
to consist of randomly oriented crystallites, which are revealed
by the discrete scattered spots approaching a powder diffraction
pattern in the selected area electron diffraction (SAED) image in
the left half of Figure le. The right half of Figure le consists of
the rotational average (upper part) extracted from experimental
data and the simulated Debeye rings (lower part) for WO, _,.
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Figure 1. Device material characterizations. a) Optical image of the inkjet-printed memristor from a top view. The effective area of the device is formed
at the overlapping area of top- and bottom- electrode, which is marked with a red dashed rectangle with a size of 50 um X 30 um. Inset: cross-sectional
STEM HAADF micrograph of the inkjet-printed memristor. An EDS elemental map of selected area in STEM is shown in the zoom-in box. The elemental
lines selected for the map are Pt_La, Ag_Ka, W_La, and Au_La. b) 2D and 3D AFM image of the inkjet-printed WO; _, layer. c¢) XRD pattern of WO; _,
inkjet-printed on Si wafer. For comparison, the calculated intensity of WO; _, (ICSD84139) is ploted as red columns over 2 6. d) HRTEM image of
WOj; _, layer. The planes indicated by the arrows can be assigned to WO; _,. e) Experimental (exp.) SAED pattern of inkjet-printed WO; _, layer
(left half), rotational average (rot.avg.) of the experimental data (top right quadrant), and simulated (sim.). Debeye rings for the WO; _, (lower right

quadrant).

Comparing the ring positions in Figure le, four prominent
planes of WO, _, {(310), (220), (112), and (110)} can be rec-
ognized from experimental data of printed WO, _,. A rota-
tional average pattern extracted from the SAED can be found
in Figure Slc (Supporting Information), which is in good accor-
dance with the XRD pattern, displayed in Figure 1c. In this work,
the rotational averaging of the SAED pattern was performed with
CrysTBox!**l and the simulation of Debeye rings was done with
Recipro.*]

More information about the memristor fabrication workflow
can be found in the Experimental Section and Figure S2 (Sup-
porting Information).

2.2. Electrical Device Characteristics

Based on the applied voltage to the device, digital or analog resis-
tive switching can be enabled. To achieve digital resistive switch-
ing, an initial electroforming process for the memristor is re-
quired (left-hand side of Figure 2a). Device electroforming is
achieved by applying a positive voltage to the Ag top electrode
whilst grounding the Au bottom electrode. This results in the
formation of conductive Ag filaments within the WO, _, active

3-x
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layer as shown in Figure 2b. After filament formation, the device
can be switched between two distinctive resistive states, namely
the high resistive state (HRS) and the low resistive state (LRS)
and shows typical bipolar resistive switching as sketched in the
current-voltage (I-V) characteristics (Figure 2¢). By alternately ap-
plying a positive (SET) and negative (RESET) voltage to the Ag top
electrode the resistive state can be changed from HRS to LRS and
vice versa. Both resistive states are maintained over an extended
period of time when the applied voltage is removed (Figure 2d).
This non-volatile resistive switching can be utilized for memory
applications (Figure 2e).

To enable analog resistive switching, no electroforming is
required over a pristine device and only negative voltages are
applied to the device (Figure 2a). Applying a negative voltage
to the Ag-based top electrode leads to the accumulation of
oxygen vacancies (Vo) at the Ag/WO, _ interface (Figure 2f).
The accumulated oxygen vacancies (V,) are used to modu-
late the height of the Schottky barrier and thus gradually
change the conductivity of the device as schematically shown
in Figure 2g. The volatile conductance over time (Figure 2h)
can be exploited as artificial memristive synapse (Figure 2i)
and furthermore shows non-linear integration and filtering
behavior.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Schematic functional overview of the device behavior, which includes digital and analog resistive switching properties. a) The functionality
is based on applying or not applying a prior electroforming voltage to a pristine device. To obtain a digital-type memristor, a positive electroforming
voltage sweep is applied. This leads to formation of silver conducting filaments in the WO; _, layer. If the device is intended to be used as analog-
type memristor, no electroforming voltage is applied to the pristine device and only negative voltages are used to modulate the oxygen vacancies at
the Ag/WO; _, interface. For digital-type memristor: b) Resistive switching is ascribed to the formation and rupture of Ag conducting filaments. c)
Schematic I-V characteristics of the digital-type device. d) Conductance/resistive states of digital-type device are stable over time showing its non-
volatility. e) Digital-type device can operate as a non-volatile memory cell for digital information storage. For analog-type memristor: f) Concentration
change of oxygen vacancies at the Ag/WOj3 _, interface accounts for the analog resistive switching. g) I-V characteristic of the analog-type device. h)
Obtainable increased conductance is volatile and decreases exponentially with time. i) Volatile analog resistive switching behavior allows the memristor
to function as an artificial-synapse, which can be used in neuromorphic computing. The schematic of a synapse in Figure 2h was modified based on the

template from Servier Medical Art by Servier, which is licensed under a Creative Commons Attribution 3.0 unported license.

In the following, the Ag/WO,_,/Au device is investigated
in terms of its digital and analog resistive switching per-
formance. For all voltage-dependent investigations, the volt-
ages are applied at the Ag top electrode, whilst the Au bot-
tom electrode remains grounded, if not further mentioned.
Also, for all reported voltage sweeps, the voltage step size
for the forward sweep is 0.01 and 0.1V for the backward
sweep.

2.3. Digital-Type Memristor Characterization

To determine the digital resistive switching behavior of the devel-
oped device, an initial voltage sweep (0V — 5V) is applied over
a pristine memristor, to build the initial conducting filaments
within the WO, _, layer (see Figure 3a). At 4V, the measured
current abruptly reaches the compliance current (CC) of 0.8mA,
which indicates the initial electroforming voltage of the digital-
type memristor.

After the initial electroforming process, the device is switched
between its LRS and HRS by consecutive positive and negative
voltage sweeps. It should be noted, that the SET voltage is much
lower than the initial electroforming voltage, due to the residual
conducting filaments, which were prior formed in the WO

3-x

Adv. Funct. Mater. 2023, 2302290 2302290 (4 of 12)

layer. For further reading, this process is visualized in Figure S4
(Supporting Information). For the SET process, a voltage sweep
(0V—> 2V — 0V), is applied over the device, with a CC of 0.8mV.
To RESET the memristor, a voltage sweep (0V — — 1V — 0V)
without CC is used. Figure 3a,b shows 11 representative I-V
curves from 100 consecutive sweeping cycles. The full 100 sweep-
ing cycles and corresponding resistances are shown in Figure S3
(Supporting Information). For cycle-to-cycle device investigation,
the distributions of the obtained 100 SET and RESET voltages
are depicted as histograms in Figure 3c. The obtained memris-
tor SET voltage shows a low mean value of x = 1.05V, with a
standard deviation of s = 0.29V. The RESET voltage is centered
around a mean value of x = —0.45V with a standard deviation of
s=0.11V.

To investigate the retention performance of the device, the re-
sistances of both resistive states are plotted in Figure 3d over
10* s. Therefore the device is set to a defined resistive state
(HRS or LRS), and its resistive state is continuously obtained
by a read voltage, with a pulse height of 0.01V and width
of 200 ms. As visualized, both resistive states remain stable
over the investigated time and no signs of obvious degrada-
tion can be observed. The retention performance of the de-
vice further highlights its potential as a non-volatile memory
element.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Digital resistive switching characteristics. a) -V curves of the electroforming voltage sweep and 11 SET processes (out of 100) with a com-
pliance current of 0.8mA. For the electroforming process, the voltage sweep is performed from 0V — 5V — 0V. The sweeping voltage range for the SET
process is 0V — 2V — 0V. b) |-V curves of 11 RESET processes. Here, the voltage is swept from OV — — 1V — 0V. c) Distribution of SET and RESET
voltage values extracted over 100 switching cycles, visualized as histograms. d) Device retention of the HRS and LRS over 10* s. e) |-V curve of the SET
process at logarithmic scale. The arrows indicate the voltage sweeping direction. f) Endurance performance of the memristor, operated under pulse

mode.

2.3.1. Conduction Mechanism

In the following, we investigate the conduction mechanism of
the digital-type memristor. The [-V curve, of the SET process is
plotted on a double-logarithmic scale. The linear fit of the slopes
of the measured curves for different resistive states and at vari-
ous voltage ranges are compared, as shown in Figure 3e. In the
case of the HRS, the conducting filaments (CF), which consist
of silver atoms, are ruptured. Thus, a gap is formed between the
top electrode and the “virtual” electrode of the residual silver CF,
formed in the tungsten oxide layer, which is considered as an ex-
tension of the Au bottom electrode. When the positive voltage at
the top electrode is gradually increased, primarily a minuscule
amount of charge carriers in the active layer are thermally ex-
cited and lead to Ohmic conduction in the low field regime.l”]
Correspondingly, the slope of the HRS at low voltage and cur-
rent values is 1.10, as shown in Figure 3e. As the applied voltage
continuously increases, electrons from the residual conducting
filaments fill the traps in the gap of the tungsten oxide until they
are completely filled. This process is shown in Figure 3e, as an
increase in the slope from 1.91 to 4.33 in the HRS curve can be
observed. This fits with the theory of space charge limited con-
duction (SCLC).38] The SCLC theory is further classified into two
types. The type with unfilled traps obeys Child’s square law with
Ix V2, while the type with filled traps leads to an exponential in-

Adv. Funct. Mater. 2023, 2302290 2302290 (5 of 12)

crease in the current.®®] As shown in Figure 3e, a huge increase
in current can be observed, which matches trap-filled SCLC the-
ory, and indicates a re-connection of the residual CF to the top
electrode. For the LRS curve, the slope value is 1.02, which is
in accordance with Ohm’s law and indicates the existence of a
metallic contact between the two electrodes. The process of fila-
ment formation, rupture, and re-connection of the studied device
is shown schematically in Figure S4 (Supporting Information)
and explained in detail in Note S1 (Supporting Information).

2.3.2. Dynamic Performance for Memory Applications

To investigate the performance of the memristor as a non-volatile
memory device, voltage pulses are applied to the device for 200ms
to switch between the resistive states. For the “write” operation,
which sets the device to LRS a voltage pulse of 3V and a CC
of 800uA is used, while a voltage pulse of -1.5V is used for the
“erase” operation, which resets the device to HRS, without any
CC. After each “write” and “erase” cycle, the resistance is read
out through a small voltage pulse of 0.01V. Figure 3f shows the re-
sults after “writing” (blue dots) and “erasing” (red dots) the device
over 12 672 cycles. Only a few switching events fail, and a resis-
tance R /R, ratio of 10? is obtained. In Figure 3f, the endurance
cycle-to-cycle variability of the HRS and LRS is observable, which

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Analog resistive switching device. a) -V characteristics measured over five consecutive DC voltage sweeps (0 — —3 — 0V), which show the
gradual increase of conductivity. b) Applied voltage and measured current over time. c) Exponential decay of the normalized conductance of the device
over time, which is measured after the fifth voltage sweep. This indicates the volatility of the conductance when the applied voltage is removed.

is a common effect in EMC-based memristors due to their in-
trinsic stochastic properties.*%] If necessary, the endurance uni-
formity can be optimized by suitable circuit architectures, such
as 1-transistor 1-memristor (1T1R) and feedback algorithms with
adaptive current compliance measures.[*041]

2.4. Analog-Type Memristor Characterization

To exploit the interface-based, analog resistive switching of the
device, no initial electroforming voltage and only negative volt-
age sweeps and pulses are used to avoid Ag filament formation
within the active layer. The gradual increase in conductivity of
the memristor is shown in Figure 4a, by applying five consecu-
tive negative voltage sweeps (OV — — 3V — 0V), over the device.
To visualize the dynamic incremental conductivity change with
multiple successive negative voltage sweeps, the voltage and cur-
rent are plotted over time in Figure 4b. The peaks, observed in
the current measurements, increased steadily with each voltage
spike, which is similar to the increase in efficacy of a biological
synapse, exposed to a continuous stimulus. This analog resistive
switching can be exploited for the development of an artificial
memristive synapse.[*?]

The gradual increase in conductivity of the inkjet-printed
memristor is due to the continuous accumulation of oxygen va-
cancies at the Ag/WO, _, interface, as tungsten oxide is an n-
type transition metal oxide-based semiconductor, where oxygen
vacancies (V) act as dopants that increase the overall conductiv-
ity. The metal/semiconductor interface properties can be dynam-
ically adjusted, by changing the amount of oxygen or oxygen va-
cancies (V,).[*=*] Therefore, gradually tunable resistive switch-
ing can be achieved, by applying an external electrical field to the
device, which helps to manipulate the amounts of oxygen vacan-
cies (V) in the tungsten oxide. For more information about the
underlying physical and chemical mechanisms see Note S2 and
Figure S5 (Supporting Information).

For the analog-type memristor, the conductance decreases over
time, due to the volatility of the migrated oxygen vacancies. As
shown in Figure 4c, an exponential decay of the normalized con-
ductance is observed, after the device experienced five consecu-
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tive voltage sweeps. This can be attributed to the restoration of
the Schottky-like contact at the Ag/WO, _, interface, caused by
the spontaneous diffusion of the oxygen vacancies away from the
metal/semiconductor interface. This conductance decay also ex-
plains the overlapping hysteresis loops in Figure 4a. The phe-
nomenon of volatile resistive switching in the reported inkjet-
printed memristor can be used to emulate synaptic plasticity,
which refers to the modification of the strength of synaptic trans-
mission between two neurons.[*]

In the following, we investigate the inkjet-printed memris-
tor’s capabilities as an artificial synapse for neuromorphic ap-
plications over different forms of synaptic short-term plasticity.
Furthermore, we investigate the frequency-dependent signal pro-
cessing capabilities of the artificial synapse.

2.4.1. Artificial Memristive Synapse: Paired-Pulse Facilitation

In a biological synapse (Figure 5a, upper part), when two action
potentials in rapid succession depolarize the pre-synaptic neu-
ron, the second action potential can release more neurotransmit-
ters than the first one, resulting in multiple times higher post-
synaptic current (PSC).I*] This biological phenomenon is called
paired-pulse facilitation (PPF),[**-!] and is described for biologi-
cal synapses by the residual calcium (Ca® *) theory.*!! Facilitation
in biological synapses can persist for tens to hundreds of millisec-
onds and is considered as an important factor in the encoding of
temporal information.[52!

The paired-pulse facilitation (PPF) is emulated with the pre-
sented inkjet-printed artificial memristive synapse, by applying
two identical voltage pulses and measuring the output current,
induced by these two successive voltage pulses within a short
time interval (see Figure 5a). The corresponding results for the
artificial memristive synapse are shown in Figure 5b, where suc-
cessive voltage pulses of -5V are applied to the device over 10ms.
The interpulse interval (At), which is the duration of the pulse-
off time, is 30ms. It can be observed, that the second evoked
current (I,) exceeds the first (I;), which is similar to the facili-
tation observed in biological synapses. As discussed earlier, this
effect can be explained by oxygen vacancies in the tungsten oxide
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Figure 5. Paired-pulse facilitation (PPF) of the artificial memristive synapse. a) Schematic illustration of PPF in a biological synapse and emulation of
the PPF using our memristor. b) Experimental result of the inkjet-printed memristor by applying two consecutive identical voltage pulses. The second
evoked current I, is higher than the initial current I, response. c) Measured decay of the PPF with increasing time intervals between voltage pulses.
The green dots are the obtained mean values. The error bar indicates the standard deviation. The fit of the exponential decay curve was obtained using
Equation (2). The schematic of the synapse in Figure 5a was modified, based on the template from Servier Medical Art by Servier, which is licensed

under a Creative Commons Attribution 3.0 unported license.

active layer, which migrate along the electrical field and accumu-
late near the Ag top electrode. This reduces the height of the
Schottky barrier between the silver top electrode and the tungsten
oxide, which leads to increased conductivity of the device. This
effect has been recently observed also in other material systems
(Pt/WO, _,)l® and other semiconductors.[**4754 Analogous to
the residual Ca?* theory, the migration and accumulation of the
oxygen vacancies, triggered by the first input voltage pulse, con-
tribute to the increase in the conductivity produced by the second
stimulus. Therefore, the interpulse interval needs to be shorter
than the spontaneous diffusion time of the oxygen vacancies,
which would counteract the accumulation and therefore the con-
ductivity increase.

The synapse-like current enhancement, observed in the mem-
ristor can be quantified by the following equation:*!

I
PPF = 2 1)
Il

where I, and I, represent the PSC measured from the memristor
and caused by the first and the second voltage pulse, respectively.

Based on the residual Ca® * theory, the magnitude of the PPF is
supposed to decrease with increasing interpulse interval A1)
To emulate this interpulse-dependent decay in PPF for our artifi-
cial memristive synapse, paired-pulses with identical height (-5V)
and width (10ms), with varying interpulse interval, are utilized to
stimulate the device. The interpulse intervals are set to At ={5,
10, 30, 50, 70, 90, 490, 990} ms, respectively. The paired pulses
of each interpulse interval are applied five times over the same
memristor. The PPF is calculated using Equation (1), for each
aforementioned varying interpulse interval and plotted above the
mean values in Figure 5¢, including error bars, which indicate
the standard deviation of the sample.

To describe the decreasing trend of the PPF with increasing in-
terpulse interval, observed in the memristor, a double exponen-
tial decay function[>*>¢) is modified in the following form:

PPF = A+ Ce2/7) 4 C,e24/™) (2)
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where At is the interpulse interval, C; and C, are the enhance-
ment magnitudes of the rapid and slow facilitation phases, whilst
7, and 7, represent the characteristic relaxation time of the two
facilitation periods.’") The parameter A is utilized to adjust the
fitting results.

The PPF over the interpulse interval is fitted as a red curve over
the measured mean values and plotted in Figure 5c, correspond-
ing to the double exponential decay function from Equation (2).
The red curve in Figure 5c shows facilitation with two compo-
nents. It includes a fast decaying phase with z; = 10ms and C,
= 0.68, as well as a slow decaying phase with 7, = 177ms and
C, = 0.54. The characteristic relaxation time constant of the two
decaying phases is similar to the time scale of many biological
synapses.l*?l According to the fitting result, the parameter A in
the modified double decay function Equation (2) is 1.19, which
slightly deviates from the value of 1 for biological synapses.>"!
From the PPF results, we can observe, that our inkjet-printed ar-
tificial synapse is capable to emulate biological synapses.

2.4.2. Artificial Memristive Synapse: Short-Term Plasticity with
Enhanced Relaxation Time for Memory formation

In the following, we examine longer-lasting forms of synaptic
plasticity, such as potentiation. This is achieved by repeated, pro-
longed application of input stimuli trains between 200ms and
55.1° Potentiation is referred to as activity-evoked enhancement
for a synaptic connection that can maintain synaptic efficacy over
extended periods of time. Typical time spans are in the range of
tens of seconds or even several minutes.’’! In addition to poten-
tiation, another form of synaptic plasticity exists. If the activity-
induced synaptic enhancement decays within a few seconds, it is
referred to as augmentation.>®!

The following experiments are designed to reconstruct the dy-
namic process that occurs at a post-synaptic neuron after the pre-
synaptic counterpart is exposed to different amounts of repet-
itive stimulation. Through these experiments, different forms
of synaptic short-term plasticity and memory formation in a
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Figure 6. Memory formation process of the artificial memristive synapse. a) Conductance decay after stimulation by various numbers of the voltage
pulse, (n= {5, 10, 20, 40, 60, 100}). The conductance decay is fitted using Equation (3). b) Extracted time constants (r) and conductance enhancement
(Gp, Gy, from Equation (3). c) Current responses of two voltage pulse trains. The first voltage pulse train requires 20 pulses to reach the threshold value
(red dashed line), whereas for the second voltage pulse train only 10 pulses are needed to reach the threshold value. The measured results indicate a

faster learning process of the memristor after training.

biological synapse are emulated by our inkjet-printed memris-
tor. Therefore, the device is repeatedly stimulated with different
amounts (n = {5, 10, 20, 40, 80, 100}) of negative voltage pulses
with identical width (20 ms), height (-5V), and interpulse inter-
vals (20 ms). The waveform of the voltage pulse is shown in
Figure S6 (Supporting Information).

Immediately after the last input voltage pulse, the conductiv-
ity of the device is read out, by measuring its resistance. This is
done every 2s with a small voltage pulse of 0.01V over 200 ms.
The change in conductance is visualized over time in Figure 6a
to reveal various relaxation characteristics after different amounts
of stimuli. To gain insight into the conductance decay behavior,
the following equation is used to fit the obtained results. The
form of the equation is derived from an exponential function,
used to describe the relaxation phenomena in biological synapses
and in oxide materials (A discussion in detail can be found
in Note S3, Supporting Information). The modified equation is
written as:

G(t) = (G, = G) - eV + G, G)

where ¢ is the time, recorded after the last voltage pulse applied
to the device, G(#) is the conductance at t, G, is the transient con-
ductance immediately after the last input voltage pulse. Further-
more, G_, describes the stabilized conductance at infinite time, 7
is the characteristic relaxation time constant, indicating how fast
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conductance declines to 1/¢ of G, and g, ranging from 0 to 1, is
considered as the stretching index to adjust the curve for better
fit.5%1 In the case of the inkjet-printed memristor, reported in this
work, the conductance relaxation is adequately described when g
is set to 1 in Equation (3) (red solid line in Figure 6a). Since the
exponent f is related to the degree of correlation of the ion trans-
port, the value of 1 indicates random Debye-like hops of oxygen
vacancies away from the silver electrode, when the voltage over
the device is removed.l?]

As mentioned earlier, synaptic short-term plasticity of differ-
ent forms can be distinguished by the relaxation time constant.
When 7 is extracted from the fitted curves in Figure 6a and plot-
ted over the corresponding pulse number in Figure 6b, an in-
crease in the time constant from 10 to 35s with increasing pulse
number is obtained. The extracted time constants of the inkjet-
printed memristor coincide with reported values for augmenta-
tion (ca. 7s) and potentiation (ca. 30s) in biological synapses.[®!]
From a neurobiological point of view, prolonged stimulation
(more stimuli when pulse width and frequency are fixed) leads
to an augmented release of Ca*, resulting in a longer time that
is needed to remove the residual Ca? *. In the case of the memris-
tor, oxygen vacancies behave similarly to Ca?*. As more oxygen
vacancies are forced to migrate to the top electrode with increas-
ing numbers of input voltage pulses, the increased conductivity at
the metal/semiconductor interface will decay slower. This stimu-
lus number-dependent relaxation in the memristors can be seen
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in Figure S6 (Supporting Information), when G(#) is normalized
over G, and visualized over time.

As introduced previously, G, and G_, represent the transient
conductive state and equilibrium conductive state, att=0and t =
o0, respectively. Both values can be extracted from Equation (3),
when fitted over the results, as shown in Figure 6a. The ob-
tained values are plotted over the pulse numbers in Figure 6b.
By increasing the number of input pulses, G, increases to a
larger extent than G, . This leads to a higher activated amplitude
G, — G,,, which accounts for the longer relaxation time constant
(), shown in the same figure. The level G, in Figure 6b is consis-
tently elevated by increasing the number of voltage pulses, which
reveals a permanent increase of the conductivity in the memris-
tor. The permanent conductance enhancement of the device is
due to the stoichiometric changes of oxygen in the tungsten ox-
ide active layer near the top electrode, caused by trapped oxygen
vacancies. In neuroscience, a similar concept has been proposed
to explain memory formation in the brain, which states structural
changes in the synaptic morphology, known as “engram”, under-
lying newly formed memory.[6263]

Inspired by neuroscience, we can observe a “memory” effect
at the tungsten oxide layer near the top electrode after repeated
stimulation of voltage pulses, due to reduced oxygen concentra-
tion in this area. This induced “memory” from structural changes
and residual oxygen vacancies, right after the release of the volt-
age pulse train, can jointly modulate the behavior of the device
as shown in Figure 6¢. Primarily, a train of 20 voltage pulses of
identical width, height, and time interval is applied to the Ag top
electrode of an unformed memristor and the induced current is
measured. More details are shown in Experimental Section. After
letting the device “rest” for several seconds, it’s stimulated again
with a pulse train incorporating the same parameters as the pri-
mary one, but this time using only 10 consecutive pulses. As vi-
sualized in Figure 6c, the current evoked by each voltage pulse of
the second stimulation train is largely increased, in comparison
to the primary pulse train, which indicates a faster and easier en-
hancement of the second group of repetitive stimuli. In this case,
the subsequent plasticity of the memristor is modulated by the
previous “activity-experience”, which is labeled in neuroscience
as metaplasticity.*l Metaplasticity is regarded as a key property
of a biological synapse that can address catastrophic forgetting,
which means the previous learning contents are rapidly over-
whelmed during the training for a new task.[%°] By mimicking the
metaplasticity of a synapse, several reported artificial networks
are capable to perform better learning tasks.[®=%7 From the ob-
tained measurement results of our artificial memristor synapse,
we observe plasticity as well as metaplasticity with excellent time
scales close to biological synapses. The reported characteristics
suggest the device’s capabilities for neuromorphic computing.

2.4.3. Artificial Memristive Synapse: Frequency Dependent input
Signal Filtering and Integration

The earlier introduced experiments were able to show that the
printed memristors can resemble important synaptic short-term
plasticity properties regarding information storage and memory
formation. Next to the reported figures of merit, further impor-
tant synaptic properties exist in biological synapses, such as sig-
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nal filtering and integration.[*$%8-7% This synaptic signal process-

ing capabilities can provide an important building block for arti-
ficial neural network circuits, in order to increase the accuracy.[®!

In the following, we further investigate the capabilities of our
inkjet-printed memristor to emulate synaptic short-term plastic-
ity related signal processing features, such as filtering and in-
tegration with respect to facilitation. For the experiments, ten
consecutive, identical voltage pulses, as shown in Figure 7a, are
applied to the memristor to mimic the input signal burst, at
a biological synapse. The output voltages are obtained over an
additional resistor. The measurement setup is fully described
in Experimental Section. The height of the input voltage pulse
waveform is -5V and is applied over 10ms, while the interpulse
time interval is varied to achieve several frequencies of 2, 10, 25,
and 67Hz.

Figure 7b displays the output voltage response with respect to
the input voltage pulse train over different frequencies. From the
obtained measurements, we can observe high-pass filtering and
integration behavior in the inkjet-printed device. Although the
pulse potential and pulse duration were kept the same, a dif-
ference in the output potential is observable, which is similar
to the behavior of a biological synapse with a low initial release
function.[*8]

The experiments show, that with increasing input pulse fre-
quency an increased output potential can be measured. The non-
linear integration tendency is observable at input frequencies of
10, 25, and 67Hz (see Figure 7). From 25Hz and beyond, the
voltage levels saturate at a plateau of ~ 0.42V, due to oxygen va-
cancy saturation at the metal/semiconductor interface. At a low
input signal frequency of 2Hz, no increase in voltage (efficacy)
is observable. Here, the voltage levels are not integrated by the
artificial synapse, which resembles the behavior of a biological
synapse with a low initial probability of release function.[*] The
observed filtering and integration capability can be explained by
the electrical attraction of the positively charged oxygen vacancies
(Vo) toward the Ag top electrode when applying negative voltage
pulses. This reduces the resistance of the device, due to the Schot-
tky barrier lowering. As a result, the voltage drop on the voltage
measurement resistor will gradually increase. However, after a
certain amount of successive voltage pulses, the conductivity at
the Ag/WO, _, interface cannot increase further, which results
in a saturation of the voltage level. This can be explained by a
change in the oxygen vacancies (V) concentration gradient at
the metal/semiconductor interface during operation. Therefore,
the first voltage pulses can shift the oxygen vacancies (V) con-
centration easier than the later ones, which accounts for the sat-
urated output voltage, shown in Figure 7b. Furthermore, since
the movement of oxygen vacancies is defined by the on-and-off
period of the input voltage pulse train, the cumulative enhance-
ment of the conductivity is frequency-dependent. The higher the
frequency of the input signals, the less time will be left for the de-
vice to “relax” between two voltage pulses, which leads to higher
integration of the output voltage, within a certain number of con-
secutive input voltage pulses.

The reported artificial synapse is capable to filter unnecessary,
low-frequency information of 2Hz and shows frequency depen-
dent, non-linear integration capabilities at frequencies of 10, 25,
and 67Hz. This synaptic signal processing feature of the device
can be beneficial in artificial neural network circuits.
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Figure 7. Frequency dependent integration of input signals. a) Waveform of the applied input voltage pulse train over the inkjet-printed memristor. The
voltage amplitude and pulse-on time of a single voltage pulse are -5V and 10ms. Various interpulse intervals can produce different frequencies, ranging
over 2, 10, 25, and 67Hz. b) Output voltage of the memristor, as a response to the input voltage pulse train for different frequencies.

3. Discussion

In this work, we present an inkjet-printed memristor based on an
Ag/WO, _,/Au material stack and investigate its capabilities for
non-volatile memory as well as neuromorphic computing appli-
cations. By the formation of a conducting silver filament within
the utilized tungsten oxide layer, the device sub-sequentially can
be operated as a digital-type memristor, which can be switched
between a low- and high-resistive state for efficient digital infor-
mation storage. The digital-type memristor enables low-voltage
operation with a SET voltage of 1.05V and a RESET voltage of
—0.45V and a resistive switching ratio R g/R,, of ~10%. The de-
vice retention is investigated over a time span of 10* s with no ob-
vious sign of degradation. Regarding the dynamic device perfor-
mance, the inkjet-printed device shows stable endurance of over
12 672 write and erase cycles. The reported endurance switch-
ing cycles are the, up to now, highest among compared to all
other printed memristors published in recent years. A compari-
son is shown in Table S1 (Supporting Information). The device’s
conduction mechanism is investigated and fits trap-controlled
SCLC theory.

To enable analog resistive switching with the reported inkjet-
printed memristor, no initial electroforming voltage is required.
By operating the device with only negative voltages, volatile ana-
log resistive switching is achieved. The dynamic transition be-
tween Schottky- and Ohmic-like contact at the Ag/WO, _, inter-
face, which is caused by the stoichiometric change of oxygen in
the tungsten oxide semiconductor, causes conductance plasticity
of the device. As a consequence, our reported device is able to em-
ulate functions of biological synapses, such as short-term plastic-
ity and memory formation after repeated stimulation. Extended
electrical characterization of the device was performed and com-
pared to biological functions. This includes paired-pulse facilita-
tion for temporal information coding, as well as potentiation and
augmentation for memory formation. The device exhibits intrin-
sically close to biological signal timescales. This includes facil-
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itation (10-177ms), augmentation (10s), and potentiation (35s).
The results show, that our inkjet-printed artificial synapse is well
suited for the emulation of biological synapses. Furthermore, the
short-term plasticity signal processing capabilities of the artifi-
cial synapse were studied by frequency-dependent integration of
input-train stimuli. The results show, that the device can serve as
a high-pass filter for low-frequency signal suppression (2Hz) and
as a non-linear signal integration element at frequencies from
10Hz and upward. The aforementioned figures of merit in emu-
lating short-plasticity of the biological synapse are rarely reported
in other printed memristive devices (see Table S2, Supporting In-
formation).

The inkjet-printed memristor reported in this work can suc-
cessfully achieve digital information storage and neuromorphic-
like learning and signal processing capabilities. These multi-
modal features can be utilized to enable novel circuit design
paradigms in printed electronics for near-sensor computing, and
wearable electronics.

4. Experimental Section

Device Fabrication:  For inkjet-printing, a drop-on-demand piezo inkjet-
printer was used (DMP2831, Fujifilm). The gold bottom electrode of the
device was a 30um-wide bar patterned by laser ablation on commercially
available gold-coated glass (Sigma-Aldrich, thickness 100nm) using a
TrumpfTruMicro 5000 ps laser. The patterned bottom electrodes were son-
icated at room temperature over 15 min in a mixed solution of isopropanol
and acetone (ratio of 1:1in volume). The WO; _, nanoparticle ink (Sigma—
Aldrich) was inkjet-printed onto the patterned gold bottom electrode.

After printing of the WO; _ layer, the sample was annealed at 120°C
over Th in a furnace to eliminate the residual solvents. For the top elec-
trode, an Ag nanoparticle ink (Silverjet DGP, Sigma—Aldrich) was inkjet-
printed onto the WO; _, layer vertically to build a crossing junction with
the bottom electrode and subsequently annealed at 120°C for 1h to ob-
tain a good conductivity. The whole fabricating process was graphically
described in Figure S2 (Supporting Information).
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Cross-Section Preparation: To prepare the cross-sectional sample, the
Memristor structure on glass was first sputtered with Snm Pt, using a Le-
ica ACE600 sputtercoater. The device of interest was localized using SEM
in a FEI Strata 12672S DualBeam FIB-SEM. To protect the thin film during
lamella preparation, a protective platinum layer of 20um X 2um X 0.1um
was deposited by electron beam induced deposition (EBID) and subse-
quently a slightly larger patch with height of 4um was deposited by ion
beam induced deposition (IBID). Trenches close to the protective Pt patch
were milled by 30kV Ga-ions on both sides of the tentative lamella. Then,
the pre-thinned lamella was cut free, welded to the tip of an Omniprobe
manipulator and attached to an Omniprobe copper grid. In a final step the
lamella was thinned from the initial thickness of ca. 3um down to electron
transparency (<100nm thickness) by Ga-ions with energies of 30, 16, and
5kV. The final lamella was used for investigation in TEM.

TEM and STEM Imaging/Spectroscopy: TEM imaging, selected area
electron diffraction (SAED) as well as STEM imaging and spectroscopy
were performed on a FEI Osiris operated at 200kV and equipped with a
Super-X energy dispersive X-ray spectroscopy (EDS) detector. TEM bright-
field images and SAED diffraction patterns have been recorded with a
Gatan US1000, STEM BF and high-angle annular dark-field imaging was
performed at a semi-convergence angle of 10.7mrad and a camera length
of 115mm, corresponding to an acceptance angle of 55 200mrad for
HAADF. EDS data was evaluated with Bruker Esprit 2.3.

AFM Imaging: AFM data were collected by a Bruker Dimension Icon
Atomic Force Microscope. AFM measurements were executed in the tap-
ping mode in air conditions using a silicon cantilever (HQ:NSC15/AL BS,
MikroMasch) for morphological characterization of WO; _, film, with a
amplitude setpoint of 228.92mV, and scan rate of 0.8Hz.

XRD: XRD was performed on printed WO; _, films at room temper-
ature using a STOE Stadi P diffractometer equipped with a Ga-jet X-ray
source (Ga-Kp radiation, 1.2079A).

Electrical Measurement: All electrical characterizations were carried
out at room temperature with a semiconductor parameter analyzer
(4200A-SCS, Keithley). The device under test was probed with a probe sta-
tion (MPS 150, Cascade) connected to the semiconductor parameter ana-
lyzer. For all electrical characterization, the Ag top electrode was electrically
stimulated while the Au bottom electrode remains grounded all the time.

For post-synaptic current measurement, the voltage waveform was gen-
erated by a Keithley 4225-PMU and 4225-RPM. The post-synaptic current
was indirectly obtained with an oscilloscope (DL6104, Yokogawa) with a
passive 10:1 attenuated probe (701939, Yokogawa) by measuring the volt-
age over a load resistor R| = 1.43MQ, which was attached in series to the
memristor. To reduce the impact of measurement noise, a passive digital
low-pass filter with a cutoff-frequency of f, = 8kHz was used.
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