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Abstract

The implementation of neuromorphic computations within a fully memristive neural network is
considered the holy grail of the artificial intelligence era. In order to attain this goal, it is quite
important to develop robust and configurable electronic devices capable of emulating spiking
neuronal and synaptic plasticity activities. Along these lines, we report here the direct impact of
oxygen concentration as well as of the homo-bilayer material configuration of SiO,-conductive
bridge memories to the manifestation of tunable threshold and bipolar switching effects.
Interestingly, while the bilayer structure of Ag/SiO,/SiO,/TiN (x < y) exhibits only bipolar
switching effect, the respective single-layer structures of Ag/SiO,/TiN and Ag/SiO,/TiN operate
under either threshold switching or both modes. Insights regarding the impact of oxygen
concentration into the conducting filament growth process are provided. The manifestation of
the two switching modes permits the emulation of various synaptic effects, such as short-term
plasticity and long-term plasticity whereas the modulation of the conductance values allows the
synaptic weight tuning by controlling the amplitude or the frequency of the triggering signals.
Moreover, arbitrary neuron characteristics were obtained from our volatile memory devices
without integrating any other auxiliary circuit. Our approach provides valuable insights towards
the realization of artificial neural networks from the same material configuration with
biological-like dynamic behavior.

Supplementary material for this article is available online
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1. Introduction

Neuromorphic engineering is poised to revolutionize
information technologies by developing—among others—
electronic devices that emulate biological neural networks at
the hardware level. The conventional state-of-the-art computa-
tional systems are experiencing tremendous difficulties when
they are dealing with big amount of unstructured data and
real-time decision-making processes. The underlying reason
behind this incompetence is the von Neumann operating prin-
ciple that dictates the constant transferring of data between the
processing and store units, with a strictly sequential algorithm.
On the other hand, a completely different picture takes place
within the human brain, where a colossal parallel informa-
tion procedure occurs. This striking contrast between these
two computational models necessitates the need of devising
new architectures that will permit the fabrication of novel
intelligent computational platforms with inherent in-the-field
learning capabilities [1]. Along these lines, the appearance
of resistive switching devices with rich internal dynamic pro-
cesses pave the way towards the implementation of novel
hardware-based neural networks with low leakage power dis-
sipation [2]. The key features of an artificial neural network
are the synaptic and neuron elements. The role of the synapse
is to control the flow of information by weight modulation
whereas the neuron assembles the information and release
it (fire activity) if a threshold value is met. Although there
are several works in the literature regarding the utilization
of the resistive switching effect towards the implementation
of artificial synaptic and neuron characteristics [3-5], their
integration into a fully memristive neural network it is not
trivial, since the design requirements of artificial synapse are
quite different with respect to artificial neuron. Moreover,
the attempts to employ discrete resistive neuron and syn-
apse electronic elements in order to build a fully memristive
neural network increases dramatically both the design and
fabrication complexity between these two platforms [6, 7]. To
address these challenges, it is apparent that a physics-driven
device engineering is required in order to implement fully
integrated memristive neural network, by utilizing the same
material configuration [§—10]. Conductive bridge memories
(CBRAM) arise as a suitable candidate towards that direction,
due to the inherit dynamics of the switching processes. More
specific, the rich nature of the switching effect within CBRAM
configuration permits the manifestation of various switching
modes, such as threshold and bipolar switching, under the
same memory element. This is of vital importance, since the
spontaneous decay of the current values during the threshold
switching is closely related with the spiking activity, whereas
the modulation of the conducting filament’s (CF’s) resistance
can lead to the desirable synaptic plasticity patterns.

Under this perspective, we present here a systematic study
of the impact of oxygen concentration and material configur-
ation into the manifestation pattern of the various switching
modes. Since the diffusion of silver ions is strongly depend-
ent from the presence of oxygen within the device active
core, we can control the effective CF’s diameter and attain
reconfigurable resistive and neuromorphic properties [11].
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Figure 1. (a) XPS spectrum of two SiO; thin films grown on Si
substrates, (b) O1s and (c) Si2p XPS peaks of the two samples,
respectively.

For that reason, single-layer devices of Ag (~40 nm)/SiO,
(~20 nm)/TiN (40 nm) (sample A) and Ag (~40 nm)/SiO,
(~20nm)/TiN (40 nm) (sample B) as well as bilayer structures
of Ag (~40 nm)/SiO, (~10 nm)/SiO, (~10 nm)/TiN (40 nm)
(sample C) were fabricated and thoroughly examined. The
thickness of each film was measured in test samples by per-
forming both line scan with surface profiler and ellipsometry.
The x-ray photo-electron spectroscopy (XPS) measurements
corroborate the scenario that an elevated oxygen flux dur-
ing the SiO, deposition leads to an increased oxygen content,
indicating that a meticulous control over the growth mechan-
ism of the active material is quite important for the emulation
of various novel electrical properties.

2. XPS measurements

The growth mechanism of the SiO, films was confirmed by
XPS measurements, as can be ascertained from the results
presented in figure 1. The scans of the samples A and B
revealed the presence of several peaks that correspond to Si,
O and C atoms. In figure 1(b) the Ols is shown that con-
sists of one component at binding energy 532.8 eV whereas in
figure 1(c) the Si2p peak consists of one component at binding
energy at 130.5 eV. Both peaks are assigned to SiO, accord-
ing to the literature [12, 13]. The samples present a superfi-
cial carbon contamination from the atmosphere and the Cls is
centered at 284.8 eV. A small part of the O1s peak area associ-
ated with the CO, contribution in the C1s spectra is subtracted
from the oxygen peak area. All experiments were carried out
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within a high vacuum chamber (~10~'° mbar) so the impact
of oxygen is negligible.

Moreover, the detailed spectrum of Ar2p revealed the pres-
ence of small amount of Ar, showed in figure S1 (available
online at stacks.iop.org/JPD/54/225303/mmedia) (supporting
information). The relative atomic ratio of Si and O atoms is
estimated from the peak areas of the Si2p and Ols XPS peaks
divided by the relative sensitivity factors (RSFs) and the elec-
tron analyzer transmission function. The surface atomic ratios
of the Si and O were calculated from the intensity (area) of
the XPS peaks weighted with the corresponding RSF ratios
and the electron energy analyzer transmission characteristics.
The RSF derived from the Scofield cross sections, o, adjusted
for angular asymmetry for photoemission, the electron trans-
port properties of the matrix, namely the inelastic mean free
path \i and the density. The results divulged that the stoi-
chiometry degree of sample A is SiO, 7 and of sample B is
Si0,. Similar results have been reported in the literature for
room temperature-based depositions of SiO; thin films by the
magnetron sputtering technique and by employing comparable
oxygen flows with these used in this work [14, 15].

It is also interesting to remark that from the Si2p spec-
trum (figure 1(c)) a slight but discernible shift of the respect-
ive peak towards higher binding energies is observed. Similar
effects have been reported by other works [16, 17], suggesting
that as the oxygen content increases during the film growth a
charge transfer effect takes place from O to Si atoms when the
Si—O bonds are formed. This result indicates that the oxygen
growth rate not only determines the stoichiometry of the vari-
ous oxide films but also determines the energy favorable tet-
rahedral configuration of the oxygen atoms around the central
Si atom [18]. The shape of these configurations is quite crit-
ical for the diffusion of ionic species through these materials.
Moreover, the oxygen content has a direct impact on the dis-
tribution of the various electronic states of the SiO,. While the
conduction band is not practically affected while the oxygen
content is increasing, within the valence band that consists of
Si-Si states, Si—O bonding states start to appear. This leads to
the strong localization of the Si—Si bonding states and the sub-
sequent reduction of the density of defects, since the potential
existence of weak Si—Si bonds are replaced by the abundant
neighboring oxygen atoms [19].

3. Electrical performance evaluation

3.1. |-V characteristics

Figure 2 depicts the direct current (DC) -V characteristics
obtained by the application of external bias to the top elec-
trode (TE), while keeping the bottom electrode (BE) groun-
ded. A compliance current (/..) limit was enforced only for
sample B during the manifestation of the bipolar switch-
ing mode, whereas in the rest cases a self-compliance beha-
vior was observed. Moreover, no electroforming process was
required prior device operation. Three distinct patterns are
captured for the three different samples: sample A exhibits
bidirectional threshold switching (figure 2(a)), sample B oper-
ates at both one-directional threshold (figure 2(b)) and bipolar
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Figure 2. [-V hysteresis curves for all samples considered in this
work. A cycling bias of 0.5 V was applied for (a) sample A,

(c) sample B—BS (bipolar switching) and (d) sample C—TS
(threshold switching) whereas for sample B a smaller cycling bias
of (b) 0.25 V was enforced in order to observe the threshold
switching effect. The arrows in the graphs signify the switching
direction while the sweep rate was 10 mV s~!. Similar switching
patterns were captured by starting the sweeps from 0 V to |V ax!
(not shown here). The underlying idea to start sweeps from negative
voltage is to automate the consecutive cycling measurement
procedure. The finite current values of the samples that exhibit the
bipolar switching mode in the absence of an external stimulus
(switching direction 3) are associated with the incomplete rupture of
the CF. In any case, the measured current values are quite small.

switching mode (figure 2(c)—depending on the amplitude of
the external bias) whereas sample C displays only the bipolar
switching mode (figure 2(d)). These memory patterns are
maintained under 100 consecutive device cycling operation,
without any significant degradation (figure S2—supporting
information). The switching ratio for the Samples that operate
at the threshold switching mode is about ~10* while an even
higher memory window is recorded for the bipolar switching
mode (~10°—figure S3—supporting information).

There are also some key differences between the three
samples that signify a quite different CF growth mode. The
self-rectification ratios are larger for the sample B, while
samples A and C present no or very small rectification proper-
ties (figure S4—supporting information). Moreover, the Vsgr
takes place at about ~0.2 V for samples A and B, whereas the
set transition for sample C is recorded at ~0.3 V. Furthermore,
sample C divulges the smaller operating current values for the
low-resistance-state (LRS) as well as the smaller slopes during
set transition (figure S5—supporting information). The high-
resistance-state (HRS) does not seem to be affected from the
different oxygen contents.

3.2. Artificial neuron activity

The spontaneous relaxation to the HRS through the threshold
switching effect can be leveraged in order to achieve artificial


https://stacks.iop.org/JPD/54/225303/mmedia

J. Phys. D: Appl. Phys. 54 (2021) 225303

P Bousoulas et al

5$0.10 so10f {1 so.0f §
4 2 3
£0.05 20.05 - 1 2005 g
< < <
8 2 8
Z0.00 £ 0.00 Z0.00
i i Sample A & Sample A
< 200 < 200 | 4 <200t E
S S 3
] € £
g 100 g 100 - 1 gror R
= - .ﬂ 8
(8] 0 (8] 0 W A JMMSM". I“ “.B il 'y 0
— = '{— ample B = —— Sample B
< 200 200 { Sa00f : i
€ H ]
£ 100 £ 100} 1 2100t i
3 3 3 |

0 PO WO TN DW g S | OW..M Y Ll
s & [——SamplecC| z Sample C|
=200 4 2200} 4 2200} E
£ 100 - R ‘-=:1nu— 1 5100 E
&) o [3)

0 ot i e e SN 0 [ TP RPN Tr T P ¥R TOVRTIRL T W | Yov

0 5 10 15 20 0 20 40 60 80 100 0 50 100 150 200
Time (us) Time (us) Time (us)

Figure 3. Transient response of all samples under the execution of spiking neuron protocol with the application of pulses of (a) 1 MHz,
(b) 500 kHz and (c) 100 kHz frequency, respectively. A pulse width of 100 ns and amplitude of 100 mV was enforced in all cases.

neuron properties. Within the brain configuration, the neur-
ons encrypt information packages by emitting small voltage
pulses that are called action potentials or spiking neuronal
signals. An artificial neuron should comprise the functional-
ities of automatic firing activity, leaky integration and sharp
recovery [20]. The interpretation of above-mentioned spon-
taneous decay process of the CF is still under debate, albeit
the surface energy minimization [21] and the out diffusion of
metal ions due to intense local Joule heating [11] are con-
sidered the driving forces behind this behavior. In any case,
the existence of an intrinsic threshold switching effect reduces
significantly the supporting electrical circuit that is required
in order to realize the leaky integrate and fire functionalities
of a neuron [22], without the necessity for including external
comparators [23]. In the majority of artificial neuron circuits
the threshold switching device is connected in parallel with a
leaky capacitor [24] while an intense effort is currently under-
way in order to get rid of this external capacitor, by attaining
leaky-type behavior in conjunction with threshold switching
[25, 26]. In order to examine whether our devices can emu-
late an artificial neuronal activity, we subjected them into an
array of pulse tests. Initially, a train of 10 pulses with amp-
litude 100 mV or 200 mV, width of 100 ns and frequency of
10 MHz was enforced to all devices. The results (figure S6—
supporting information) divulged no response for sample C,
whereas for the other two samples a continuous post-synaptic
feedback was acquired, similar to the paired-pulse-facilitation
(PPF) patterns. This outcome is anticipated by taking into
account that our prototypes exhibit quite short relaxation times
(~100 ns) [11] and thus there is no available time between the
consecutive pulses in order to allow the full recovery of our
devices [27]. Subsequently, we have applied a train of identical
pulses with longer delay times (1 us, 5 us and 10 us) and
same amplitude and width as previously. The results that are

presented in figures 3 and S7 (supporting information), dis-
play indeed the existence of various arbitrary current peaks
for samples A and B, in direct contrast with sample C, where
no peaks are apparent.

It is interesting to notice that after each spiking event the
peaks are disappeared which is attributed to the quick dissol-
ution of sub-nm scale CF. One other remarkable feature of
our devices is the assumption that due to electrodes’ materi-
als thermal conductivity distribution, the CF is anticipated to
be disrupted near the BE [11]. As a result, the largest part
of the CF is expected to remain intact (leaky capacitor) and
the implementation of artificial spiking neuronal activities will
take place with a tunable manner at various frequencies. How-
ever, the subsequent CF growth can take place through dend-
ritic processes that are random by nature. As a result, the sub-
sequent spiking activity can be considered rather random and
no reproducible pattern was observed from the analysis of our
data. This issue can be addressed by incorporating novel 2D
materials within the switching matrix in order to more pre-
cisely control the ionic flux [28] or employing sophisticated
external circuits [29].

Besides the above issue, we were still able to detect a
pattern regarding the number of pre-synaptic pulses that are
required in order to record the first spiking activity. The res-
ults that are presented in figure 4 indicate that sample A always
exhibit artificial neuron properties under the application of
a smaller number of pre-synaptic pulses and the latter num-
ber is decreasing when we either increase the pulse amplitude
or the frequency of the pulse train. This effect is believed to
be associated with the steep transition slopes of sample A
that are ~35% larger with respect to sample B, signifying
that with proper control over the defect density of the switch-
ing material we can attain several interesting neuromorphic
features [30].
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Figure 4. Distribution of the number of pre-synaptic spikes
required in order to record a post-synaptic neuron activity as a
function of the frequency, during the application of (a) 100 mV and
(b) 200 mV pulse amplitude. The data have been collected from 20
different memory cells from each sample.

It is also interesting to notice that we can relate the dif-
ferent spiking neuron responses acquired at different fre-
quencies by calculating the different RC delay constants
of the respective capacitors. For that reason, we performed
capacitance—voltage (C—V) measurements in order to extract
the values of capacitance that correspond to the LRS (figure
S8—supporting information—read-out voltage 0.5 V) [31],
while the resistance values were extracted by applying single
pulses with amplitude of either 100 or 200 mV and width
100 ns (not shown here). The theoretical results are in line
with the experimental ones, since for instance for sample
A the first spiking activity after the application of a train
of pre-synaptic signals of 1 MHz frequency and 100 mV
amplitude (figure 3(a)) takes place at about 10 us which is
comparable with the delay time of the respective capacitor
(T=Rx C=10"0hm x 1.1 x 1072 F = 11 ps). Similar
calculations can be found at table S1, indicating that acquiring
direct control over the time delay distribution of the respective
capacitor-like structures is quite crucial for attaining reconfig-
urable synaptic properties [32].

3.3. Artificial synapse activity

Along with the distribution of neurons in the brain, the vast
grid of synapses creates a biological neural network that
is responsible for the human emotion, perception, forget-
ting, learning and memory tasks [33]. While neurons operate
towards the generation and propagation of action potential, the
synapses are responsible for the processing and storage pro-
cedures. Here we focus on a variety of synaptic property char-
acteristics, such as PPF, paired-pulse depression (PPD) which
belong to the category of short-term plasticity (STP) effects
as well as to long-term plasticity (LTP) effects. The former
are responsible for the training of the synapse while the later
are correlated with the permanent memory capabilities. During
PPE/PPD procedures the second post-synaptic signal becomes
larger/smaller in contrast with the first response, when a set of
two identical consecutive stimuli are enforced. All the above
properties are nicely captured by our devices, as it is depicted
in figure 5. A high/low frequency leads to an increase/decrease
of the current response from the initial state and as a result
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Figure 5. Artificial synaptic characteristics of all samples by
monitoring the current response under the application of a train of
32 consecutive pulses with same width (100 ns) and different
frequency. Samples (a) A and (c) B are experiencing short-term
synaptic PPF to PPD transition when the frequency of the
stimulation decreases from 10 MHz to 100 kHz, whereas (d) sample
C retains its current values for the whole measurement time scale.
The duration between the pulses determines the synaptic weight
pattern, as can be asserted from (b), where the change in measured
current is depicted (the respective data have been collected from
sample A).

to clear demonstration of bio-synaptic properties (figure S9—
supporting information) [34]. This scenario does not apply for
sample C, which retains its current values even when the fre-
quency of the pulses is reduced from 10 MHz to 100 kHz, and
negative pulses are required in order to observe the synaptic
depression effect (figure S10—supporting information).

Moreover, in direct comparison with biological synapses,
we have examined the memory loss properties. According
to the well-established model of Atkinson and Shiffrin the
memory consists of three different constituents: the sensory,
short-term and long-term memories (figure S11—supporting
information) [35]. Depending on the properties of the input
signals (i.e. frequency, amplitude) a transition from short-term
to long-term memory can be induced. In the same way, we can
impose STP to LTP conversion in our artificial synaptic ele-
ments by applying a train of consecutive pulses. The results
presented in figure 5 reveal different patterns for the synaptic
weight distribution.

When the triggering pulses are removed, the current profile
starts to decay quite fast for all samples. However, it is interest-
ing to notice that for samples B and C (figures 6(b) and (c)), the
synaptic weights are not diminished to their initial OFF-state
but remain to an intermediate state which is equivalent to the
LTP transition. In contrast sample A relaxes quite shortly to the
initial state that corresponds to the STP procedure (figure 6(a)).

The synaptic weight distribution is presented in figure 6(d)
where the memory decay pattern is captured with the following
expression:

y=bxt" (1
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Figure 6. Experimental demonstration of STP and LTP
characteristics under the application of a train of 20 pulses with

0.5 V amplitude, 1 ms width and delay 10 ms. While (b) sample B
and (c) sample C retain their current values even for 50 s, (a) sample
A quickly returns to the HRS. (d) The synaptic weight distribution is
smoothly modeled by the exponential decay fitting curve. It is also
interesting to notice the good linearity current response of sample C
in contrast with the other two samples that their current values
saturate after the application of about 5 and 8 pre-synaptic pulses.

where b is a scaling constant, ¢ is the time and m is a constant
related to the relaxation time [36]. The smaller the m the higher
the memory durability, as can be confirmed from the fitting
results. A sharp decay within 10 ms after the rehearsals take
place for sample A whereas a saturation level is maintained
for samples B and C for 50 s [37]. These responses are con-
sistent with the respective volatile states of each sample, since
the LTP state is strongly correlated with the retention capabil-
ity of each sample. Interestingly, by reducing the pulse height
to 0.3 V, only sample C divulges LTP related characteristics
(figure S9—supporting information).

4. Discussion

From the above analysis it is apparent that the oxygen
content within the active switching material plays a key
role towards the emulation of various neuromorphic prop-
erties on demand, since they can practically control the CF
growth/dissolution mechanism. The filamentary scenario
stems primarily from the insensitivity of the LRS from the
total device area (figure S13(a)—supporting information)
whereas the temperature dependence of the respective res-
istance values indicates the metallic nature of the constituents
of the CF (figure S13(b)—supporting information). The whole
memristive performance can be nicely interpreted by taking
into account the impact of the thermo-diffusion mechanism
on the spatial evaluation of the effective CF’s diameter [11].
Moreover, a recent study in SiO,-based memristors revealed
that defect density smaller that 103 parts-per-million can
dramatically affect the whole memory performance [30]. Here

.
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Figure 7. Schematic depiction of the CF growth and dissolution
procedure for (a), (d) sample A, (b), (¢) sample B and (c), (f) sample
C, during SET/RESET transitions. The symbols ¢ and d stand for
the effective diameter of the CF and the gap size, respectively.
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we report that the impact of just 4% doping with oxygen dur-
ing the growth of the film can yield in enhanced and recon-
figurable resistive switching as well as neuromorphic prop-
erties. Experiments with 0% doping were also carried out
in order to assess the minimum oxygen doping required in
order to achieve robust resistive switching and neuromorphic
properties. However, the results divulged (not shown here) an
unstable memory performance which made the implementa-
tion of various synaptic properties difficult. Bearing in mind
that only one CF suffices in order to alter the device’s resist-
ance, controlling its properties is quite crucial towards imple-
menting a wide range of neuromorphic properties. As a res-
ult, we can argue that the STP can be emulated by relatively
small CFs (effective diameter <1 nm) that will self-dissolve
after the stimulus stops to apply and the LTP by larger CFs
(effective diameter 5—6 nm) that will retain their initial config-
uration for a long period of time, even when the external stim-
ulus has been removed. The above-mentioned estimations of
the CF’s diameter stem from the application of a previously
reported numerical model (not shown here) [11] in order to
interpret the experimental results. Figure 7 illustrates a schem-
atic representation of the principal switching mechanism for
all samples. In all cases, the switching effect begins with the
migration of cations from the electrochemically active TE,
through drift and diffusion mechanisms. Since the diffusion
of metals within SiO; is anticipated to be interstitial in prin-
ciple (the vacancy diffusion mechanism is relatively slower),
the density of oxygen ions will strongly affect the activation
energy required for ions to migrate from an interstitial site
to another one [38]. In the literature, there are many reports
regarding the impact of oxygen flow rate during the fabrica-
tion process of radiofrequency (RF) sputtered SiO, thin films
[39-41]. The common denominator of these works is that an
elevated oxygen concentration leads to an increased number
of O, interstitials, as we have ascertained above from the XPS
results. This effect implies that the diffusing ions need to over-
come a higher potential barrier, which is formed as a result of
the induced geometric reordering of the neighboring atoms.
Thus, it will be more difficult for the silver cations to find a
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potential percolating path in order to reach the inactive BE
and be reduced. The activation energy required in order for
a migrating atom to move through the host material can be
expressed as follows [42]:

E, = 4nGry(r —ry)* 2

where G is the shear modulus, r is the radius of the migrating
atom and ry is the available radius window that the migrating
atom must pass through. A higher diffusing barrier will lead
thus to the formation of smaller CF for sample A, in terms
of effective diameter distribution, in contrast with sample B
(¢' < p—figures 7(a) and (b)), which in conjunction with the
local Joule heating effects will lead to a permanent volatile
behavior. The coexistence of threshold and bipolar switch-
ing for sample B can be interpreted by size-dependent melt-
ing process of the Ag nanoclusters [43], which are formed due
to material precipitation from the enhanced solid-solubility of
Ag[11].

On the other hand, for the bilayer material configuration
(sample C) only the bipolar switching mode is observed, since
the oxygen poor layer (SiO,) serves practically the role of
a virtual anode which supplies the oxygen rich layer (SiO,)
with ions [44]. Consequently, the CF is less susceptible to
thermal instabilities, due to its spatial confinement effect, and
thus cannot be self-ruptured (figure 7(c)) [45]. The existence
of truncated-cone CF for samples B and C has been adop-
ted in order to account for the self-rectification properties of
these devices. This selection is also in line with concrete exper-
imental and theoretical evidences for SiO,-based CBRAM
[46, 47]. Moreover, a smaller gap for the RESET transition
is anticipated for sample C in respect to sample B ((¢' < d—
figures 7(e) and (f))) in order to account for the higher current
values of the HRS. In addition, the broken region of the CF
for sample A is expected to take place not at CF/BE interface
but deeper within the CF, in order to account for the bidirec-
tional threshold switching effect (figure 7(d)). Although the
origins of this behavior are not clear, the dependence of the
CF’s thermal conductivity from its diameter affects decisively
the total temperature distribution. From the above analysis, it
is apparent that the reconfigurable neuron and synaptic prop-
erties of our devices are closely correlated with the respect-
ive CF growth mode. For small external triggering conditions
(~100 mV) we achieve artificial neuron properties only for
samples A and B, which exhibit the threshold switching effect
and the CF exhibits an unstable behavior. The same pattern
applies also for the STP artificial synaptic properties under the
application of larger pulses (~300 mV), whereas the emer-
gence of the bipolar switching behavior is connected with the
manifestation of LTP effects.

5. Conclusion

In conclusion, we demonstrate the existence of various
resistive switching modes and their impact on the mani-
festation of diverse neuromorphic properties in SiO,-based
memristors. The oxygen concentration within the dielectric
matrix provides unique opportunities towards controlling the

growth mode and the properties of the CF. A relatively fra-
gile CF can be leveraged in order to demonstrate artificial
neuron and STP properties since it is ascribed with the volat-
ile nature of the switching effect. On the contrary, a more
robust CF is used towards the implementation of LTP syn-
aptic effects due the emergence of the more stable bipolar
switching mode. These results provide an effective method
towards the emulation of artificial neuron and synaptic prop-
erties from the same material configuration and create new
approaches towards the fabrication of fully memristive neural
networks.

6. Experimental section

6.1. Device fabrication

The thin films were deposited on oxidized silicon substrates
by RF magnetron sputtering technique. All depositions were
carried out at room temperature. The main chamber that
was used for the depositions possessed a base pressure of
about 2 x 10~% mbar prior the plasma ignition though Ar
gas injection. During the depositions the pressure was about
4 x 1073 mbar. A high purity ceramic target (SiO, target—
99.99%) was employed during the deposition of the 20 nm
thin film of SiO;. The flow of Ar during the deposition was
kept constant during the deposition at 20 sccm while for O,
two different flows were used (1 sccm and 5 sccm). For the
fabrication of the bilayer configuration the oxygen flow was
changed from 5 sccm to 1 sccm when the first 10 nm were
deposited. The TiN (BE) and Ag (TE) were accordingly depos-
ited by the respective TiN and Ag sputtering targets with a
total thickness of 40 nm. A total power of 140 W and 200 W
was delivered onto the ceramic targets (SiO,, TiN) and metal-
lic targets (Ag), respectively. The fabricated devices were typ-
ical metal-insulator-metal capacitors with square electrodes of
100 pm lateral dimension.

6.2. Electrical performance characterization

The DC [-V characteristics of the devices were performed
with the Keithley 4200 semiconductor parameter analyzer
(4200-SCS) at SUSS MicroTec probe station. The pulsed I-V
measurements were conducted by employing the Keithley
4225-PMU (pulse measurement unit). Moreover, C—V meas-
urements were carried out with the 4284A Precision LCR
Meter. In addition, temperature measurements were per-
formed at Janis Ltd Cryostat (— 193 °C-200 °C) under vacuum
conditions (~10~2 mbar).

6.3. Structural characterization

The photoemission experiments were carried out in an ultra-
high vacuum system (UHV—10~!° mbar) equipped with a
dual anode x-ray gun and Phoibos 100 1D-DLD electron ana-
lyser. Unmonochromatized MgKa line at 1253.6 eV and an
analyzer pass energy of 10 eV, giving a full width at half
maximum of 0.85 eV for the Ag3d5/2 peak, were used in
all XPS measurements. Spectra were accumulated and fitted
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using commercial software (SpecsLab Prodigy; Specs GmbH,
Berlin). The XPS core level spectra were analyzed using a
fitting routine, which can decompose each spectrum into indi-
vidual mixed Gaussian—Lorentzian peaks after a Shirley back-
ground subtraction. Wide Scans were recorded for all samples,
while the core level peaks that were recorded in detail and
presented here were: Ols, Si2p and Ar2p. Errors in our quant-
itative data are found in the range of ~10% (peak areas), while
the accuracy for BEs assignments is ~0.1 eV. The Veeco dek-
tak 150 surface profiler as well as the M2000F by Woollam Co
spectroscopic ellipsometer equipments were used in order to
measure the thickness of each film.
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