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Memristive devices with analog resistive switching characteristics are widely investigated nowadays for
electronic synapses that facilitate memory and learning in neuromorphic computing hardware. It is
therefore essential to understand and optimize the incremental switching behavior of the cells in order
to enhance the functionality of memristive neural networks. Here we report a systematic study on the
analog switching of bilayer oxide based memristive synapses and show that transition metal oxides with
rich intermediate phases, such as WO,, are able to provide larger number of conductance states
compared with oxides with few intermediate phases such as TaO, and HfO,. This could be attributed to

the intrinsically different electrical properties of the intermediate phases that jointly contribute to the
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Accepted 31st August 2017 change of device conductance, in addition to that caused by the varied geometry of filaments during
programming. Controlled studies adopting different materials, compositions and sequences of oxide

DOI: 10.1039/c7ra075229 bilayers reveal that the analog switching is mainly dominated by the switching layer, thus providing clues
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1. Introduction

Memristors, theoretically proposed in 1971," are 2-terminal
nanoionic devices that could potentially serve as building
blocks for future memory and computing applications due to
their high scalability, low power consumption, and excellent
compatibility with complementary metal oxide semiconductor
(CMOS) technology.*® In 2008, HP Labs linked the concept of
memristors with experimentally found resistive switching (RS)
devices,” and since then their application in non-von Neumann
computing paradigms especially neuromorphic computing has
been widely exploited.” In the envisioned neuromorphic
systems, memristors are usually utilized to implement the
functionality of synapses in a compact way and therefore enable
learning and memory in resultant neural networks. The
synaptic plasticity that can be achieved at the device level
fundamentally determines the functionality of the constructed
networks. A number of synaptic functions have been emulated
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to the optimization of memristive devices for future neuromorphic applications.

using memristors till now, such as spike timing dependent
plasticity,' paired pulse facilitation," heterosynaptic plas-
ticity,"** etc.

It should be noted that the requirement placed on device
characteristics in neuromorphic computing significantly
departs from that in nonvolatile memory application, e.g. in
terms of the number of states (NOS) that can be reliably
accessed during resistive switching. To date, synaptic devices
based on various binary transition metal oxides such as
TaO,,"*"* HfO,,'*"® TiO,'*** and WO,**?* have been widely
studied. The RS behaviors have been further engineered by
introducing different interfacial layers and forming a bilayer
structure.*** However, it is still unclear how the switching
materials should be optimized in order to better fit the
requirement in synaptic applications.

In this work, we have systematically studied the analog
switching characteristics in memristive synapses based on
bilayer oxide structures composed of a switching layer and
a base layer. Through controlled investigations on the mate-
rials, compositions and stacking sequences of the oxide bilayer,
it was found that the switching layer plays a dominant role in
the analog switching. More importantly, the existence of rich
suboxide phases in the switching layer material was found to be
favorable for increasing the number of weight states, despite
the fact that the intermediate oxide phases are usually deemed
undesirable for nonvolatile memory applications. The richness
of multilevel states could be attributed to the different electrical
properties of the suboxide phases that jointly contributes to the

This journal is © The Royal Society of Chemistry 2017
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change of device conductance, in addition to that caused by the
varied geometry of filaments during programming. The find-
ings in this work could shed light on the mechanism of analog
switching in oxide memristors and provide clues to further
optimization of memristive synapses.

2. Experimental

All devices studied in this work were fabricated in a 1 x 20
crossbar array on SiO, (150 nm)/Si substrates, as illustrated in
Fig. 1a. Both the bottom and top electrodes were patterned by
photo lithography, and subsequently 30 nm thick Pt film with
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5 nm thick Ti adhesion layer was deposited by e-beam evapo-
ration and adopted as the electrodes after lift-off processes.
Each cell has a size of 2 x 2 um®, as shown in the scanning
electron microscopy (SEM) image in Fig. 1b. We have prepared
four different transition metal oxide based bilayer structures
varied in stacking sequence and material/composition, namely
Ta0,/Ta,05_x, Ta,05_,/Ta0y, WO,-50%)/Ta0, and Ta,05_/WO,-
10%, as the switching materials of the devices, in which the
oxygen-rich Ta,Os_, and WO,-50% layers largely decide the
overall device resistance and thus serve as the switching layers
while the oxygen-deficient TaO, and WO,-10% films act as the
base layers. The thicknesses of the switching layer and the base
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(a) Schematic of the bilayer device structure. (b) SEM image of the 1 x 20 crossbar array. Scale bar: 100 um. (c) 5 consecutive /-V sweeps

(gray) and averaged /-V curve (black) of a Pt/Ti/Ta,Os_,/TaOy/Pt device. (d) 5 consecutive [-V sweeps (gray) and averaged /-V curve (black) of
a Pt/Ti/Ta,0s_,/TaO, /Pt device. (d) 5 consecutive /-V sweeps (gray) and averaged /-V curve (black) of a Pt/Ti/TaO,/Ta,Os_,/Pt device. (e, f) Ta 4f
XPS spectra obtained from the blank Ta,Os_, and TaO, film, respectively. Blue, green and magenta lines correspond to Ta 4f doublets from the

fully oxidic, suboxidic and metallic states, respectively.
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layer were always fixed to ~30 nm and ~5 nm, respectively. The
Ta,0s5_, layer was prepared by radio frequency (RF) sputtering
of a nominally stoichiometric Ta,Os target, while the TaO, layer
was deposited by direct current (DC) reactive sputtering of a Ta
metal target in Ar/O, gas mixture (the oxygen partial pressure
was 3%) at 400 °C (more details can be found in our previous
work*). The WO,-50% and WO,-10% films with different oxygen
concentrations were deposited by reactive sputtering in Ar/O,
gas mixture using a W metal target, and the percentage
following WO, denotes the oxygen partial pressure that was
experimentally used in depositions. Electrical measurements
including DC and pulse tests were performed using an Agilent
B1500A semiconductor parameter analyzer together with
a probe station. The electrical stimuli were always applied on
the top electrodes with bottom electrodes grounded. The
microstructure of the devices was analysed by high-resolution
transmission electron microscopy (HRTEM) and scanning
transmission electron microscopy (STEM). The compositions
and chemical states of the oxides were analyzed by X-ray
photoelectron spectroscopy (XPS), together with detailed peak
deconvolutions. The values of x and y in Ta,05_, and TaO, have
been extracted by XPS, which were found to be ~0.4 and ~1.0,
respectively.

3. Results and discussion

Fig. 1c and d show typical current-voltage (I-V) characteristics
of Pt/Ti/Ta,05_,/TaO,/Pt and Pt/Ti/Ta0,/Ta,05_,/Pt devices,
respectively, where the stacking sequences of the Ta,Os_, and
TaO, films are opposite in these two structures. Despite the
identical deposition conditions of Ta,O;_, and TaO, films in
both structures, the Pt/Ti/Ta;O5_,/TaOy/Pt and Pt/Ti/TaO,/
Ta,05_,/Pt devices exhibit distinct switching behaviors after
electroforming. When the TaO, film was sputtered before the
Ta,05_, film, the resultant Pt/Ti/Ta,05_,/TaO,/Pt device shows
typical bipolar switching (Fig. 1c), which can be well explained
by the Vg exchange between the Ta,Os_, and TaO, layers.*>**
In this case, the more stoichiometric and thus more insulating
Ta,0s5_, layer on top serves as the switching layer where local
filament formation/dissolution is deemed to take place, while
the more oxygen-deficient and thus more conductive TaO), layer
beneath acts as the base layer and hence can be considered as
a reservoir of oxygen vacancies (Vos). The migration of oxygen
vacancies from the oxygen-deficient TaO, layer to the oxygen-
rich Ta,Os_, layer and accompanying electrochemical redox
reactions lead to a set process, while backward Vo migration
and redox reactions result in a reset process.>****' Such differ-
ence in oxygen concentration in Ta,05_, and TaO), was clearly
verified by detailed XPS analysis, as shown in Fig. 1e and f. The
Ta 4f XPS spectrum of Ta,Os_, films (Fig. 1e) shows a dominant
Ta 4f doublet with Ta 4f,,, and 4f;5,, peaks located at 26.35 and
28.25 eV, respectively. These peaks are indicative of fully
oxidized Ta®" state, consistent with the property of RF sputtered
films with roughly maintained stoichiometry with that of the
target. In contrast, Fig. 1f shows the Ta 4f XPS spectrum of TaO,,
films, where three distinct chemical states of Ta can be found
after peak deconvolutions. Besides the Ta>" doublet with the Ta
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4f,, peak located at 26.2 eV, a suboxidic and metallic Ta
doublets can be clearly identified with Ta 4f;,, peak shifted to 23
and 21.4 eV.* Such lowered valence state of Ta clearly demon-
strates the oxygen-deficient nature of the TaO, film and there-
fore verifies the role of TaO, layer as the reservoir of oxygen
vacancies in the bilayer. The gradient of oxygen concentration
in the bilayer structure therefore defines the polarity of the
bipolar switching in Pt/Ti/Ta,O05_,/TaO,/Pt devices, which is
favorable for enhancing the stability of cyclic switching.**** As
a control experiment, we have also fabricated single-layer
devices including Pt/Ti/Ta,O5_,/Pt and Pt/Ti/WO,-50%/Pt,
which have shown generally increased switching voltages and
low yields, as can been in ESI Fig. S1.t

When the TaO, film was deposited after the Ta,O5_, film,
however, the Pt/Ti/Ta0,/Ta,05_,/Pt device exhibits comple-
mentary resistive switching (CRS) behavior (Fig. 1d) that is
distinct from that in Fig. 1c. CRS behavior was firstly put
forward by combining two RS cells anti-serially stacked together
with a common electrode.** In this case, one cell is always in
OFF state at low voltages, leading to overall high resistance and
thus high nonlinearity, while the device state is defined by the
internal configuration of the two cells instead of the overall
resistance. Such nonlinear behavior can be used to address the
sneak current problem in passive crossbar memristor arrays,*>**
and therefore will be desirable for reducing the power
consumption of memristive neural networks. These different
switching effects, in oxide bilayer where only the stacking
sequence was reversed, can be ascribed to interfacial reactions
between the electrode and oxides. When the TaO, film was
sputtered before Ta,Os_,, the Ta,05_, film is in contact with the
top electrode, where a 5 nm thick Ti adhesion layer exists
between Ta,Os_, and Pt. Since Ti is a well-known oxygen getter
material,*® a portion of the Ta,0s_, film could be reduced and
thus the effective thickness of the switching layer is expected to
be smaller than the nominal deposition thickness of Ta,Os_,,
ie. 5 nm. On the contrary, when the TaO,, film was deposited
after the Ta,0s5_, film, the Ta,05_, film is in immediate contact
with the inert bottom Pt electrode where no Ti exists in between.
As a consequence, the effective thickness of the switching layer
will not be affected by the existence of Ti and thus is expected to
be larger than that in Pt/Ti/Ta,O5_,/TaO,/Pt devices. Given the
different effective Ta,O5_, thicknesses, it is possible for the Vs
to get depleted in the Pt/Ti/Ta0O,/Ta,05_,/Pt structure, leading
to the observed CRS behavior in Fig. 1d rather than the bipolar
switching in Pt/Ti/Ta,05_,/TaO,/Pt devices (Fig. 1c). This has
been verified by the reappearance of bipolar switching when
a Ti layer was inserted into the bottom interface of Pt/Ti/TaO,/
Ta,05_,/Pt devices (Fig. 2a) and also by detailed TEM charac-
terization (Fig. 2b-e). Obviously, the Ta,Os_, film when in direct
contact with Ti (Fig. 2d) is thinner than the Ta,O5_, without
interfacial reactions with Ti (Fig. 2e), therefore clearly verifying
our hypothesis that Ti has the effect of reducing a portion of
Ta,05_, film and the different resistance switching behaviors in
Fig. 1c and d indeed originate from interfacial reactions. As
aresult, a subtle variation in the thickness of the switching layer
is able to result in pronounced evolutions in switching char-
acteristics, implying that the switching layer plays a dominant

This journal is © The Royal Society of Chemistry 2017
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Fig.2 (a) 5 consecutive |-V sweeps (gray) and averaged /-V curve (black) of a Pt/Ti/TaO,/Ta,Os_,/Ti/Pt device. (b and c) Cross sectional STEM
images of Pt/Ti/Ta,Os_,/TaO,/Ti/Pt and Pt/Ti/TaO,/Ta,Os_,/Pt devices. (d and e) Cross sectional HRTEM images of Pt/Ti/Ta,Os_,/TaO,/Ti/Pt

and Pt/Ti/TaO,/Ta,Os_,/Pt devices. Scale bar: 5 nm.

role in resistive switching, which will be further discussed
afterwards.

Furthermore, the conductance of memristors needs to be
incrementally adjusted in order to serve as electronic
synapses,*>*****” and we have thus studied the analog conduc-
tance modulation of the aforementioned memristive devices as
well. Fig. 3a shows the pulse train used for measurements on
Pt/Ti/Ta,05_,/TaO,/Pt devices, which contains a single, wide set
pulse (Vsgr = —1.1V, tser = 10 ms) that ensures switching of the
device to its highest conductance, followed by 50 narrower reset
pulses with varied amplitudes (Vggser = 1.05-1.30 V, trpser =
200 1S, tinterval = 10 ms) aiming to incrementally reduce the
device conductance and cause synaptic depression. One can see
that gradual conductance reductions can be obtained as the
number of reset pulses increases (Fig. 3c), and the step of
conductance change upon application of each pulse (AG) as well
as the maximum adjustment range (Gmax/Gmin) can be facilely
tailored by the amplitude of the applied pulses, as shown in
Fig. 3c. In general, a higher Vigspr leads to larger AG and
Gmax/Gmin (Fig. 3c), and such controllability is desirable for
implementing different learning rates in memristive neural
networks. Similar conductance adjustments, ie. AG and
Gmax/Gmin dependent on the amplitude of Vg pulses, can also
be achieved in potentiation processes, as shown in Fig. 3b and
d. However, the conductance adjustment in potentiation
(Fig. 3d) seems more abrupt compared with that in depression
(Fig. 3c). This can be explained by the fact that the Vq drift
driven by the applied electric field and the V4 diffusion caused
by the Vi concentration gradient in the bilayer films are in the
same direction during potentiation, i.e. both flowing from TaO,,
to Ta,Os_,, so that the Vo movement is accelerated (Fig. 3d). In
stark contrast, the Vo, drift and diffusion are in opposite direc-
tions in depression, where reversed electric field is applied but
the Vo concentration gradient remains the same, therefore
resulting in the overall more gradual conductance modulation
observed in Fig. 3c.

Fig. 3e-h further shows the conductance evolution of Pt/Ti/
Ta0,/Ta,0;5_,/Pt devices when programming pulses with

This journal is © The Royal Society of Chemistry 2017

various amplitudes and polarities were applied. Similar with the
Pt/Ti/Ta,05_,/Ta0,/Pt devices, the AG and Gpax/Gmin are also
strongly dependent on the amplitudes of the applied potentia-
tion and depression pulses. Nevertheless, it can be clearly
observed that the device conductance in Pt/Ti/TaO,/Ta,O5_,/Pt
goes through a 2-regime evolution process when the pulse
amplitude exceeds —2.3 V (Fig. 3e and g) or 1.6 V (Fig. 3f and h),
where the device conductance increases first and then
decreases. Such behavior is consistent with the CRS effect in Pt/
Ti/Ta0,/Ta,05_,/Pt devices as observed in DC measurements
and once again indicates the influence of the switching layer
thickness (Fig. 1c).*®

Based on the above analysis, it is obvious that the base layer
and the switching layer in an oxide bilayer structure play
different roles in filament growth/dissolution and resistive
switching dynamics. In general, the base layer serves as
a reservoir of oxygen vacancies, while the filament formation/
dissolution mainly takes place in the switching layer. This
therefore indicates that the optimization of synaptic plasticity,
e.g. the NOS, should be mainly performed on the material
properties and defect structures of the switching layer.
Tantalum oxide is a well-recognized material system with few
thermodynamically stable intermediate oxide phases.**** As
a result, the analog conductance state of the devices should
mainly originate from the geometry of the conduction channels,
including the length and width of the filaments." This to
certain extent limits the NOS in tantalum oxide based mem-
ristive synapses. It is therefore of interest to replace tantalum
oxide with other materials with rich intermediate phases and
investigate the analog switching properties.

In light of this, we have introduced tungsten oxide as the new
switching layer, which has been reported to have a large number
of intermediate oxide phases including magneli phases.>
Fig. 4a shows the schematic of the Pt/Ti/WO,-50%/TaO,/Pt
devices, where the WO,-50% layer deposited using a high
oxygen partial pressure of 50% in reactive sputtering was used
to replace Ta,Os_, and served as the switching layer while the
base layer was still TaO,. The W 4f XPS spectrum of the

RSC Adv., 2017, 7, 43132-43140 | 43135
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(a, b) Schematic of pulse trains used for the long-term depression (LTD) and long-term potentiation (LTP) measurements with the Pt/Ti/

Ta,0s5_,/TaO, /Pt device. (c, d) LTD and LTP of the Pt/Ti/Ta,Os_,/TaO,/Pt. (e, f) Schematic of pulse trains used for LTD and LTP measurements
with the Pt/Ti/TaO,/Ta,Os_,/Pt device. (g, h) LTD and LTP of the Pt/Ti/TaO,/Ta,Os_,/Pt devices.

WO,-50% film (Fig. 4c) shows a dominant W 4f doublet with W
4f;,, and 4fs;, peaks located at 36 and 38.15 eV, respectively,
suggesting that the WO,-50% film is nearly fully oxidized and
can indeed serve as the switching layer of the device. As ex-
pected, the Pt/Ti/WO,-50%/Ta0,/Pt devices exhibit typical
bipolar switching, as shown in Fig. 4b, and the switching
polarity is consistent with the built-in gradient of oxygen
concentration in the WO,-50%/Ta0, bilayer. Fig. 3d-g further
show the potentiation and depression processes in Pt/Ti/WO,-
50%/Ta0,/Pt devices based on pulse measurements. Compared
with the conductance adjustments in Pt/Ti/Ta,O5_,/TaO,/Pt
devices where Ta,Os_, serves as the switching layer (Fig. 3c and
d), it is obvious that the Pt/Ti/WO,-50%/TaO,/Pt devices with

43136 | RSC Adv., 2017, 7, 43132-43140

WO,-50% as the switching layer have shown larger NOS and
better analog switching characteristics (Fig. 4f and g). A direct
comparison of the pulse measurement results in different
systems is shown in ESI Fig. S2. The conductance of the Pt/Ti/
WO,-50%/Ta0,/Pt devices can also be changed in a more
gradual manner in both potentiation and depression processes.
The AG and Gpna/Gmin are once again dependent on the
amplitudes of the potentiation and depression pulses.

The observed increase of NOS in Pt/Ti/WO,-50%/TaO,/Pt
devices is expected to originate from the existence of rich
intermediate oxide phases in tungsten oxide, as proposed
above. Therefore, besides the geometric changes in conducting
filaments upon application of potentiation and depression

This journal is © The Royal Society of Chemistry 2017
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Fig.4 (a) Schematic of the Pt/Ti/WO,-50%/TaO, /Pt device structure. (b) 5 consecutive |-V sweeps (gray) and averaged /-V curve (black) of a Pt/
Ti/WO,-50%/TaO, /Pt device. (c) W 4f XPS spectra obtained from the blank WO,-507% film. Blue lines correspond to W 4f doublets from the fully
oxidic states. (d, €) Schematic of pulse trains used for LTD and LTP measurements with the Pt/Ti/WO,-50%/TaO, /Pt device. (f, g) LTD and LTP of

the Pt/Ti/WO,-50%/TaO,/Pt device.

pulses, it is possible for some localized parts of the conduction
channel to undergo phase transitions between the intermediate
oxide phases of WO,, further contributing to the incremental
switching and thus the NOS. The applied electric field on the
devices and the relatively strong thermal effects during device
operations (with electrical conductance at ~mS level) can
provide sufficient driving force for such localized phase tran-
sitions. An example of such phase transitions in WO, between
the mother phase and a magnéli phase has been experimentally
verified by transmission electron microscopy observations* and
found responsible for the resistive switching in this system. It is
worthwhile noting that in the case of analog switching the

This journal is © The Royal Society of Chemistry 2017

conducting filament does not have to undergo phase transitions
as a whole. Instead, only localized phase transitions in parts of
the conduction channel will suffice in adjusting the device
conductance in an incremental way, leading to the fine analog
switching observed in Fig. 4f and g when the phase transition
processes are coupled with the geometric changes of conduct-
ing filaments.

In order to verify this hypothesis, we have also fabricated
control devices where tungsten oxide was used as the base layer
instead of the switching layer (Fig. 5a). The oxygen partial
pressure was reduced to 10% during the deposition of WO, in
order to increase the concentration of oxygen vacancies,

RSC Adv., 2017, 7, 43132-43140 | 43137
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(a) Schematic of the Pt/Ta,Os_,/WO,-10%/Pt device structure. (b) 5 consecutive |-V sweeps (gray) and averaged /-V curve (black) of a Pt/

Ti/Ta,0s_,/WO,-10%/Pt device. (c) W 4f XPS spectra obtained from the blank WO,-10% film. Green and magenta lines correspond to W 4f
doublets from the suboxidic and metallic states, respectively. (d, €) Schematic of pulse trains used for LTD and LTP measurements with the Pt/Ti/
Ta,0s_/WO,-10%/Pt device. (f, g) LTD and LTP of the Pt/Ti/Ta,Os_,/WO,-10%/Pt.

therefore forming a Pt/Ti/Ta,05_,/WO,-10%/Pt structure. The
XPS spectrum from the WO,-10% film clearly shows existence of
reduced W and metallic W states in the film (green and magenta
doublets) and hence increased Vg concentration in the film, as
shown in Fig. 5c. A typical oxide bilayer is thus formed when the
more oxygen-deficient WO, film is stacked with oxygen-rich
Ta,0s5_,, and the devices once again display typical bipolar
switching characteristics (Fig. 5b). However, since the WO, was
used as the base layer instead of the switching layer in the
present Pt/Ti/Ta,Os_,/WO,-10%/Pt structure, the switching
characteristics are now mainly decided by Ta,0s_, and thus the

43138 | RSC Adv., 2017, 7, 43132-43140

intermediate states in WO, do not effectively contribute to the
analog switching, unlike in Pt/Ti/WO,-50%/Ta0,/Pt devices. As
a result, the switching of the Pt/Ti/Ta,05_,/WO,-10%/Pt devices
becomes very abrupt and the NOS largely decreases, as shown in
Fig. 5d-g, which strongly demonstrates that the incremental
switching behavior and the NOS are indeed correlated with the
number of intermediate oxide phases in the switching layer.
We have further examined the above hypothesis in other
transition metal oxide systems, and Fig. 6a summarizes the
reported NOS values in memristive synapses based on four
different transition metal oxides that have been reported

This journal is © The Royal Society of Chemistry 2017
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(a) The number of multilevel states in four transition metal oxides based memristive synapses. (b) Schematic of the conductance change

mechanism in oxide systems with and without intermediate phases, leading to different NOS.

previously, 1171820222729 where HfO, and TaO, are typical
material systems with few thermodynamically stable oxide
phases while WO, and TiO, represent material systems with
rich intermediate phases.******-*> The extraction of NOS should
takes into account the noise level and conductance change that
could be recognized (ESI Table S1 and related discussionst). It
is obvious in Fig. 6a that WO, and TiO, based synaptic devices
have generally shown much higher NOS compared with HfO,
and TaO,, once again verifying that there is indeed an under-
lying correlation between the NOS and the number of phases in
oxide memristors. This correlation is schematically depicted in
Fig. 6b, where the existence of intermediate phases provides
more conductance levels when coupled with the geometric
changes of filaments, compared with oxides with few thermo-
dynamically stable intermediate phases.

We would like to finally note that here we have concentrated
on tailoring the number of conductance states, which is an
important criterion for memristive synapses, but other charac-
teristics of the cells such as endurance, retention etc. will put
additional constraints on the synaptic devices and sometimes
have different requirements on material properties. It is also
likely to have some extent of intermixing between the switching
layer and the base layer, due to inevitable inter-diffusion, as
verified by XPS depth profiling analysis (ESI Fig. S31). The
present findings, however, could provide important clues to the
optimization of memristive cells for future neuromorphic
computing applications.

4. Conclusions

In summary, we have systematically studied the influence of
materials, compositions and stacking sequences of oxide bilayer
on the analog switching characteristics of memristive synapses.
The results unambiguously showed the dominant role of the
switching layer in deciding the analog switching properties and
therefore device optimizations should be concentrated on the
switching layer. Furthermore, compared with oxides with few

This journal is © The Royal Society of Chemistry 2017

thermodynamically stable intermediate phases, it was found that
the existence of rich intermediate phases could lead to larger
NOS and thus more gradual resistive switching. These findings
could be important for future device optimizations and
constructions of neuromorphic computing systems.
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