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Artificial Astrocyte Memristor with Recoverable Linearity

for Neuromorphic Computing
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Xiaogin Yan,* Ru Huang,* and Yuchao Yang*

Neuromorphic systems provide a potential solution for overcoming von
Neumann bottleneck and realizing computing with low energy consumption
and latency. However, the neuromorphic devices utilized to construct the
neuromorphic systems always focus on artificial synapses and neurons, and
neglected the important role of astrocyte cells. Here, an astrocyte memristor
is demonstrated with encapsulated yttria-stabilized zirconia (YSZ) to emulate
the function of astrocyte cells in biology. Due to the high oxygen vacancy
concentration and resultant high ionic conductivity of YSZ, significantly
lower forming and set voltages are achieved in the artificial astrocyte, along
with high endurance (>10"). More importantly, the nonlinearity in current-
voltage characteristics that usually emerge as the testing cycle increases can
be depressed in the astrocyte memristor, and the nonlinearity can also be
reversed by applying a refresh operation, which implements the role of bio-
logical astrocyte in maintaining the normal activity of neurons. The recovery
of linearity can dramatically improve the accuracy of Modified National
Institute of Standards and Technology dataset classification from 62.98% to
94.75% when the inputs are encoded in voltage amplitudes. The astrocyte
memristor in this work with improved performance and linearity recovery
characteristics can well emulate the function of astrocyte cells in biology and

1. Introduction

Traditional von Neumann architecture
has encountered a fundamental bottle-
neck due to the separation of storage and
computing modules.'3 Neuromorphic
computing, which simulates the com-
puting architecture and functionalities of
the human brain, has received widespread
attention for solving this problem.[8l
Therefore, neuromorphic devices, which
are the most basic unit of neuromorphic
computing, have also become a hot topic
for research.’ In particular, memris-
tors with simple structure and high per-
formance can be utilized as the most
potential candidates for the hardware
implementation of neuromorphic com-
puting.'t161 There are many current
researches on memristive devices to study
the function of synapses(®2% and neu-
rons?-23 as they are the foundation of
the brain to realize memory and learning
functions.?*?%! However, in biology, as the
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surrounding environment of the synapse,

astrocytes also have an important influ-

ence on the synaptic signal transmission
and thus affect the expression of information.?®?] In fact, the
neurotransmitters released by the pre-synaptic membrane are
not only received by the post-synaptic, but also by astrocytes.
The absorption activities of the neurotransmitters accompanied
by the outflow activity of potassium ions can activate astrocyte
cells to release gliotransmitters, such as glutamate, adenosine
triphosphate, D-serine, homocysteine, etc. which will affect the
signal transmission of synapses between neurons.?®!

Herein, an artificial astrocyte memristor with encapsulated
layer is fabricated to emulate the function of astrocyte on syn-
apse in biology. Due to the doping of Y** with lower valence
into ZrO,, the yttria-stabilized zirconia (YSZ) material with
high oxygen vacancy concentration and resultant high ionic
conductivity can be obtained to maintain charge neutrality
and in turn serves as the encapsulated layer,?*-33 while TaO,
has relatively lower dielectric constant than YSZ adopted as
switching layer.?*3’] The resultant astrocyte memristor with
a structure of YSZ:(Pt/Ti/TaO,/Au) exhibits high endurance
(>10"). Compared with devices without encapsulated layer,
the forming and set voltages are reduced significantly, due to
oxygen vacancies supplied from YSZ. More importantly, as the
cycling number increases, the nonlinearity of current-voltage

© 2021 Wiley-VCH GmbH
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Figure 1. a) Schematic of the Astrocyte in biological systems. The GTr is the abbreviation for gliotransmitter, as the NTr is the abbreviation for neuro-
transmitter. b) The schematic of the astrocyte memristor with an encapsulated structure in this work. ¢) SEM micrograph of 2 x 2 astrocyte memristor
array with a device size of 250 nm. Scale bar: 500 nm. d) TEM image of the Astrocyte's cross-section structure which is analogous to the astrocyte cell
in biology. Scale bar: 50 nm. e) HRTEM image of the Astrocyte in the center region. Scale bar: 10 nm. f) HRTEM image of the Astrocyte in the sidewall

region. Scale bar: 20 nm.

(I-V) characteristics becomes evident, however, the astrocyte
memristor shows remarkable recovery ability of linearity with
simple refresh operations. By combining this recoverable line-
arity with a multi-layer perceptron network for inference where
the voltage amplitude is used to encode input images, the accu-
racy in the recognition of Modified National Institute of Stand-
ards and Technology dataset (MNIST) images can be improved
from 62.98% to 94.75%. The achievement of astrocyte mem-
ristor with enhanced performance and recoverable linearity has
great potential in neuromorphic computing.

2. Results and Discussion

The schematic diagram of synapse encapsulated by astrocytes
in biological systems is illustrated in Figure 1a, where the astro-
cyte closely interacts with the activity of synapse. Inspired by
this, a memristor-based artificial astrocyte with an encapsulated
structure is proposed to implement the function of the astro-
cyte (Figure 1b). Figure 1c shows the scanning electron micros-
copy (SEM) image of a 2 x 2 astrocyte memristor array with a
device size of 250 nm. In particular, Pt/Ti/TaO,/Au memristor
is utilized to realize traditional artificial synapse, while the YSZ
coated on the sidewall of the Pt/Ti/TaO,/Au device is analo-
gous to the astrocyte cell in biology, as displayed in Figure 1d.
High-resolution transmission electron microscope (HRTEM)
images of the astrocyte memristor in the center and sidewall
regions are shown in Figure le,1f, clearly showing the encapsu-
lated sidewall of the devices. The YSZ:(Pt/Ti/TaO,/Au) device is
therefore structurally analogous to biological astrocytes.

We first studied the characteristics of traditional Pt/Ti/
TaO,/Au memristive devices without the YSZ astrocyte layer,
which is named N-astrocyte synapse, as displayed in Figure 2.
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A forming process of =6 V is required to activate the N-astro-
cyte memristors (inset of Figure 2a). Figure 2a shows the I-V
curves in 100 consecutive cycles of the N-astrocyte memris-
tors, where the nonlinearity of the low resistance state (LRS)
gradually increases as the number of sweeping increases. It is
worth noting that here the nonlinearity refers to is that in the
dependence of current on voltage, instead of the nonlinearity
in conductance modulation of artificial synapses with respect
to identical pulses. Figure 2b shows the pulse measurement
results, where the alternate positive pulse of (+2.5 V, 50 ns) and
negative pulse of (2.7 V, 50 ns) are applied, showing reliable
resistive switching. Figure 2¢ further shows that the endurance
of the Pt/Ti/TaO,/Au synapse is more than 10°> with an on /off
ratio of =15 under pulse conditions. The nonlinearity in the on
state of I-V characteristics are monitored during the endurance
measurements by a set of consecutive DC sweeps after (10, 102,
10%, 10%, and 10°) cycles, and the corresponding I-V character-
istics are shown in Figure S1, Supporting Information, and
the inset of Figure 2d. One can see an obvious decrease in on/
off ratio (Figure 2c) and an increase of nonlinearity (Figure S1,
Supporting Information) as the cycling number increases. Such
nonlinearity in on state is quantitatively measured and summa-
rized in Figure 2d, showing clearly that the nonlinearity of on
state increases as a function of the cycling number. This might
be attributed to the depletion of oxygen vacancies in TaO,,
which are involved in the formation and rupture of filaments
but are driven toward the electrodes during repetitive switching
process. There are in general two ways to define the I-V nonlin-
earity of LRS. One is to define nonlinearity as Iy/Iy,, where V
is the reading voltage of a fixed value.’®¥] Instead, the relation-
ship between current and voltage can be fitted as [ = a*V +
b* V2 +) where the coefficient (2+c) determines the degree of
nonlinearity.’8! For the sake of universality, we utilized the

© 2021 Wiley-VCH GmbH
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Figure 2. Electrical characterization of N-astrocyte memristor. a) I-V curves of the N-astrocyte memristor under the different cycle tests. The inset
shows the forming process with the voltage of =6 V. b) Current responds under the alternate single positive pulse of (+2.5 V, 50 ns) and negative pulse
of (-2.7V, 50 ns). The reading voltage for measuring the resistance of the devices is 0.1V. c¢) Endurance test of the N-astrocyte memristor. The reading
voltage for measuring the resistance of the devices is 0.6 V. d) Nonlinearity factor distribution as a function of the endurance tests. The inset shows

the I-V characteristic after 105 endurance tests.

second approach to quantitatively extract the I-V nonlinearity of
devices.

Besides traditional two-terminal Pt/Ti/TaO,/Au memris-
tive synapse, we have further studied the artificial astrocyte,
where 40 nm YSZ encapsulation layer was deposited around
the Pt/Ti/TaO,/Au cell so that the TaO, switching layer is in
direct contact with the surrounding YSZ medium, that is,
YSZ:(Pt/Ti/TaO/Au). Figure 3a shows I-V characteristics
of the astrocyte memristors in 100 consecutive cycles. Notably,
the forming voltage of the device was reduced to =3 V, in con-
trast to the =6 V forming voltage of Pt/Ti/TaO,/Au device with
the same TaO, thickness (Figure S2, Supporting Information).
One can also see from the consecutive I-V measurements
that excellent uniformity is realized in the YSZ:(Pt/Ti/TaO,/
Au) artificial astrocyte, and the LRS remains approximately
linear throughout the sweeping cycles, in stark contrast to
Pt/Ti/TaO,/Au device where significant [-V nonlinearity
has emerged in 100 cycles (Figure 2a). Figure 3b,3c further
exhibits gradual potentiation and depression of the device by
incrementally altering the current compliance of the set pro-
cess and the sweeping voltage of the reset process, respec-
tively. Figure 3d further shows the pulse measurement results
of YSZ:(Pt/Ti/TaO,/Au) artificial astrocyte, where the alternate
positive pulse of (+1.6 V, 50 ns) and negative pulse of (-1.8 V,
50 ns) are applied, showing reliable resistive switching. The
endurance of the device is significantly improved, which
has reached 10" with an on/off ratio of =40, as shown in
Figure 3e. Both the improved I-V linearity and endurance
can be attributed to the inclusion of YSZ astrocyte medium

Adv. Electron. Mater. 2021, 2100669

2100669 (3 of 7)

around the device, which can act as an oxygen vacancy res-
ervoir and therefore compensate the depletion of oxygen
vacancies during the repetitive switching process in both DC
(Figure 3a) and pulse (Figure 3d) schemes. The YSZ:(Pt/Ti/
TaO,/Au) device, therefore, implements the role of biological
astrocytes in maintaining the normal activity of neurons in
the case of individual synaptic necrosis. Moreover, the astro-
cyte memristor demonstrates retention of >10° s without
noticeable degradation.

The nonlinearity of the YSZ:(Pt/Ti/TaO,/Au) artificial astro-
cyte memristor is also monitored during the endurance tests,
as shown in Figure 4a. One can see that the increase of non-
linearity slows down dramatically, which remains almost
unchanged in 107 cycles and is =5 after 10" cycles, in stark
contrast to the high nonlinearity of =12 after only 10° cycles
in Pt/Ti/TaO,/Au devices (Figure 2d). Intriguingly, the lin-
earity of the YSZ:(Pt/Ti/TaO,/Au) artificial astrocyte can be
recovered by a refresh operation, by applying a pair of strong
voltage pulses (3.5 V, 50 ns). Figure 4b shows the -V char-
acteristics before and after the refresh operation, showing that
the strongly nonlinear I-V after 10! endurance test returns to
a state with high linearity. Figure 4c further shows the nonlin-
earity factor distribution with and without the refresh operation
in different endurance cycles, demonstrating that good linearity
can be maintained throughout 10" cycles. This can once again
be attributed to the oxygen vacancy supplement from the YSZ
medium, as schematically depicted in Figure 5, which com-
pensates the depletion of oxygen vacancies during resistive
switching similar to the role of biological astrocyte, therefore

© 2021 Wiley-VCH GmbH
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Figure 3. Electrical characterization of astrocyte memristor. a) 100 consecutive I-V curves of an astrocyte memristor. The inset shows the forming
process with the voltage of =3 V. b) Gradual potentiation by incrementally altering the current compliance. c¢) Gradual depression under the negative
voltage sweeping. d) Current responds under the alternate single positive pulse of (+1.6 V, 50 ns) and negative pulse of (-1.8 V, 50 ns). e) Endurance
tests of the N-astrocyte memristor, indicating endurance of >10" cycles. f) Retention characteristic of N-Astrocyte with the read voltage of 0.1V, showing

high retention of >10° s.

maintaining a relatively stabilized oxygen vacancy profile in the
memristor.

It should be noted that the reset voltages of the two kinds of
memristors are higher than set voltages. Therefore, after exces-
sive cycling processes, it results in the accumulation of oxygen
vacancies near the top electrode interface,3%*! as shown in
Figure 5c, which leads to the appearance of nonlinearity. The
depletion of oxygen vacancies in the TaO, layer, however, can
be compensated by the diffusion of oxygen vacancies into TaO,
from YSZ following the concentration gradient, leading to the
recovery of linearity (Figure 5c). It should be noted that the lat-
eral size of the astrocyte memristor was designed to be rather
small, namely 250 X 250 nm?, so as to enhance the role of the
encapsulated layer, and the physical size of filaments can actu-
ally be tens to a hundred nanometers in oxide memristors>*#2

and previous studies have also supported the existence of mul-
tiple filaments.[3l The location(s) of the conductive filament(s)
is determined by the defect distribution inside the switching
material,*>*#] without necessarily sitting in the center of the
device. Given these physical attributes of the filaments, we
expect a significant impact of the YSZ encapsulated layer on
the 250 x 250 nm? device, which allows oxygen vacancies from
the YSZ to modulate the linearity of the astrocyte memristor
following the concentration gradient. Application of strong
voltage pulses can induce thermal effect and hence accelerate
the diffusion and redistribution of oxygen vacancies in the
switching and encapsulation layers, accounting for the quick
recovery after the refresh operation (Figure 4b,c).

The nonlinearity in I-V characteristics can significantly
affect the accuracy of vector-matrix multiplication and therefore
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Figure 4. a) Nonlinearity factor distribution as the function of the endurance cycle in the astrocyte memristor. b) I-V characteristics with and without
refresh (after the 10" endurance test), by applying a pair of strong voltage pulse (£3.5 V, 50 ns). c) Nonlinearity factor distribution with and without
refresh operation, indicating the recovery of the linearity under the operation of a refresh.
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Figure 5. Schematic illustration of the physical switching mechanism of the nonlinearity recovery. a) The initial states of the N-Astrocyte and Astro-
cyte, respectively. b) The set processes of the N-Astrocyte and Astrocyte in the earliest stage. c) The set processes of the N-Astrocyte and Astrocyte
after multi-operation, indicating the distribution of oxygen vacancies apparently extends into the Ti/TaO, interface under the unequal set and reset

stimulations.

the neural network performance when the input vectors are
encoded in pulse amplitudes (Figure 6a).3#%#] To evaluate the
effect of artificial astrocyte memristor in artificial neural net-
works, a multilayer perceptron network has been constructed
with ternary weight precision and trained by a backpropagation
algorithm (Figure 6a). This network has a fully connected struc-
ture and aims to classify ten handwritten digits from MNIST
dataset, whose image size is 28 x 28. As shown in Figure 6a,
the perceptron has 784 neurons for the input layer, 200 neurons
for the hidden layer, as well as 10 neurons for the output layer.
When a test image is fed into the network, the index of the
neuron with maximum output implies the classification result.
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The input test image is encoded by the voltage amplitude, while
the connection weights are extracted from the I-V characteristics
in the experiment with the size of 784 x 200, and the bitmaps
of the weight matrix between the input layer and hidden layer
with different nonlinear data input are extracted. As the weight
precision is ternary, the black pixel in the bitmaps represents
the value —1, the white pixel is assigned the value of 1, and 0
is the gray pixel located between —1 and 1. Figure 6b shows the
original 784 x 200 weight matrix of the first layer of connec-
tions with ideal linearity (upper), weight matrix of the first layer
of connections as a result of nonlinearity after 108 endurance
cycles (middle), and weight difference between the upper and
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Figure 6. a) lllustration of testing processes of MNIST handwritten dataset using a double-layer perceptron network. b) Original 784 x 200 weight
matrix of the first layer of connections with ideal linearity (upper), weight matrix of the first layer of connections as a result of nonlinearity after 10®
endurance cycles (middle), and weight difference between the upper and middle panels (lower). A 28 x 28 weight matrix is extracted and reshaped
from the first row of the respective matrices and shown on the right to show the difference clearly. c) The accuracy of MNIST image recognition as
the function of endurance cycle in the astrocyte memristor, which decreases as the increase of nonlinearity. d) The recognition results of ten digits
after 108 cycles without refresh with the accuracy of 62.98%. e) The recognition results of ten digits after 10% cycles with refresh, having the improved
accuracy of 94.75%.
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middle panels (lower). A 28 x 28 weight matrix is extracted
and reshaped from the first row of the respective matrices and
shown on the right to show the difference clearly. It can be seen
that the increase in nonlinearity results in significant changes
in the weight matrix. The accuracy of the recognition as a func-
tion of the endurance cycle is demonstrated in Figure 6¢, where
a sharp drop of recognition accuracy after 10® endurance cycles
is demonstrated, and the recognition results of ten digits are
displayed in Figure 6d with an accuracy rate of 62.98%. This is
due to the degradation of the linearity in the device, which sig-
nificantly affects the information coding. Interestingly, after the
linearity is recovered after refresh with big pulse stimulations,
the recognition accuracy after the 108 cycles can be improved
to 94.75%, as the recognition results of ten digits are demon-
strated in Figure 6e. This unambiguously demonstrates that the
astrocyte memristor has a great advantage in achieving stable,
high-performance neural network accelerators, especially when
the input information is encoded in pulse amplitudes.

3. Conclusion

In this study, we demonstrate an astrocyte memristor with
encapsulated YSZ to emulate the function of astrocyte cells for
synapse in biology. Due to the high oxygen vacancy concentra-
tion and resultant high ionic conductivity of the YSZ material,
lower forming and set voltages were realized in the astrocyte
memristor, along with high endurance (>10'). Besides, the
nonlinearity of current-voltage characteristics increases as the
cycling number of devices increases. Interestingly, such non-
linearity can be reversed by applying high voltage stimulations,
which is similar to the fact that astrocytes can maintain the
normal activity of neurons in the case of individual synaptic
necrosis. The recovery of linearity can dramatically improve the
accuracy of MNIST image recognition from 62.98% to 94.75%
under the 10® endurance measurements. The achievement of
astrocyte memristor with improved performance and recovery
characteristics of nonlinearity enrich the function of the mem-
ristors, indicating the great potential of memristor for neuro-
morphic computing.

4. Experimental Section

Device Fabrication: The astrocyte memristor device and N-astrocyte
memristor were fabricated on the silicon substrate with 120 nm
thermally grown SiO, with the same fabrication process. The electron
beam lithography process was used to prepare the nano-scale devices.
The bottom electrode with 5 nm/30 nm Ti/Au was deposited by
electron beam evaporation following by a Lift-off process, and the
metal Ti was served as an adhesion layer. Subsequently, the 15 nm
Ta,O5 was deposited by radio-frequency magnetron sputtering at room
temperature in Ar atmosphere. It is worth noting that the switching
layer was patterned together with the top electrode. And then a lift-off
process was performed following the deposition of 20 nm top electrode
Ti and 10 nm protective layer Pt. The resultant devices have a size of
250 X 250 nm?. At this point, the preparation of N-astrocyte memristor has
been completed. In order to fabricate the astrocyte memristor, the last
photolithography process was performed to prepare the encapsulated
layer YSZ which was deposited by radio-frequency magnetron sputtering
with the thickness of 40 nm followed by a lift-off process.
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Electrical Measurements: Electrical measurements were performed
to analyze the resistive switching characteristics using Agilent B1500A
semiconductor parameter analyzer, while the oscilloscope sampling unit
was connected to the B1500 to measure the single pulse response of the
device. During all the measurements, the voltages were applied to the
top electrode and the bottom electrode was always grounded.

Microstructural ~ Characterization: The high-resolution scanning
electron microscopy (HR-SEM) images were acquired on the MERLIN
Compact, while the microstructure and composition of the devices
were studied by transmission electron microscopy (TEM) and energy-
dispersive x-ray spectroscopy (EDS).
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