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Organometal Halide Perovskite Artificial Synapses

Wentao Xu, Himchan Cho, Young-Hoon Kim, Young-Tae Kim, Christoph Wolf,

Chan-Gyung Park, and Tae-Woo Lee*

A human brain is a high-density neural network composed of
=102 neurons and =10" synapses; it occupies less than 2 L
space and consumes less power than a household incandescent
bulb, but can outperform supercomputers in many tasks.["? To
construct an artificial intelligent system that has these merits of
a natural neural network,! a key step is to design an artificial
synapse that emulates essential synaptic functions in a single
electronic device, and consumes only femtojoule-level amounts
of energy. To achieve these goals, several types of electronic
devices have been developed based on resistive switchable
memory, phase change memory,®! atomic switches,® ferro-
electric tunnel junctions,”! and synaptic transistors.® However,
to achieve the small feature size, ultralow energy consumption,
and working principles of biological synapses, new materials
and electronic devices are still required.

Organometal halide perovskites (OHPs) constitute a family
of materials that have recently been used to boost the power
conversion efficiency of solar cells.’) OHPs have many superior
properties, such as long charge-carrier diffusion length, strong
light absorptivity, ambipolar charge transport, high open-circuit
voltage, and solution processibility, and therefore have broad
applications such as photovoltaics,!'*!! light-emitting diodes, !l
transistors,'3 and photon-detectors.'¥ OHP-based electronic
devices usually exhibit significant hysteresis,” which may
originate from ferroelectricity, charge-carrier traps, and migra-
tion of ions.'™ Those mechanisms would be valuable proper-
ties for an artificial synapse, which require gradual modulation
of responses.

Herein, we fabricate and characterize an artificial synapse
made from a bromine-containing OHP, CH3NH;PbBr;. This
work represents the first attempt to apply OHP to an artificial
synapse. The artificial synapse emulates important synaptic
characteristics in a single electronic device, including excitatory
postsynaptic current (EPSC), paired-pulse facilitation (PPF),
short-term potentiation (STP), long-term potentiation (LTP),
and spike-timing dependent plasticity (STDP).

Artificial synapses in a two-terminal structure of substrate/
buffer-capped conducting polymer (BCCP) electrode/OHP/top
electrode were fabricated to emulate important working princi-
ples of biological synapses (Figure 1). Metal-dot top electrodes

Prof. Dr. W. Xu, H. Cho, Y.-H. Kim, Y.-T. Kim,

C. Wolf, Prof. Dr. C.-G. Park, Prof. Dr. T.-W. Lee
Department of Materials Science and Engineering
Pohang University of Science and

Technology (POSTECH)

Pohang, Gyungbuk 790-784, Republic of Korea
E-mail: twlee@postech.ac.kr, taewlees@gmail.com

DOI: 10.1002/adma.201506363

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

emulate the presynaptic membrane at which presynaptic spikes
are applied. Electrical pulses that are analogous to presynaptic
spikes are applied to the top electrodes to induce ion migra-
tion in the OHP matrix to modulate the conductance of the
thin film. Conductive paths form in the ion-rich OHP matrix to
provide paths for ion migration and charge-carrier transporta-
tion; these emulate the synaptic cleft that allows transmission
of neurotransmitters. The BCCP thin film and the conductive
sublayer (indium tin oxide (ITO)-coated glass or highly doped
silicon wafer (n+Si)) together work as a bottom electrode,
which emulate the functions of the dendrites of a postneuron
to receive transient signals through the synaptic connection.
BCCP consists of poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) (Clevios P VP AI4083) and a perfluori-
nated ionomer, tetrafluoroethylene-perfluoro-3,6-dioxa-4-me-
thyl-7-octenesulfonic acid copolymer (PFI) (PEDOT:PSS:PFI =
1:2.5:11.2 (w:w:w)).'7l The conductance of OHP can be tempo-
rarily or persistently tuned by pulse-induced ion redistribution
across the thin film, or ion injection into the BCCP layer to
leave more vacancies. The BCCP layer could serve as a reservoir
to trap mobile ions. These processes consecutively modulate
the conductance of OHP thin film to realize multilevel state
memory and thereby emulate the tunable synaptic response of
natural systems.

All of the thin films showed full coverage on the substrate
(Figure 2a—d and Figure S1 (Supporting Information)). A 40%
solution produced a thin film that was composed of grains with
diameters from 200 nm to 1 pm and had a relatively rough sur-
face (Figure 2a and Figure S2a (Supporting Information)) with
root-mean-square (RMS) roughness of 22.5 nm (Figure 2b).
A 20% solution yielded a smoother surface with no obvious
separate grains (Figure 2c and Figure S2b (Supporting Infor-
mation)), and RMS roughness of 8.84 nm (Figure 2d). Out-
of-plane X-ray diffraction (XRD) patterns (Figure 2e,f) of the
relatively thick film reveal a polycrystalline OHP with variable
orientations (Figure 2e),'¥ which implies that the lattice has
a cubic structure. On the relatively thin film (Figure 2f), the
peaks (100), (200), and (300) were very clean; this observation
indicates that the orientation of crystallites was uniform. This
uniformity might be a result of the favorably oriented crystal
growth on the underlying BCCP surface. When the film is
relatively thin, the interfacial effect is obvious during crystal-
lite-formation processes. When the film is relatively thick, the
interfacial effect still occurs, but it has relatively weak effect on
the upper layers of crystallites.

Current—voltage (I-V) switching behavior of the artificial
synapse was characterized by connecting a metal probe to the
top electrode to supply voltage sweeps while the bottom elec-
trode was grounded (Figure 3). Incremental increase in cur-
rent was achieved by consecutively increasing the step voltages
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Figure 1. Schematic demonstrations of a) correlated neurons and their connections, i.e., synapses, b) fine structure of a synapse, including presyn-
aptic membrane, postsynaptic membrane, and the synaptic cleft, c) geometry of an OHP perovskite artificial synapse, and d) crystal structure of
CH3NH;PbBr; and spatial distributions of CH;NH;* (green), Pb?* (pink), and Br~ (yellow).

(-2, -3, -4, -5, -6 V) in a process that emulates memristive SET
processes with multilevel resistance states. No further increase
in current was observed in response to further voltage sweep
between 0 and —7 V. Positive sweep loops were then applied to
RESET the resistance states. Both the SET and RESET showed
gradual changes in current level; such changes are essential for
artificial synapse applications to provide a number of consecu-
tively variable synaptic strengths. I~V hysteresis behavior with
respect to the scan direction in OHP-based photovoltaic devices
was previously reported.'%l The origin of the hysteresis is still
under debate; it might originate from migration of ions, ferro-
electricity of OHP, or the presence of charge-carrier traps.
Synaptic plasticity is a change in synaptic weight in response
to stimuli, and is believed to underlie computation and memory
in a brain.”?! Synaptic weight, i.e., the strength of synaptic con-
nection, is usually indicated by the postsynapse potential or
current. In a real neuron, an action potential arrives at the pre-
synaptic membrane to cause influx of Ca?*, which initiates the
release of neurotransmitters, and thereby temporarily enhance
synaptic transition.?% Our artificial synapse emulates important
functions of a biological synapse. The electrical pulses applied
to the top electrode are analogous to presynaptic spikes onto the
presynaptic membrane (Figure 4a). A continuous voltage bias
was applied on the bottom electrode as a reading voltage, which
is small enough (0.1 V) to minimize its effect on device conduct-
ance. The postsynaptic current level increased abruptly after the
pulse, then decayed rapidly over time; this change in electrical
response is analogous to EPSC, which is a measure of synaptic
weight (Figure 4b). The decay of postsynaptic current was due to
the change in electronic conductance of the OHP thin film which
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is caused by back-diffusion of ions after the pulse was removed
(Figure S3, Supporting Information).?!] Presynaptic spikes
were used to trigger EPSCs 100 times; the EPSCs did not show
obvious change in current level (standard deviation <1%); this
result means that the response is stable and reproducible. The
time constant (Tyc) of resistance-capacitance (RC) delay is calcu-
lated to be 6.67 x 1077 s (Figure S4, Supporting Information),
which is several orders of magnitudes lower than Tgpsc (93 ms);
this difference eliminates the possibility that RC delay is a main
cause of EPSC. Charge traps induced by bromide vacancies are
shallow in or near the conduction band of OHP, and thus the
charge trapping effects of these traps are not considered.??!

STP is a temporal modification of synaptic strength, which
then quickly returns to its initial state in hundreds to thou-
sands of milliseconds if synaptic activity is not continued. STP
is involved in important brain functions such as pattern recog-
nition, associative learning, and sound localization.[>?* One of
the most well-known STP is PPF 2%l by which synaptic strength
is temporally increased by an impulse if it closely follows a
prior one. In a biological synapse, this strengthening is usu-
ally caused by an increase in presynaptic Ca?* concentration,
which results in an increase in the quantity of neurotransmit-
ters released at the synapse. Analogously, synaptic weight in
the artificial synapse was increased when a pair of successive
stimuli was applied (Figure 4c). The synaptic enhancement
correlates with the time interval At,. between presynaptic
spikes (Figure 4d). The synaptic enhancement slowly decayed
as Aty was increased. Spike-duration-dependent plasticity was
observed (Figure 5a). When spiking amplitude was fixed, EPSC
increased as the spiking time was increased.
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Figure 2. a) SEM and b) AFM images of 40%-solution-produced OHP thin film (SEM scale bar: 2pm). ¢) SEM and d) AFM images of OHP thin film
produced using 20% solution. XRD patterns of OHP thin film produced using e) 40% solution and f) 20% solution.

LTPI? is a persistent strengthening of synaptic connections
based on recent patterns of activity. These patterns of synaptic
activity produce a long-lasting increase in signal transmission
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Figure 3. DC I-V sweeps with consecutively increased ranges that induced

gradual setting and resetting processes. Inset: Schematic of the architec-
ture and measurement of the OHP-thin-film based artificial synapse.

wileyonlinelibrary.com

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

between two neurons. In biological synapses, the increase in
synaptic strength is usually caused by the release of neuro-
transmitters.[?”] Application of a number of presynaptic spikes
in a short period triggered a much increased current level, and
although it decayed over time, it stabilized at a level and did
not decay further for an extended time (Figure 5b). This result
is consistent with biological long-term memory. The synaptic
enhancement was measured to be =70% compared to the
resting current level; this result is an evidence that long-term
potentiation was realized in the artificial synapse.

STP and LTP of a perovskite synapse may be caused by con-
secutive enhancement in conductance due to the increased
number of halide vacancy defects in OHP as a result of bromide
migration in response to external electrical pulses (Figure 5c).
This is consistent with previous reports regarding perovskite
oxides and halides. Many perovskite oxides have conductivity
mediated by oxygen defects,?®?°l and low activation energy
E, of halide migration causes tunable conductivity in perovs-
kite halides (i.e., CuPbls, CsPbCl;).2%32 1t was recently found
that OHP has severe halide migration under external electrical
fields.133-]

In a perovskite synapse, the conductivity may be a result
of the ion vacancy defects (green, Figure 5c¢). Electrical pulses
drive migration of ions. When the pulse amplitude is low and

Adv. Mater. 2016, 28, 5916-5922
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Figure 4. a) Schematic of application of presynaptic spikes through a synapse for the transmission of a signal to a second neuron. b) EPSC triggered
by an applied external pulse. ) Synaptic enhancement achieved by two successively applied pulses, emulating a biological process of PPF. d) PPF index

versus time interval between successive pulses.

the pulse number is small, some ions just move in a short dis-
tance then quickly return to their positions. This process causes
conductance to increase sharply, and then decay quickly, which
underlies the mechanism of short-term plasticity (e.g., PPF).
The ionic migration that causes redistribution of ions (p-i-n
homojunction) across the OHP thin film is beneficial to mem-
ristive behaviors.?!

When a strong pulse or numerous pulses are applied, a
fraction of ions can travel far enough to be trapped at the
OHP/BCCP interface or even be injected into the BCCP and
become trapped there. After the pulses, some ions drift back
to their equilibrium positions, but some remain trapped at
the interface and in the BCCP; consequently some of the
halide sites in the OHP are vacant to form conductive paths.
The increase in conductance can be maintained for much
longer time. Therefore, after the pulses, EPSC first decays
due to drifting back of partial anions, but then the current
level after this decay maintained for long time, due to the
increased number of defect sites. This process emulates the
long-term potentiation in human memory. The penetration
of ions could be observed in energy dispersive spectroscopy
(EDS) mapping of transmission electron microscope (TEM)
images near the interface (Figure 5d,e). Due to the relatively
low E, of Br~ (=0.2 eV), it migrates easily under external
pulses. Even though MA™ ions have much larger E, (=0.8 eV)
than Br, their possible migration cannot be fully excluded
so that they might also contribute to this mechanism.3¢
Although OHP synapse with a 40% solution-coated OHP thin
film has more grain boundaries to facilitate ion migration,
it is not as sensitive as the one with a 20% solution-coated
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thin film in response to the same stimulus, due to
the much thicker OHP thin film (Figure S5, Supporting
Information).

STDP is an asymmetric form of Hebbian learning, in
which the synaptic strength can be adjusted by the relative
timing of presynaptic and postsynaptic spikes. STDP is essen-
tial in neural computation; the OHP synapse emulated this
behavior (Figure S6, Supporting Information). Spiking-rate-
dependent plasticity was also found applicable to the device
(Figure S7, Supporting Information). Presynaptic spikes of
various amplitude were applied to trigger postsynaptic cur-
rents to estimate the minimum energy consumption of the
artificial synapse (Figure S8, Supporting Information). Energy
consumption was calculated by multiplying the pulse ampli-
tude A, postsynaptic current I, and pulse duration t.*7 The
minimal energy consumption as low as ~20 fJ per synaptic
event was achieved. This value is very low among currently
available synapse-emulating electronic devices. This ultralow
energy consumption is a result of the abundance of ions
with low E, that can easily migrate along grain boundaries
in MAPDBr; thin film, and thereby make the OHP synapse
very sensitive to external stimuli even down to tens of mil-
livolts. These results imply that the perovskite artificial syn-
apses have great potential for use in neuromorphic electronic
systems that achieve the low energy consumption of a natural
neural network.

In conclusion, we fabricated and characterized a hybrid-
halide perovskite synapse that emulates excitatory postsynaptic
current, PPF, STP, LTP, and STDP of a biological syn-
apse. These characteristics were realized by the consecutive
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modulation of electronic conductance that is a result of ionic
migration mechanism in the organometal halide perovskite
thin film. This is the first organic-inorganic hybrid perovskite
artificial synapse. These properties present new resources for
development of neuromorphic electronics.

Experimental Section

Materials Synthesis: CH3;NH;Br solution was prepared by reacting
50 mL of hydrobromic acid (48% in water, Aldrich) and 30 mL of
methylamine (40% in methanol, Junsei Chemical Co. Ltd.) in a
250-mL round-bottom flask at 0 °C for 2 h while stirring. The solvent
was evaporated at 50 °C for 1 h to leave white precipitate, which was
purified by recrystallization using ethanol and diethyl ether, and then
dried at room temperature under vacuum for 24 h. Then 40 wt% or
20% CH3;NH;3PbBr; solution in N,N-dimethylformamide (DMF) was
prepared by reacting equimolar CH;NH;Br and PbBr, (Aldrich) at 60 °C
for 30 min.

Device Fabrication: Conductive substrates (ITO-coated glass or
n+Si) were cleaned by sonication in acetone and 2-propanol, boiled in
2-propanol, dried, and treated with UV-ozone. BCCP was composed of
PEDOT:PSS (Clevios P VP Al4083) and a perfluorinated ionomer, PFI
(PEDOT:PSS:PFI = 1:2.5:11.2 (w:w:w)). A small amount of dimethyl
sulfoxide (DMSO) additive was added to the composition to increase
the conductivity. BCCP was spin-coated to form a thin film, then baked
at 150 °C for 30 min. CH3NH;PbBr; was then spin-coated on the BCCP
thin layer, and the combination was baked at 90 °C for 10 min. Then
100-nm-thick circular Al metal dots were thermally evaporated through a
shadow mask in a high-vacuum chamber (<107 Torr).

Measurements: Scanning electron microscopy (SEM) imaging was
performed on a JEOL-6500 field-emission microscope. Atomic force
microscopy (AFM) images were obtained using a Dimension 3100
microscope (Digital Instruments). High-resolution TEM with EDS was
obtained using a TEM (JEOL JEM-2100FS). All electrical characteristics
of the electronic devices were measured in a nitrogen-filled glove box
using a Keithley 4200-SCS semiconductor parameter analyzer.

Supporting Information

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