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Electrolyte Gated Synaptic Transistor based on an Ultra-Thin
Film of La0.7Sr0.3MnO3
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Julio Camarero, Carlos León, Jacobo Santamaría, and Miguel Romera*

Developing electronic devices capable of reproducing synaptic functionality is
essential in the context of implementing fast, low-energy consumption
neuromorphic computing systems. Hybrid ionic/electronic three-terminal
synaptic transistors are promising as efficient artificial synapses since they
can process information and learn simultaneously. In this work, an
electrolyte-gated synaptic transistor is reported based on an ultra-thin epitaxial
La0.7Sr0.3MnO3 (LSMO) film, a half-metallic system close to a metal-insulator
transition. The dynamic control of oxygen composition of the manganite
ultra-thin film with voltage pulses applied through the gate terminal allows
reversible modulation of its electronic properties in a non-volatile manner. The
conductance modulation can be finely tuned with the amplitude, duration,
and number of gating pulses, providing different alternatives to gradually
update the synaptic weights. The transistor implements essential synaptic
features such as excitatory postsynaptic potential, paired-pulse facilitation,
long-term potentiation/depression of synaptic weights, and
spike-time-dependent plasticity. These results constitute an important step
toward the development of neuromorphic computing devices leveraging the
tunable electronic properties of correlated oxides, and pave the way toward
enhancing future device functionalities by exploiting the magnetic (spin)
degree of freedom of the half metallic transistor channel.
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1. Introduction

Hardware neural networks pose a
promising path toward intelligent and
adaptable computing at low energy
cost.[1–3] Electronic devices able to em-
ulate efficiently the functionality of
synapses are essential elements for these
networks. In fact, the human brain can
learn to process information and identify
patterns outperforming the most power-
ful computers mainly due to the ability of
synapses to tune the strength of synaptic
connections and process information
simultaneously.[4,5] This functionality,
known as synaptic plasticity,[6] is crucial
in learning processes and provides an
efficient way to process and store infor-
mation out of the scope of traditional
Von Neumann architectures in which
memory and processing are physically
separated.[7,8]

Within this context, it would be highly
desirable for artificial synaptic elements
to simultaneously exhibit non-volatile

A. López, J. Camarero
IMDEA Nanociencia
C/Faraday 9, Madrid 28049, Spain
J. Tornos, A. Rivera, C. León, J. Santamaría, M. Romera
Unidad Asociada UCM/CSIC
Laboratorio de Heteroestructuras con Aplicación en Espintrónica
Madrid 28049, Spain
F. Fernandez-Canizares, G. Sanchez-Santolino, M. Varela
Instituto Pluridisciplinar
Universidad Complutense de Madrid
Madrid 28040, Spain
J. Camarero
Departamento de Física de la Materia Condensada and Departamento de
Física Aplicada
IFIMAC and Instituto Nicolás Cabrera
Universidad Autónoma de Madrid
Madrid 28049, Spain

Adv. Electron. Mater. 2023, 2300007 2300007 (1 of 11) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

http://crossmark.crossref.org/dialog/?doi=10.1002%2Faelm.202300007&domain=pdf&date_stamp=2023-04-28


www.advancedsciencenews.com www.advelectronicmat.de

memory, multi-state analogue resistance, and plasticity.[7–9]

Memristor devices provide an interesting approach toward this
aim. Their resistance state depends on the previous history
of applied voltage or current,[10,11] and they can implement
important synaptic features in a more efficient, simple, and
compact way than pure CMOS alternatives.[12–16] However, they
usually have two terminals, so they cannot transfer (process)
information and learn (update synaptic weights) simultaneously,
as biological synapses.[4,5] Instead, processing is inhibited dur-
ing learning, limiting the device efficiency. As an alternative,
hybrid ionic/electronic electrolyte gated three-terminal synaptic
transistors[17–26] provide a promising way to perform signal trans-
mission and learning simultaneously and thus to realize flexible
synaptic operations efficiently. In fact, their working principle
captures some of the most relevant features characteristic of
the behavior of biological systems. In biological synapses the
voltage-gated ion motion through ionic channels regulates the
post-synaptic potential (i.e., the membrane potential of the post-
synaptic neuron). Similarly, in electrolyte gated synaptic transis-
tors the voltage-gated ion motion through an electrolyte regulates
the potential (or the current) across the transistor channel, which
plays the role of the postsynaptic terminal. In such systems, the
conductance of the channel between source and drain represents
the synaptic weight. Voltage pulses applied to the gate terminal,
which can be seen as presynaptic spikes, create an electric dou-
ble layer (EDL) at the channel interface. The EDL leads to a huge
electric field that can give rise to electrochemical doping, via the
insertion or extraction of ions such as H+ or O2− into or out of
the channel. Electrochemical doping can be used to modify the
channel conductance, emulating synaptic plasticity. Thus, infor-
mation can be transmitted through the channel while synaptic
weights can be modulated independently (and possibly simulta-
neously) through the gate.

Therefore, electrolyte gated transistors potentially offer ultra-
low power operation,[20,21] highly linear modulation of synaptic
weights[27] and good interfacing with biological environments
due to their mixed ionic-electronic conductivity phenomena,[26]

along with the possibility to realize programmable fluidic
circuits.[17] Their operating mechanism, based on the creation of
a defect diffusion profile at the channel through electrochemical
doping, can be in principle better controlled than the stochas-
tic formation of defects and filaments in resistive switching type
memristors, potentially offering enhanced robustness to device-
to-device and cycle-to-cycle variations.[27] The flexible gate struc-
ture of synaptic transistors allows the use of any number of gate
electrodes as logic inputs on the electrolytes, emulating the con-
nections of several pre-synaptic neurons[28] and forming parallel
interconnected networks with reduced hardware connectivity.[29]

Synaptic transistors constitute thus promising elements toward
realizing efficient artificial synapses.

For such electrolyte gated synaptic transistors to work, materi-
als whose conductivity can be modulated in a non-volatile man-
ner via gate pulses applied through an electrolyte are required.[26]

Synaptic transistors based on exchange of oxygen[30] are particu-
larly attractive for applications since they are expected to exhibit
longer retention properties and to be the simplest to inte-
grate in stablished technologies when compared with other
alternatives.[31,32] Although individual works with oxygen-based
synaptic transistors have separately demonstrated some of the

technical characteristics required for applications (1 V operat-
ing voltage,[33] 100 ns write lengths[34] and good on/off ratios[35]),
there are not oxygen-based devices combining all these features
together[32] and materials with optimal properties for reconfig-
urable analog computing are considered yet to be discovered.[31]

This underlies the interest of investigating new promising ma-
terials for oxygen based synaptic transistors. Moreover, if those
materials incorporate additional functionality to the synaptic be-
havior, new avenues may be opened toward the development of
novel multifunctional devices with enhanced capabilities. Corre-
lated oxides are good candidates for this aim since their electronic
properties can be widely modified with different stimuli.[36,37] In
particular, oxide thin films and interfaces can be drastically af-
fected by the amount and profile of oxygen vacancies.[38–41] A
prototypical example can be found in the La1-xSrxMnO3 system
and, more specifically, in La0.7Sr0.3MnO3 (LSMO), a half-metal
with a perovskite structure characterized by a strong coupling
between lattice, charge, and spin, providing a number of differ-
ent degrees of freedom to externally manipulate its electronic
properties including charge, orbital, spin, and magnetic order-
ing phenomena.[42–45] Thin LSMO films exhibit an insulator-
metal transition whose transition temperature can be controlled
with thickness,[46] strain,[47] and stoichiometry.[42,48] The elec-
tronic properties of planar LSMO structures have been shown
to be affected by the profile[49] and amount[50] of oxygen vacan-
cies within the structure, which can be modified combining in-
plane electric fields[50] and joule heating.[49] Upon application
of moderate voltages LSMO has shown to undergo reversible
electrochemical reactions driven by displacement and ordering
of oxygen vacancies[38,51] that may trigger phase changes from
perovskite with octahedral Mn coordination to brownmillerite[52]

with tetrahedral or pyramid Mn coordination. Moreover, re-
versible electronic and magnetic phase transitions induced by
the creation/annihilation of oxygen vacancies via ionic liquid
gating have been recently reported in LSMO compounds.[48,53]

Adding the magnetoresistive nature of manganites to this elec-
trolyte gated electronic transition, four non-volatile resistance
states have been obtained by combining electric and magnetic
fields.[53] These properties make LSMO interesting for a wide
range of multifunctional memory devices and highlight its yet
unexplored potential for synaptic devices.

In this work, we exploit the dynamic control of oxygen compo-
sition of an ultra-thin epitaxial LSMO film to report the first ex-
ample of an LSMO based electrolyte-gated synaptic transistor. An
ionic liquid (IL) connects the LSMO film with the gate electrode,
which is used as the pre-synaptic terminal that controls the flow
of ions toward the LSMO surface. This configuration, summa-
rized in Figure 1, resembles the release of neurotransmitters in
biological synapses and their control through pre-synaptic spikes.
The LSMO channel is regarded as the postsynaptic terminal and
its conductance as the synaptic weight. Positive gate pulses are
used to progressively create oxygen vacancies in the LSMO chan-
nel modulating its electronic properties and leading to a multi-
level non-volatile analogue resistance. We will show how this
process is reversible, as the created oxygen vacancies can be anni-
hilated with negative gate pulses. The electrolyte gated transistor
implements essential synaptic features related to short-term and
long-term memory and plasticity. These results are important to-
ward the implementation of neuromorphic computing systems
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Figure 1. a) Temperature dependence of the resistivity of pristine LSMO films of different thicknesses. b) Schematics of the electrolyte gated transistor
based on LSMO under positive gate voltage. Only electrostatic doping is considered (left). Top view of the device (right). c) Temperature dependence
of the resistance of the LSMO channel in an electrolyte gated transistor after applying different gate voltages (see text). The nominal thickness of the
LSMO channel is 6 u.c.

based on robust oxides and pave the way toward enhancing fu-
ture device capabilities by exploiting the half-metallic character
of the manganite transistor channel.

2. Results and Discussion

Epitaxial, high quality La0.7Sr0.3MnO3 thin films were grown
onto (001) oriented SrTiO3 (STO) substrates at high tempera-
tures (900 °C), using a high-pressure sputtering technique in
pure oxygen atmosphere (see Experimental Section). Macroscop-
ically averaged X-ray diffraction (Figure S1, Supporting Informa-
tion) measurements indicate high crystalline quality. Figure 1a
shows the resistivity–temperature (𝜌–T) loop of pristine LSMO
thin films of different thicknesses, exhibiting an insulator-
metal transition with a transition temperature that increases
with thickness. Electric double layer transistors in a side
gating geometry were then fabricated (see schematics in
Figure 1b and the Experimental Section for details). The
ionic liquid N,N-diethyl-N-methyl(2-methoxyethyl) ammonium
bis(trifluoromethylsulfonyl)imide ([DEME]+[TFSI]−) was chosen
as electrolyte for its strong regulation ability,[48] high ionic con-
ductivity, well known electrochemical properties,[54,55] and low
glass transition temperature[54] (TC ≈ 182K) below which the mo-
bility of ions becomes negligible.

First, we explore the ability to modulate the electronic prop-
erties of the LSMO channel by studying the evolution of the R–
T characteristics with gate voltage (VG). For this aim, a constant
gate voltage is applied during 5 min at 230 K and while the de-
vice is cooled down below the glass transition temperature. VG is
then set to zero and R–T measurements are performed below TC.
Figure 1c shows the R–T curves after applying this procedure

with different gate voltages to a sample with a nominal thick-
ness of 6 unit cells (u.c.), which has an insulator-metal transition
temperature slightly above TC (Figure 1a). Figure 1c shows that
a strong resistance modulation and a metal-insulator transition
are induced in the LSMO channel upon increasing gate voltage.

It is important to note that the mechanism responsible for
the modulation of the electronic properties shown in Figure 1c
could have an electrostatic origin (electron doping),[37] an electro-
chemical origin (creation of oxygen vacancies),[53] or a combina-
tion of both. In fact, reversible electrochemical oxygen exchange
between the ionic liquid (or its interface with the film) and the
film has been demonstrated in the past in LSMO[53] and other
oxide films.[56] The actual nature of charge carriers, and hence
the underlying phenomenon, can be inferred from the analysis
of the dynamic response of the LSMO channel resistance while it
is modulated by gate voltage at a constant temperature above TC
(see Figure 2a). For this aim, a low constant current of Ich = 5 μA is
applied through the channel, so that the voltage across the chan-
nel remains more than an order of magnitude below the gate volt-
age. Likewise, the leakage current between the gate and the chan-
nel remains three orders of magnitude smaller than Ich, ensuring
that it does not affect device performance. Gating experiments
are performed at 215 K to ensure ionic mobility within the ionic
liquid and chemical stability in the LSMO surface. In all the elec-
tronic measurements shown from now on we use a LSMO film
with a nominal thickness of 7 u.c., which has an insulator-metal
transition temperature slightly above 215 K, therefore within
the metallic regime (see Figure 1a). Figure 2a shows the R–VG
curve measured by sweeping gate voltage from 0 to 1.5 V, 1.5 to
−2 V, and then back to 0 V at a rate of 5 mV s−1. The channel
resistance can be reversibly modulated toward higher or lower
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Figure 2. a) Resistance of the LSMO channel as a function of gate voltage (VG) at 215 K. The sweeping rate was 5 mV s−1. The curve was measured by
sweeping gate voltage from 0 to 1.5 V, 1.5 to−2 V, and then back to 0 V. The source terminal (I− in Figure 1b) was grounded during the sweep. The nominal
thickness of the LSMO channel is 7 u.c. b) Schematic representation of the progressive creation of oxygen vacancies with positive gate voltages and
c) their annihilation with negative gate voltage. d) STEM-EELS characterization of pristine and biased LSMO thin films. (Left) Atomic resolution Z-contrast
STEM image of a 13.5 nm pristine LSMO thin film grown over STO (001) substrate. (Middle) Atomic resolution Z-contrast STEM image of a 11.5 nm
biased LSMO thin film grown over STO (001) substrate. Scale bar in both images is 5 nm. (Right) Mn oxidation state profiles as a function of distance
from the interface obtained from the O K edge fine structure analysis. To facilitate comparison between both layers, the thickness was normalized to the
layer thickness. To avoid artefacts associated with surface damage and interfacial phenomena the profiles were taken in the normalized thickness range
of 0.1–0.9.

values with positive and negative gate voltage respectively. On
one hand, we note that the resistance measured while the maxi-
mum positive gate voltage (VG = 1.5 V) is applied is larger than
the resistance measured at VG = 0 V, indicating a volatile elec-
trostatic contribution. On the other hand, a hysteretic behavior is
observed, evidencing that non-volatile electrochemical processes
are also likely to be involved. In fact, this kind of hysteretic behav-
ior in ionic liquid-gated LSMO has been reported[53] to be due to
the progressive creation of oxygen vacancies in the LSMO film
along with the ensuing reduction of Mn4+ to Mn3+ for positive
gate voltages (Figure 2b), followed by the annihilation of oxygen
vacancies and the consequent oxidation of Mn3+ back to Mn4+ for
negative gate voltages (Figure 2c).

The effects of a non-volatile electrochemical doping were
explored by scanning transmission electron microscopy and elec-
tron energy-loss spectroscopy (STEM-EELS) through the charac-
terization of two LSMO films before (pristine) and after applica-
tion of a gate voltage of VG = 1.5 V for 2 h (see the Experimental
Section for more details). Film thicknesses for this experiment
were chosen in the 10–15 nm range to prevent the specimen
preparation process for STEM observation from causing dam-
age of ultra-thin films. Figure 2d shows two atomic resolution
Z-contrast STEM images of both pristine (left) and biased (mid-
dle) LSMO thin films grown on a SrTiO3 (001) substrate. The
crystal structure quality is very high, interfaces appear sharp,

epitaxial and free of major defects. 2D EEL spectrum images sam-
pling lateral distances of tens of nm were acquired across the
thickness of the layers to probe composition and electronic prop-
erties. In particular, EELS O K edge fine structure analysis was
carried out to quantify the Mn oxidation state for both thin films,
since the edge structure is directly related to the electronic struc-
ture, while the edge intensity is related to the O stoichiometry.
For calibration we use the linear correlation between the differ-
ence in pre-peak and the adjacent main peak energies and Mn
valence.[57] Values of the Mn oxidation state, averaged laterally
over 15–20 nm, as a function of depth within the film all the way
from the substrate interface to the surface are shown in Figure 2d
(right). For the pristine film, the Mn oxidation state is quite even
through the specimen thickness, with values close to the nomi-
nally expected +3.3 for a fully oxygenated La0.7Sr0.3MnO3 system,
with an average value of +3.294 ± 0.015. On the other hand, the
film after biasing exhibits a homogeneous, slightly reduced Mn
oxidation state values all through its thickness, with an average of
+3.250 ± 0.015. Since no permanent electronic effect is expected
to be derived from electrostatic doping, this reduction of the Mn
oxidation state could be explained by a slight decrease of the local
O content related to a process of electrochemical doping induced
by the gating that results in a compositional change of the sam-
ple represented by the stoichiometric formula La0.7Sr0.3MnO3-𝛿 ,
where 𝛿 accounts for the oxygen deficiency in the sample, i.e.,
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Figure 3. a,b) Temporal dependence of the voltage (left axis) and the resistance (right axis) across the LSMO channel (black line) upon applying a) a
gate pulse of VG = 1 V for 20 s followed by a gate pulse of VG = −2 V for 20 s spaced 150 s apart (blue line), and b) a sequence of gate pulses of 0.5, 1,
1.5, −0.5, −1, −1.5, −2, and −2 V respectively, with a duration of 10 s and separated 500 s apart. A constant current of Ich = 5 μA is applied through the
channel. c) Resistance recorded 500 s after each pulse of the sequence. The nominal thickness of the LSMO channel is 7 u.c..

presence of oxygen vacancies (Vo). Assuming that each Vo dopes
the material with up to 2 e−, and that all changes in the Mn oxi-
dation state after gating come from changes in O concentration,
we can calculate the associated Vo concentration per unit cell (𝛿)
in the biased sample from the experimental Mn oxidation state
using expression (1) derived from charge neutrality.

𝛿 = 3.3 − MnOxState
2

(1)

Introducing the average Mn oxidation state of the biased layer,
the oxygen deficiency is found to be 𝛿 = 0.025 ± 0.008, mean-
ing that the gating process has induced a density of O vacancies
into the biased sample, changing this sample composition from
La0.7Sr0.3MnO3 to La0.7Sr0.3MnO2.975. Interestingly, such compo-
sitional reduction would represent a shift in the phase diagram
toward the metal to insulator boundary that separates the ferro-
magnetic metal from the insulator regions near a La/Sr compo-
sition x = 0.2.

The hysteretic behavior shown in Figure 2a is promising to im-
plement synaptic functionality.[19,23] In order to confirm this po-
tential, we study the temporal evolution of the voltage across the
LSMO channel (Vch) with a constant applied current of Ich = 5 μA
upon applying gate pulses, in analogy to the post-synaptic po-
tential induced by pre-synaptic spikes in biological synapses.[4]

Figure 3a shows Vch as a function of time when a gating pulse
of VG = +1 V and a duration of 20 s is applied, followed by
another pulse of VG = −2 V and a duration of 20 s, separated
150 s apart. The first pulse triggers a potential enhancement in
the LSMO channel (postsynaptic terminal) that closely resem-
bles the excitatory postsynaptic potential (EPSP) observed in bi-
ological synapses.[4] An EPSP in neuroscience is a variation in
the postsynaptic potential that makes the postsynaptic neuron
more likely to fire. It is an essential synaptic feature caused by
a gated influx of ions, which underlies the main process of infor-
mation transmission between presynaptic and postsynaptic neu-
rons. Figure 3a shows that the EPSP smoothly decays with time
when the gate pulse is removed, resembling the forgetting curve
of biological synapses, related to short-term memory. The decay
of Vch upon removing the gate pulse confirms that part of the
voltage (resistance) enhancement is volatile and corresponds to
electrostatic processes (electron doping). Interestingly, the initial

resistance state is not totally recovered when the gate pulse is re-
moved. Instead, a non-volatile enhancement of the channel resis-
tance due to the creation of oxygen vacancies in the LSMO layer
with positive gate pulses (Figure 2b) and related to long-term
memory is observed. Importantly, the non-volatile resistance vari-
ation is reversible and the initial state can be recovered (the cre-
ated oxygen vacancies can be annihilated, Figure 2c) by applying
a gate pulse of opposite polarity (Figure 3a). The coexistence of
short-term potentiation and long-term memory states occurs in
biological memories and allows merging processing and storage
capabilities in a single device.[26]

Figure 3a shows that bi-stable resistance states can be con-
trolled by applying pulses of opposite polarity. This finding is
important because emulating synaptic functionality requires the
ability to access multi-level analogue-like resistance states in a
reversible manner. To investigate if the synaptic transistor imple-
ments this functionality, we monitor the device resistance while
a train of pulses of different amplitudes and polarities is applied
(Figure 3b). The resistance recorded 500 s after each pulse is
shown in Figure 3c and confirms that several non-volatile resis-
tance states can be obtained in a reversible manner. Figure 3b,c
suggest that the amplitude of the EPSP (the maximum volatile
value of Vch) as well as the non-volatile variation of the resis-
tance depends on the amplitude of the applied pulse. Indeed, the
first pulse of 0.5 V induces a mainly volatile response and the
non-volatile variation of the resistance increases with gate volt-
age. To investigate this behavior in detail, we study the tempo-
ral response of Vch and the resistance to single gate pulses of
different characteristics, as summarized in Figure 4. First, gate
pulses of different duration and identical amplitude are applied.
Figure 4a shows that both the amplitude of the EPSP and the
final non-volatile resistance can be finely tuned with the dura-
tion of the gate pulse. Figure 4d displays the amplitude of the
EPSP (green symbols) and the non-volatile change of resistance
(red symbols) as a function of pulse duration, which follows a
linear dependence. Then, we apply gate pulses of the same dura-
tion and different amplitude. Figure 4b shows that the EPSP and
the non-volatile channel resistance can also be gradually tuned
with the amplitude of the gate pulse. Figure 4e summarizes the
volatile and non-volatile variation of Vch as a function of gate
amplitude, which follows an exponential dependence. Finally,
we study the temporal evolution of Vch while sequences with a
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Figure 4. a–c) Time evolution of the voltage (left axis) and the resistance (right axis) across the LSMO channel upon applying a) single gate pulses of
VG = 1 V and different durations, b) single gate pulses of different amplitude and a duration of 20 s and c) sequences of one (black curve), six (red
curve), and twenty (blue curve) identical gate pulses of 1 V and a duration of 10 s separated 20 s apart. The curves are shifted for clarity. d–f) Volatile and
non-volatile variation of the voltage across the LSMO channel (resistance) as a function of d) pulse duration, e) gate voltage and f) number of pulses.
A constant current of Ich = 5 μA is applied through the channel. The initial resistance state was reset between measurements.

different number of identical pulses are applied (Figure 4c). A
gradual increase of the volatile (EPSP) and non-volatile variation
of the LSMO channel resistance is obtained with the number of
pulses (Figure 4f).

The possibility to gradually tune the EPSP and the non-volatile
variation of the resistance in an analogue way with the duration,
amplitude, and number of gating pulses provides different alter-
natives to finely control the synaptic weights. Note that the initial
resistance state is identical in all the measurements of Figure 4.
For this, a gate voltage of VG = −2 V is applied to the gate termi-
nal after each measurement until the initial resistance state of the
channel is recovered, underlying the reversibility of the processes
involved.

The ability to modulate the strength of synaptic connections
with gating pulses provides an opportunity to implement synap-
tic plasticity, an essential functionality to emulate the learning
and memory functions of biological systems. Plasticity can be di-
vided into short-term plasticity and long-term plasticity depend-
ing on the time scale at which resistance variations are main-
tained. A synaptic property related to short-term activity depen-
dent plasticity that is crucial to decode temporal information in

visual or auditory systems is paired-pulse facilitation (PPF).[4,58] It
is the property by which, when a biological synapsis receives con-
secutives presynaptic spikes in a short period of time, the excita-
tory postsynaptic potential induced by the second spike (EPSP2)
is well above the one induced by the first spike (EPSP1).[19,22,28]

The relative enhancement of the second excitatory postsynaptic
potential (PPF = EPSP2/EPSP1) is directly related to the time
interval between spikes: the closer the paired spikes arrive the
larger the relative enhancement of the postsynaptic potential.
Figure 5 shows that our synaptic device successfully implements
PPF. When it receives two input pulses separated by a large
time interval, both pulses induce a similar postsynaptic potential
(Figure 5a, PPF= 1.1). In contrast, if the two input pulses are sep-
arated by a short time interval, the second pulse induces a post-
synaptic potential that is well above the one induced by the first
pulse (Figure 5b, PPF = 1.35). To further investigate the influ-
ence of the time interval between pulses in the PPF behavior, we
measure the device response to pairs of pulses with differ-
ent time delays. Figure 5c shows that the PPF index de-
creases from 1.7 to 1.1 as the time interval between con-
secutive pulses increases from 5 to 100 s. As in biological

Adv. Electron. Mater. 2023, 2300007 2300007 (6 of 11) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

 2199160x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202300007 by U
niversidad A

utonom
a D

e M
adrid, W

iley O
nline L

ibrary on [01/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advelectronicmat.de

Figure 5. a,b) Temporal evolution of the voltage variation across the LSMO channel (Vch(t)-Vch(0)) when a pair of identical pulses of VG = 1 V and a
duration of 20 s separated a) 80 s and b) 10 s is applied. c) Pair pulse facilitation index (PPF = EPSP2/EPSP1) as a function of the time interval between
pulses fitted with a double exponential function (see text). The initial resistance state was reset between measurements.

synapses,[59] the dependence of the PPF index with the time
interval can be described with a double exponential function
PPF = 1 + C1·exp(−Δt/𝜏1) + C2·exp(−Δt/𝜏2), where Δt is the
time interval between pulses, C1 and C2 are the initial facilita-
tion magnitudes, and 𝜏 1 and 𝜏 2 are the characteristic relaxation
times.[19,22,28,59] It is possible to fit our data to such model with
values of C1 = 309.5, C2 = 0.33, 𝜏1 = 0.7 s and 𝜏2 = 28.9 s, as
shown in Figure 5c. The characteristic relaxation times are of the
order of seconds at this temperature, which is around one or-
der of magnitude larger than those of biological synapses.[59] The
PPF behavior and the time scale of the characteristic relaxation
times can be explained as follows. The PPF effect is related to
short-term memory, which in our device corresponds to electro-
static effects and can be explained in terms of the ionic relaxation
within the ionic liquid (and the associated relaxation of electro-
static doping inside the manganite) between the first and the sec-
ond pulse. When the time interval between two input pulses is
short, ions in the ionic liquid do not have time to relax away from
the LSMO surface between the first and the second pulse. There-
fore, the second pulse gives rise to a larger charge accumulation
at the LSMO surface than the first pulse. In contrast, if the time
interval is larger than the ionic relaxation time, the second pulse
arrives once most of the ions in the ionic liquid have relaxed away
from the LSMO surface (which is close to the pristine state) so it
induces a similar response than the first pulse. At this temper-
ature, ions in the ionic liquid are mobile enough to induce the
effect in the LSMO film in a time scale of seconds. This defines
the time scale of the device short-term memory (i.e., the charac-
teristic relaxation times 𝜏1 and 𝜏2) and the speed of the resistance
modulation induced with gating. The speed of the synaptic de-
vice is thus expected to increase exponentially with temperature,
as the ionic liquid mobility.[54] This is discussed in more detail
later on. The PPF behavior and the ionic mechanism involved
are analogous to the control mechanism of neurotransmitters in
biological synapses[59] and evidence that the synaptic transistor
can implement short-term memory functions.

Another important synaptic property is long-term
plasticity,[6,60] which is responsible for long-term memory
and learning. It consists in a persistent increase (long-term
potentiation) or decrease (long-term depression) of the synaptic
weights, represented here by the channel conductance. Long-
term plasticity is investigated by monitoring the response of
the non-volatile resistance to a sequence of 20 identical gate
pulses of positive polarity (VG = 1 V for 10 s), followed by 20

identical gate pulses of negative polarity (VG = −2 V for 10 s).
Resistance is recorded 500 s after each pulse. Figure 6a shows
the evolution of long-term plasticity with the number of pulses.
An increasing number of positive pulses gradually increases
the amount of oxygen vacancies in the LSMO film, translating
into an enhancement of the resistance (synaptic depression).
By applying 20 pulses of negative polarity oxygen vacancies
are progressively annihilated and the resistance is gradually
reduced (synaptic potentiation) until the initial resistance state
is roughly recovered. The potentiation and depression rates
can be tuned with the duration and amplitude of input pulses
(Figure 3). Figure 6a exhibits an almost linear depression, as
desired in synaptic elements, but potentiation is unfortunately
not linear. Non-linear and asymmetric potentiation-depression
are commonly observed in synaptic devices.[61] Linearity and
symmetry can be improved by optimizing the scheme of pro-
gramming pulses, either relying on shorter identical pulses of
larger amplitude[62] or using pulses with incremental amplitude
or pulse width.[61,63] Alternatively, linearity of the channel con-
ductance as a function of the number of pulses is strongly related
to the ionic conductivity of the electrolyte and can be improved
for instance by using optimized solid-state electrolytes.[33,64]

The potentiation-depression curve of Figure 6a exhibits at least
20 different non-volatile resistance states. Retention data of dif-
ferent resistance states is shown in Figure S2 (Supporting In-
formation). These results evidence that the device implements
analogue-like multistate behavior and long-term plasticity.

Several mechanisms have been proposed[60] to explain how
the human brain learns by reconfiguring the strength of synap-
tic weights, without any previous knowledge of the processed
information.[65] A particularly interesting mechanism is spike-
time-dependent plasticity[66] (STDP), which proposes that synap-
tic weights are modified depending on the causal relation and
time difference between presynaptic and postsynaptic spikes.[67]

The most common way of STDP is asymmetric STDP[12,22] in
which the presynaptic spike preceding the postsynaptic spike
translates into the long-term potentiation of the synaptic weight,
while pulses with the opposite order translate into long-term
synaptic depression. In both cases, the shorter the time between
pulses, the larger the variation of synaptic weights. STDP do not
require previous information of the input data neither external
control of the synaptic weights, so it is promising to implement
self-learning (also known as unsupervised learning).[68] Asym-
metric STDP can be implemented by connecting the presynaptic
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Figure 6. Long term potentiation and depression of synaptic weights and spike-time-dependent plasticity (STDP). a) Gradual modulation of the long-
term resistance under 20 positive and 20 negative gate pulses (VG = 1 V and VG = −2 V respectively, for 10 s spaced 500 s apart), as a function of
the number of pulses. Resistance was recorded 500 s after each pulse. b) Spike-time-dependent plasticity. Relative increase (potentiation) or decrease
(depression) of synaptic weights as a function if the time interval between presynaptic and postsynaptic pulses Δt. The synaptic weight is represented
by the channel conductance (G).

and postsynaptic terminals of the synaptic device to a multiplexer
that converts the time difference between presynaptic and post-
synaptic spikes in the amplitude of a voltage pulse.[69] The circuit
required can be found in Figure S3 and Table S1 (Supporting In-
formation). Here, we simulate the output of the multiplexer[17,22]

by applying single gating pulses with a duration of 20 s whose
amplitude and polarity parameterize the time difference between
presynaptic and postsynaptic spikes (see Experimental Section
and Note S1, Supporting Information). Figure 6b shows the mea-
sured percentage change of the channel conductance as a func-
tion of the simulated time difference. Long-term potentiation
and depression are obtained for positive and negative time differ-
ences respectively, and the smaller the time difference the larger
the resistance modulation. Such behavior can be fitted to an ex-
ponential decay function which is characteristic of the asymmet-
ric STDP learning rule, thus emulating the long-term plasticity
of biological synapses. The successful implementation of long-
term potentiation, long-term depression and STDP with a man-
ganite based synaptic transistor constitutes a step forward in the
development of synaptic devices with long-term plasticity based
on correlated oxides.

These results evidence that the proposed device based on oxy-
gen exchange in an ultra-thin epitaxial LSMO film implements
synaptic behavior. The device properties can be largely improved
for its use in neuromorphic networks. The resistance variation
can be enhanced by engineering the metal-insulator transition
temperature of the LSMO ultra-thin film through further opti-
mizing its thickness. Figure S4 (Supporting Information) shows
a volatile and a non-volatile variation of the resistance of 90%
and 45% respectively obtained with VG = 2 V in a device based
on a LSMO film with a nominal thickness between 6 and 7 u.c..
We note that larger resistance variations have been achieved by
oxygen-based three terminal synaptic devices, often relying on
high electric fields[35] and/or high temperatures.[70,30,31] Indeed,
the resistance change in our device increases exponentially with
gate voltage (see Figure 4e), which can be increased up to ± 4 V
and above without any degradation of the ionic liquid.[56]

Reducing the channel size, optimizing geometry, and using solid-
state ionic conductors with high ionic mobility can also enhance

the resistance change by several orders of magnitude[17] in future
LSMO based devices.

Another important aspect for neuromorphic applications is
the device speed, i.e., the time scale of programming pulses and
the characteristic relaxation times. In our device, speed is defined
by the ionic mobility within the ionic liquid and thus it is expected
to increase exponentially with temperature, as the ionic mobil-
ity. We note that the results shown here can potentially be repro-
duced at RT and above by using an ionic liquid with higher glass
transition temperature and a LSMO film with an insulator-metal
transition temperature slightly above RT[71] (Figure 1a). This can
speed up the LSMO based transistor by orders of magnitude. In
addition, the speed of the device can also be largely enhanced
by optimizing device geometry (reducing gate-channel distance
and/or using top-gates)[17] or using fast solid-state electrolyte ma-
terials in thin films.[72] Indeed, fast solid-state ionic conductors
such as yttria-stabilized zirconia (YSZ) can be grown epitaxially
on top of (or under) LSMO.[73] Cyclability and device-to-device
variations are also important aspects of synaptic elements. Differ-
ent devices exhibit the same qualitative behavior, although their
resistance values can change due to thickness variations between
different deposited samples. This can be largely improved upon
reducing device size so that different devices can be fabricated
in the same sample. The LSMO-based transistor exhibits fairly
good cycle-to-cycle variations (see Figure S5, Supporting Infor-
mation). The future implementation of these devices in neuro-
morphic networks will require a detailed analysis of their coulom-
bic efficiency [74] evolution with the number of cycles.

Finally, LSMO is a robust epitaxial oxide that enables high
temperature operation and can be integrated on Silicon[75] and
with other epitaxial oxides such as ferroelectric materials. In
the future, device capabilities could be enhanced by exploit-
ing the magnetic (spin) degree of freedom of the half-metallic
ferromagnetic channel. Since the current flowing through the
channel is highly spin polarized, this device offers, on one
hand, a precise (analog) gate control of the spin polarized cur-
rent injected in an adjacent system. This could be exploited in
artificial neuronal networks based on spintronic neuron ele-
ments that communicate through spin polarized currents,[76] and
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in spintronic applications that require an external analogue con-
trol of spin injection. On the other hand, the conductance of the
LSMO channel is expected to change upon applying a magnetic
field, [53] given the magneto-resistive nature of manganites. Tun-
ing synaptic weights with magnetic fields, i.e., without the need
of accessing the synapses electrically, could be a potential route
toward enhancing endurance in future synaptic elements.

3. Conclusion

In summary, we have shown that the electronic properties of
ultra-thin epitaxial LSMO films can be cumulatively modulated
via electrolyte gating as required for synaptic transistors. We ex-
ploit the dynamic control of oxygen composition in the LSMO
film to report multi-level non-volatile resistance states that can
be controlled in an analogue and reversible manner through
gate pulses. Different alternatives to finely tune the conductance
of the LSMO channel with the amplitude, duration, and num-
ber of applied pulses have been discussed. The coexistence of
non-volatile and volatile mechanisms in the synaptic transis-
tor allows merging short-term and long-term memory functions
and implementing important synaptic features such as excitatory
postsynaptic potential, pair pulse facilitation, long-term potenti-
ation/depression of synaptic weights and spike time dependent
plasticity. This work constitutes a step forward in the develop-
ment of neuromorphic computing devices based on strongly cor-
related manganites.

4. Experimental Section
Sample Preparation: Epitaxial La0.7Sr0.3MnO3 thin films with differ-

ent thickness ranging from 4 to 35 u.c. were grown onto (001) oriented
SrTiO3 (STO) substrates at high temperatures (900 °C), in a high pressure
(3.2 mbar) sputtering in pure oxygen atmosphere. Growth was followed by
a 1 h annealing at 900 °C in pure oxygen (1 atm). X-ray diffraction and scan-
ning transmission electron microscopy measurements have been used to
confirm high epitaxial quality.

Device Fabrication: The La0.7Sr0.3MnO3 thin films were patterned into
a millimeter-scale channel with coplanar gate electrodes using standard
photolithography techniques. The channel size was 1 mm times 5 mm.
Ag electrodes with micrometer scale thickness were deposited via thermal
evaporation. A drop of ionic liquid DEME-TFSI was deposited on the sam-
ple to serve as the electrolyte-gating medium, connecting the channel and
the gate electrode. To prevent the reaction of the surface of the sample
with water in the IL, the DEME-TFSI was baked at 100 °C and at 10−2 torr
for a period of 24 h.

Electrical Measurements: The LSMO electrical characteristics were
measured using a Keithley 2400 in a closed cycle He cryostat. Gating was
applied using a Keithley 2611b. To obtain the STDP curve, the device was
initialized after each measurement to the state of high resistance forΔt< 0
by applying VG = 1 V during 30 s, and to a low resistance state for Δt > 0
by applying VG =−2 V during 30 s. Conductance was measured 100 s after
each pulse. STDP measurements were performed at 230 K.

STEM-EELS Characterization: For STEM-EELS observation, cross-
section LSMO thin film specimens were prepared by conventional me-
chanical grinding and polishing and Ar ion milling. Two samples were
analyzed: 1) a 13.5 nm pristine LSMO layer and 2) a 11.5 nm layer af-
ter application of VG = 1.5 V during 2 h (biased film). Specimens were
characterized using an aberration-corrected JEOL JEM-ARM 200cF elec-
tron microscope operated at 200 kV and equipped with a cold field
emission gun and a Gatan Quantum electron energy loss spectrome-
ter. For spectrum imaging, the electron beam was scanned along a 2D

region of interest and an EEL spectrum image was acquired with a sam-
pling of one unit cell per pixel and an exposure time of 0.1 s/pixel, en-
abling a 16 sub-pixel scan to average the spectrum over the complete
unit cell. Mn oxidation state was calculated by fitting the O K edge pre-
peak and second peak to a Gaussian curve. Mn oxidation states were ex-
tracted as a function of energy separation (calculated as the difference
between positions of the second peak and the pre-peak) for every pixel
in the EELS spectrum image.[57] The profiles in Figure 2d were obtained
by averaging the 2D EEL spectrum images along the direction parallel to
the interface. To facilitate comparison between both layers and to avoid ef-
fects associated with surface damage, the thickness was normalized to the
layer thickness and profiles were taken in the normalized thickness range
of 0.1–0.9.

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