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been developed to emulate synaptic functions.[6–8] However, this has faced significant challenges in large-scale integrations.
One is circuit complexity, because the
human brain is composed of neuronal
networks connected by ≈1015 synapses,
and each synapse requires at least ten
transistors to mimic synapse function.
Another is the huge energy consumption, which may be a millionfold higher
than the energy of a biological synapse
(≈fJ) to implement a simple signal-transmission action between neurons. Memristive devices, in which the conductance
can be retained according to the history
of applied voltage and current,[9–11] provide a more promising way to emulate
synapses with a substantial reduction in
complexity and energy consumption.[12–19]
In general, signal transmission and
learning are performed at the same time
in brain synapses. However, because the
memristive devices are commonly a twoterminal component, the signal transmission and learning functions could not be
carried out simultaneously because the signal transmission is
inhibited during the learning operation in which the output
signal is fed back to the synaptic device. Therefore, complete
emulation of the natural synapse is limited.[20] Recently, ionic/
electronic hybrid three-terminal memristive devices have been
introduced,[21–25] where the signal transmission is carried via
the channel and the synaptic weights are modulated independently via the gate terminals; that is, the signal transmission
and learning function can be performed simultaneously. This
provides more flexible operation for the signal processing and
learning in synaptic circuits. Thus, to build artificial neuromorphic networks with high scaling ability, low energy consumption, and high operation efficiency, nanoscale three-terminal
synaptic devices are desirable.
2D van der Waals materials, with a single or few layers of
crystal unit cells, have become the fertile soil for exploring
unique physical and chemical properties since the emergence
of graphene.[26] By now, the 2D transition-metal dichalcogenides (TMDCs), in particular MoS2, have been the most widely
studied as 2D semiconducting materials for applications in
electronic,[27] optoelectronic,[28] spin-electronic,[29] thermoelectric,[30] and flexible electronic devices.[31,32] In contrast, less
attention has been paid to 2D transition-metal oxides (TMOs)
for their generally wider bandgap and low carrier concentration in stoichiometric states.[33] Nevertheless, these properties

Biological synapses store and process information simultaneously by tuning
the connection between two neighboring neurons. Such functionality inspires
the task of hardware implementation of neuromorphic computing systems.
Ionic/electronic hybrid three-terminal memristive devices, in which the
channel conductance can be modulated according to the history of applied
voltage and current, provide a more promising way of emulating synapses
by a substantial reduction in complexity and energy consumption. 2D van
der Waals materials with single or few layers of crystal unit cells have been
a widespread innovation in three-terminal electronic devices. However, less
attention has been paid to 2D transition-metal oxides, which have good stability and technique compatibility. Here, nanoscale three-terminal memristive
transistors based on quasi-2D α-phase molybdenum oxide (α-MoO3) to emulate biological synapses are presented. The essential synaptic behaviors, such
as excitatory postsynaptic current, depression and potentiation of synaptic
weight, and paired-pulse facilitation, as well as the transition of short-term
plasticity to long-term potentiation, are demonstrated in the three-terminal
devices. These results provide an insight into the potential application of
2D transition-metal oxides for synaptic devices with high scaling ability, low
energy consumption, and high processing efficiency.
Biological synapses are functional links between neurons
through which information is transmitted in the neuron network by sending and accepting neurotransmitters.[1–3] The
information can be stored and processed simultaneously in
the same synapse through tuning the synaptic weight, which
is defined as the strength of the correlation between two
neighboring neurons, and the operation is collective and adaptive.[4] This particular functionality of the synapse, called synaptic plasticity in neuroscience, provides a more effective way
for information processing than that in traditional computers
based on von Neumann architecture, in which memory and
processing units are separated physically.[5] Silicon-based complementary metal–oxide–semiconductor (CMOS) circuits have
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Figure 1. a) Crystal structure of α-MoO3. The structural framework consists of a bilayer network of edge-sharing MoO6 octahedral structures. The lattice constants are a = 3.963 Å, b = 13.856 Å, and c = 3.697 Å. b) XRD pattern of the as-grown α-MoO3 single crystal. c) HRTEM image of the α-MoO3
nanoflake (the scale bar represents 5 nm). The inset shows the corresponding SAED. d) The optical image of the α-MoO3 flake. e) Topography of the
α-MoO3 single-crystal surface measured by AFM. Inset: The line profile of the α-MoOx nanoflake. f) AFM characterization of the plane depicted by the
red rectangle in (e).

could find potential applications for the channel materials in
three-terminal transistors to avoid excessive current and energy
consumption. Moreover, compared with graphene and 2D
dichalcogenides, TMOs are generally more stable and have
good compatibility with the complementary metal–oxide–semiconductor technology. A typical 2D TMO is α-phase molybdenum oxide (α-MoO3). Its crystal structure is layered by
double sheets of MoO6 octahedra, wherein each molybdenum
atom bonds to edge-sharing, corner-sharing, and unshared terminal oxygen atoms (see Figure 1a). The layered structure of
α-MoO3 facilitates the intercalation of different cations (commonly protons and alkali metal ions) into the layer spacing,
which gives rise to a multitude of interesting properties, such
as gas sensing,[34,35] biosensing,[36] electrochromism,[37] energy
storage,[38,39] optoelectronic devices,[40,41] and resistive switching
devices.[42] These physical and chemical characteristics provide a chance to design ionic/electronic hybrid three-terminal
devices using α-MoO3 for artificial synapses.
Herein, we investigated a lateral three-terminal transistor
based on quasi-2D α-MoO3 in the ambient atmosphere, and
capitalized on the nanoscale device to mimic a biological synapse. This work represents the first example of applying quasi2D α-MoO3 to an artificial synapse. An ionic liquid (IL) was
selected as the gate terminal, serving as the presynaptic neuron
to generate and control protons (neurotransmitters). The
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ultrathin α-MoO3 single-crystal flake serves as the postsynaptic
neuron, whose conductance can be modulated by the IL. The
excitatory postsynaptic current (EPSC), depression and potentiation of the synaptic weight, paired-pulse facilitation (PPF), and
the transition of short-term plasticity (STP) to long-term potentiation (LTP) have been demonstrated in the three-terminal
devices. These results provide an insight into the potential
application of 2D TMOs for synaptic devices with high scaling
ability, low energy consumption, and high processing efficiency.
We prepared highly homogenous single-crystal α-MoO3 by
the vapor-phase-transport method (see the Experimental Section
for details). As shown in Figure 1b, the X-ray diffraction (XRD)
pattern barely shows a series of sharp peaks at 2θ = 12.9°, 25.8°,
39.1°, and 52.9°, which correspond to the (020), (040), (060),
and (080) planes of α-MoO3 (JCPD: 05-0508), respectively.[43]
Figure 1c shows the high-resolution transmission electron
microscopy (HRTEM) image of the quasi-2D nanoflakes. Two
sets of parallel lines indicate lattice constants of 0.39 and
0.36 nm, respectively, which correspond to the (100) and (001)
lattice planes of α-MoO3. The corresponding selected area electron diffraction (SAED) pattern (see the inset of Figure 1c)
shows a rectangular position of diffraction spots, indicating the
orthorhombic lattice. The optical image of an as-grown single
crystal with dimensions of a few millimeters in length/width
and 0.5 mm in thickness is shown in Figure 1d. The crystal
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is transparent with a large number of step-shaped features
on the surface. The details of the step-shaped texture revealed
by atomic force microscopy (AFM) are shown in Figure 1e.
The steps, with thicknesses of 1.4 and 2.8 nm, show a fundamental thickness of 1.4 nm, which essentially corresponds to
the magnitude of the α-MoO3 lattice constant, b = 1.389 nm.
The morphology of the plain of a single step indicates that the
crystal has an atomic scale flat with a roughness of less than
0.2 nm (see Figure 1f).
To fabricate lateral three-terminal transistor devices using
quasi-2D α-MoO3, a mechanical-exfoliation method was used
for the as-grown α-MoO3 single crystals to obtain ultrathin
α-MoO3 nanoflakes on a SiO2 (300 nm)/Si substrate (see the
Experimental Section for details). A typical single-crystal
nanoflake with a thickness of 12.6 nm (corresponding to nine
double sheets) was selected (see Figure S1a, Supporting Information). The contacts for the lateral three-terminal devices
were patterned by electron-beam lithography (EBL) and Cr/Au
(5 nm/60 nm) contact electrodes were deposited via thermal
evaporation. Then, the devices were annealed in vacuum
(<10−5 Torr) at 200 °C for 1 h in order to remove the resist
residues and enhance the metallic contacts. Current–voltage
measurements were performed to test the contact quality. The
linear current–voltage relationship indicates good ohmic contacts under the electrodes (see Figure S1b, Supporting Information). Then, the ionic liquid 1-ethyl-3-methylimidazolium
bis-(trifluoromethanesulfonyl)-imide (EMIM-TFSI) (Solvionic
Co.) was dropped on top of the device as the gate terminal, as
shown in Figure 2a. Figure 2b shows the schematic illustration
of the device structure and measurement setup. A small dc
voltage (VD = 50 mV) was applied between the source and drain
electrodes, and the corresponding drain current (ID) was monitored. Meanwhile, the gate voltage (VG) was directly applied on
the gate electrode, and the corresponding gate leakage current
(IG) was also monitored.
The ID and IG dependence values of VG were measured
simultaneously at room temperature in ambient atmosphere
with different relative humidity (RH) levels. Prior to the
measurement, the sample was put into an enclosed chamber
and baked under vacuum (<10−4 Torr) at 100 °C for 3 h to
minimize the influence of stray water in IL. After baking,
the ID–VG curves of the sample were first measured under
vacuum, and then were measured in the atmosphere with different RH levels, which were obtained by the saturated-saltsolution method (see the Experimental Section for details).
Figure 2c shows the ID–VG curves with VG sweeping at a rate of
20 mV s−1. Under vacuum, the ID–VG curve showed a tiny hysteresis with the highest/lowest conductance ratio less than 3%.
However, obvious ID–VG hysteresis appeared for RH = 18.6%.
With an increase of RH, the amplitudes of the ID–VG hysteresis
became significantly larger, and the highest/lowest conductance ratio reached 340% for RH = 45.1%. This large hysteresis indicates a potential functionality of the device for synapse
emulation, which will be discussed later. Figure 2d shows the
simultaneously monitored IG. With the increase of RH, the
IG increased ≈2 orders of magnitude. Nevertheless, the value of
IG is still several orders smaller than that of ID measured under
vacuum, indicating the negligible effect of IG on the performance of the three-terminal devices. The dramatically different

Adv. Mater. 2017, 1700906

gate responses in different RH ambiences strongly indicate that
the ambient water molecules, which may be adsorbed by the
IL gate, play a crucial role in modifying the conductance of the
MoO3 nanoflake.
ILs have been widely studied for the use of electrolyte gating
to induce extremely large modulations in the carrier densities
at the interface between the IL and a wide variety of materials.[44–46] The remarkable capability for carrier modulation is
due to the formation of an electric double layer (EDL) at the
IL/solid interface. However, the very weak change of ID with
VG sweeping in vacuum indicates that the EDL, if it forms, has
little effect on the carrier density of the channel. This might be
due to the wide bandgap and low carrier density in the α-MoO3
nanoflakes. In contrast, the dramatically different gate response
of the channel conductance has been observed under different
ambient RH levels. Similar humidity dependence of the electric-field-induced conductance change has also been observed
in two-terminal memristive devices based on SiO2, Ta2O5,
Al2O3, MoO3, and SrTiO3.[47–52] It has been demonstrated that
ambient water molecules can penetrate into the oxide films and
have an essential effect on the memristive switching property.
It has been known that water molecules are apt to be adsorbed
by ILs and then electrostatically dissociate into protons and
hydroxyls,[54] both of which have smaller ion sizes and relatively
high chemical reactivity. In such cases, the H2O-doped IL, also
called a protic ionic liquid (PIL),[55] might serve not only as
the gate dielectric but also as a water electrolysis cell for the
supply of protons and hydroxyls. Taking the layered structure
of α-MoO3 into account, we suggest that the large ID–VG hysteresis in the MoO3 flake gated by the IL is related closely to the
electrochemical doping process induced by the proton diffusion
into the α-MoO3 lattice.
Figure 2e shows a schematic illustration of the electric-fieldinduced ionic separation in the IL and the electrochemical
proton-doping process. Here, the IL ions, such as EMI+ and
FSI−, are ignored since the EDL induced by their accumulation has little effect on the ID. The positive VG attracts the
hydroxyls toward the Au gate electrode and repels the protons
toward the IL/α-MoO3 interface, resulting in a proton-rich
region at the IL/α-MoO3 interface. It has been reported that
there are two types of diffusion energy barriers governing the
proton-doping into α-MoO3, that is, the surface diffusion and
bulk diffusion energy barriers, respectively. The surface diffusion energy barrier is ≈80 meV, while the bulk diffusion barrier is much smaller.[56] Therefore, the accumulated protons are
first adsorbed on the oxygen sites at the topmost layer of the
α-MoO3 nanoflake. With increasing gate voltage, parts of the
protons overcome the surface diffusion barrier and diffuse into
the α-MoO3 lattice in conjunction with the charge transfer from
the IL to Mo6+, which can be described by the following reaction:
Mo 6+ O3 + e − + H+ → Mo 5+ (O2 )(OH) (1)
This behavior is defined as electrochemical doping, where
the valence of Mo6+ changes to Mo5+ with the formation of
(MoO)H bonds, that is, molybdenum bronze (HxMoO3).
This reaction introduces external electron charges in the conduction band of α-MoO3, resulting in an increase of the free
electron density in the channel.[57] Therefore, the ID increases
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Figure 2. a) The optical image of the quasi-2D α-MoO3-based three-terminal synaptic device. b) The schematic illustration of the device structure and
measurement setup. A small dc voltage (VD = 50 mV) was applied between the source and drain electrodes, and the corresponding drain current (ID)
was measured. The gate voltage (VG) was directly applied on the gate electrode and the corresponding gate current (IG) was also monitored. c,d) The
ID and IG dependence of the gate voltage, respectively, under different relative humidity conditions (vacuum, 18.6%, 36.2%, 45.1%). e) Schematic of
the transistor structure corresponding to the positive gate voltage application. The applied electric field drives the protons and hydroxyls, which
dissociate from H2O adsorbed in the ionic liquid, in the opposite direction. The protons are adsorbed at the α-MoO3 channel surface and then injected
into the α-MoO3 lattice, resulting in the channel conductance increase. f) Schematic of the transistor structure corresponding to the negative gate
voltage application. The protons are extracted and desorbed from the α-MoO3 channel surface with the accumulation of hydroxyls, resulting in the
channel conductance decrease back to the initial state.

largely under the positive VG conditions. Note that the reported
half-potential for the electrochemical reduction represented in
Equation (1) is ≈−0.41 and −0.49 V versus the saturated calomel electrode in 2 × 10−3 m H2SO4.[58] However, because the
electric measurements were performed without a reference
electrode, the starting point of the half-cell reaction cannot be
assigned. Therefore, we determine it just according to the fact
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that ID–VG hysteresis is only visible in the atmosphere with
humidity. As the gate voltage is reduced from its upper limit
(1 V), the internal field built by the concentration gradient of
ions in the IL becomes gradually dominant and drives the protons (hydroxyls) toward the Au/IL interface (IL/MoO3 interface).
Since the (MoO)H bonding is so thermodynamically stable,
a large desorption activation energy, namely, a large negative
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VG, is required to extract the protons from the α-MoO3 channel,
causing the large hysteresis in the ID–VG curves (see Figure 2c).
When the VG scans to a higher negative value (−1 V), protons
diffuse out of the α-MoO3 channel, with hydroxyls accumulating near the IL/α-MoO3 interface (see Figure 2f), and then ID
is restored to the initial value. The enhancement of the ID–VG
hysteresis with the increasing RH level can be attributed to the
electrochemical reaction rate dependence on proton concentration. We suggest that the proton concentration is related to the
RH level of the ambient atmosphere. With the increasing RH
level, more water molecules are adsorbed by the ionic liquid
gate, resulting in the increase of proton concentration in the
ionic liquid gate, that is, the increase of the ionic liquid acidity.
Then, according to the Nernst equation,[59] the overpotential of
Equation (1) becomes larger, and the electrochemical reduction rate is increased under the fixed sweep rate of the gate
voltage. Therefore, the ID–VG hysteresis becomes larger with
the increasing RH level.
To verify the electrochemical proton-doping process, microRaman spectra of the α-MoO3 nanoflake for different gating
times were measured. As shown in Figure 3a, the SiO2/
Si substrate signals always appear as a broad flat band that
covers the area from 930 to 1000 cm−1, and the strongest
peak at 520 cm−1 was skipped in the measurement because its

Figure 3. Evolution of the Raman spectra of the α-MoO3 channel after
undergoing gate voltage stimulation. The gate voltage (VG) and gating
time are labeled above the spectra. a) The initial state, b) gated by
VG = 0.2 V for 2 min, and c) gated by VG = 1 V for 10 min.
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intensity was outside the upper limit of the detector. For the
pristine state of the device, the typical 115, 154, 198, 217, 283,
338, 365, 665, and 818 cm−1 peaks corresponding to the Ag,
B1g, and B3g modes of the α-MoO3 were observed.[43,57] After
applying the gating voltage (VG = 0.2 V) in ambient conditions
(RH = 45.1%) for 2 min, there was almost no change compared
with the pristine state, indicating that merely contacting with
the IL and gating with low bias have no effect on the crystal
structure of the α-MoO3. After increasing the VG to 1 V and
applying it for 10 min, the intensity of all the α-MoO3 modes
decreased significantly with little change in the Si modes. This
change in the trend is exactly consistent with the hydrogenation process of MoO3 in a hydrogen environment and can be
attributed to electronic screening of phonons as a result of
electrons induced by the electrochemical doping.[60] We have
also measured the micro-Raman spectra of the α-MoO3 nanoflake gated by 2.5 V for 30 and 90 min, respectively. Almost
all the Raman modes of α-MoO3 disappeared (see Figure S2a,
Supporting Information). After applying negative gate voltage,
the Raman modes cannot be restored to the initial state. This
phenomenon has been observed in the hydrogenation process
of MoO3 with high hydrogen concentration[56,60,61] and can be
explained by the deformation of the α-MoO3 lattice, which
experiences the following three steps (see Figure S2b, Supporting Information). First, with increasing gating voltage, the
absorbed protons overcome the surface diffusion barrier and
diffuse into the α-MoO3 lattice, leading to the electrochemical doping (Equation (1)). Second, as the proton concentration increases, the oxygen ions bridging the two octahedral
are bonded with two protons to form OH2 groups. Third, as
the concentrations of the OH2 group increase, local strain
becomes strong enough to release the H2O molecules, leaving
the oxygen vacancy defects and then resulting in the decomposition of the HxMoO3 into MoO2 and H2O. MoO2 is a metallic
conductor. Although the formation of MoO2 further increases
the channel conductance, it should be noted that the decomposition of HxMoO3, that is, the long duration gating under
high voltage, should be avoided in view of its application in
synaptic devices because, in this case, the conductivity of the
channel cannot return to the pristine state by applying negative VG; that is, the modulation of the channel conductivity
becomes irreversible.
The gating-controlled reversible electrochemical doping process closely resembles the transmission process of chemical
messengers in biological synapses. Figure 4a shows a schematic illustration of chemical messengers transmitting in a
biological synapse which is a conjunction of two neighboring
neuron cells (presynaptic and postsynaptic neuron). The information transmits between neurons by sending neurotransmitters from the presynaptic neuron to the postsynaptic neuron. If
an appropriate charge is sent down to the presynaptic neuron
and changes the voltage level of the Ca2+ channel, the neurotransmitters are released and go across the synapse to dock
with receptors on the postsynaptic neuron. If enough neurotransmitters dock with the receptors, a signal is sent down
that neuron. When the signal fades, the neurotransmitters are
released from receptors and taken up into the synaptic vesicle
of the presynaptic neuron by a re-uptake transporter. That
means, under external stimulus, spikes or action potentials
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Figure 4. a) Schematic illustration of a biological synapse. In a synapse, the arrival of an action potential releases neurotransmitters that assist ion
channels for signal transmission. b) Schematic diagram of the three-terminal synaptic transistor, in which the source and drain are used as the postsynaptic output terminals. A presynaptic voltage applied on the gate will trigger an EPSC in the α-MoO3 channel. c) EPSC triggered by a series of
presynaptic pulses with the same duration time (1 ms) and different amplitudes (1.5, 2.0, and 2.5 V). d) EPSCs triggered by a presynaptic pulse with
different pulse durations. The pulse amplitude was fixed at 2.5 V. e) Pulse duration dependence of the energy consumption for a single pulse event.
f) Pulse-duration dependence of the EPSC change ratio, ((I − I0)/I0) × 100%. I0 and I are the initial drain current and the drain current after the gate
voltage pulse stimulation, respectively.

from the presynaptic neuron can be transmitted through the
synapse to the postsynaptic neuron and generate an excitatory
postsynaptic current (EPSC), whose amplitudes or intensity are
determined by the connection strength, that is, the synaptic
weight. Herein, the synaptic behavior can be emulated by the
α-MoO3-based three-terminal transistor. The conductance of
the α-MoO3 nanoflake channel will be considered as the synaptic weight, which can be tuned by the gating voltage, that
is, the presynaptic voltage. The application of the presynaptic
voltage on the in-plane gate electrode can trigger an EPSC in
the α-MoO3 nanoflake channel (see Figure 4b).
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Figure 4c shows the EPSC responses of the α-MoO3-based
synaptic transistor at room temperature in ambient conditions (RH = 45.1%). A series of presynaptic pulses with
the same duration time (1 ms) and different amplitudes
(1.5, 2.0, and 2.5 V) were applied on the IL gate electrode, and
a fixed source–drain voltage (VD = 50 mV) was applied for the
EPSC measurement. The EPSC shows a sudden increase after
applying the presynaptic pulse and decays back gradually to
the resting current (3.5 nA). The EPSC peak value increases
systematically with increasing amplitudes of presynaptic
pulses from 3.53 nA for 1.5 V to 3.85 nA for 2.5 V. Such EPSC
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behavior is quite similar to that in a biological excitatory synapse. Figure 4d shows the EPSC induced by presynaptic pulses
with different durations. The amplitudes of the EPSCs increase
from 3.85 to 7.94 nA with increasing the pulse duration time
from 1 to 200 ms. The energy consumption for a single pulse
event is defined as Ipeak × t × VD, where Ipeak, t, and VD are the
peak value of the ESPC, the pulse duration time, and the drain
voltage, respectively. The calculated values of energy consumption for a single pulse with different duration times are shown
in Figure 4e. The energy consumption is reduced rapidly with
the reduction of the pulse duration time. The smallest value is
estimated to be 9.6 pJ (2.5 V, 1 ms), which is about two orders
of magnitude lower than that of the conventional CMOS circuit (≈900 pJ per stimulation),[6,61] and comparable to that of
reported three-terminal artificial synaptic devices.[22–25] It is
reasonable to expect that the energy consumption of our devices
can be further reduced by decreasing the pulse duration to a
sub-millisecond level. Moreover, with increasing pulse duration
time, the EPSC cannot decay back to the resting current during
the measurement period (10 s), indicating a significant memory
behavior of the conductivity change of the α-MoO3 channel. The
pulse duration-dependent memory behavior can be understood
based on the electrochemical proton adsorption and protondoping process in the α-MoO3 channel, as shown schematically
in Figure S3 (Supporting Information). Driven by the positive
gate voltage, protons in the IL are first adsorbed at the α-MoO3
surface, forming OH bonds with the topmost oxygen ions
and providing additional charge carriers in the channel. When
removing the gate voltage, the adsorbed protons are gradually
desorbed by the internal electric field induced by the ion concentration gradient in IL, resulting in the decay of EPSC to the
resting value, that is, a short-term memory effect of the channel
conductance change. When increasing the duration time of the
positive gate voltage, a portion of the protons have the chance
to overcome the surface diffusion energy barrier and diffuse
into the α-MoO3 bulk, forming (MO)H bonds, as is defined
as the electrochemical proton-doping process (Equation (1)). In
such a situation, the injected protons cannot be extracted by the
internal field after removing the gate voltage due to the thermodynamic stability of (MoO)H bonds in α-MoO3, leading to a
long-term memory effect of the channel conductance change.
The efficiency of the human brain depends on synaptic
plasticity, which is the biological basis for the brain to learn,
memorize, and forget. A prominent characteristic of synaptic
plasticity is the presence of STP and LTP, separated by the
retention times of the synaptic weight. Additionally, a transition from STP to LTP can be achieved after sufficient training,
which provides a very practical application in allocating limited
sources for the most efficient use during operation.[13,62] The
short- and long-term memory effect of the channel conductance in the α-MoO3-based synaptic transistor can be used to
emulate the STP and LTP characteristics.
PPF is an important short-term synaptic plasticity, which is
essential to decode temporal information in auditory or visual
signals.[14,24,63] PPF depicts the phenomenon that occurs when
two consecutive presynaptic pulses are applied. The amplitude
of EPSC generated by the second pulse is larger than that of the
first pulse and is determined by the time interval between the
two pulses; that is, a smaller interval will lead to a larger EPSC
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amplitude enhancement. PPF property can also be emulated
by the α-MoO3-based synaptic transistor. Figure 5a shows the
EPSC generated by a pair of presynaptic pulses (2.5 V, 1 ms)
with a pulse interval (Δt) of 2 s. It can be seen clearly that the
amplitude of the EPSC generated by the second presynaptic
pulse is larger than that of the first one. The PPF can be manifested by the ratio between the EPSC measured immediately
after the first pulse (ID1) and the second pulse (ID2), that is,
PPF index ((ID2 − ID1)/ID1) × 100%. Figure 5b shows that the
dependence of the EPSC enhancement on the pulse interval follows two-phase behavior, which can be fitted well by a doubleexponential function:
 t 
 t 
PPF = 1 + C1exp −  + C2exp − τ  (2)
 τ1 
 2
where t is the pulse interval time, C1 and C2 are the initial facilitation magnitudes of the respective phases, and τ1 and τ2 are
the characteristic relaxation times of the respective phases. In
the fitting, C1 = 9.2%, C2 = 8.0%, τ1 = 72 ms, and τ2 = 3388 ms.
The characteristic relaxation time of the short-term and longterm phases of the synaptic transistor is comparable in scale to
those of a biological synapse.[24,64,65]
The PPF behavior can be explained by the adsorption/
desorption of the protons at the α-MoO3 surface. When the
pulse interval is shorter than the desorption time, the protons
adsorbed by the first pulse cannot be fully desorbed from the
α-MoO3 surface by the internal field. Therefore, if the second
pulse is applied, the proton adsorption is enhanced with the
residual adsorbed protons, and then the channel current is
facilitated. Based on this scenario, it can be expected that more
and more protons will be adsorbed at the α-MoO3 lattice with
increasing gate voltage pulse numbers, achieving a gradual
modulation of the channel conductance (or synaptic weight).
Figure 5c,d shows the channel conductance modulation by applying 50 consecutive positive gate pulses
(2.5 V for 1 ms spaced 200 ms apart). A small drain voltage
(VD = 50 mV) was applied to monitor the drain current. The
drain current increases continuously from 3.5 to 4.75 nA. Then,
it is decreased to 3.5 nA again by applying 50 consecutive negative pulses (−1.85 V for 1 ms spaced 200 ms apart). In addition,
the retention time of the conductance change is enhanced with
increasing pulse number. Figure 5e shows the EPSC obtained
by applying 10, 50, and 100 voltage pulses (2.5 V for 1 ms spaced
200 ms apart). The EPSC cannot decay back to the resting value
after 50 s, indicating a long-term memory effect of the channel
conductance change (i.e., synaptic plasticity). Figure 5f shows
the calculated EPSC change ratio by comparing the ID measured immediately (≈0.01 s) and 50 s after the pulse stimulation
with the resting current (ID0). The residual EPSC after 50 s is
enhanced significantly with increasing pulse number, indicating a trend of transition from STP to LTP. This behavior can
be understood in the view that more protons are injected into
the α-MoO3 lattice with increasing pulse numbers, attaining
similar effects of increasing pulse duration (see Figure 4f). In
the implementation of artificial synapses, the channel conductance increase and decrease can be used to emulate the potentiation and depression of synaptic weight, respectively. The results
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Figure 5. a) The EPSCs triggered by a pair of presynaptic pulses with a Δt = 1000 ms. ID1 and ID2 are the amplitudes of the first and second EPSCs,
respectively. b) PPF index, defined as ((ID2 − ID1)/ID1) × 100%, plotted as a function of pulse interval, Δt, between two successive presynaptic pulses.
c) Gradual channel current modulation under repeated positive (2.5 V for 1 ms spaced 200 ms apart) and negative (−1.8 V for 1 ms spaced 200 ms apart)
gate voltage pulses. d) Enlargement of one of the cycles in (c). The channel current increase and decrease indicate the biological synaptic potentiation
and depression, respectively. e) The EPSC decay after applying 10, 50, and 100 pulses (2.5 V for 1 ms spaced 200 ms apart). f) Dependence of the
EPSC change ratio [((ID − ID0)/ID0) × 100%] on the pulse numbers. ID0 and ID are the resting drain current and the drain current after the gate voltage
pulse stimulation, respectively.

shown in Figure 5 demonstrate that the channel conductance
can be set to numerous levels by an appropriate number of consecutive pulses with fixed voltage and width. This analog-like
functionality is particularly appealing for the integration of the
three-terminal devices in neuromorphic computational architectures. Some neuromorphic computational functions, such as
spiking-time-dependent plasticity (STDP), spiking logic operation, and Pavlovian learning, have been successfully demonstrated in three-terminal synaptic transistors.[22–25,66]
In summary, we have investigated three-terminal synaptic
transistors based on quasi-2D α-MoO3 nanoflakes for the first

Adv. Mater. 2017, 1700906

time, and demonstrated that the IL gating-controlled electrochemical proton-doping is feasible to modulate the α-MoO3
channel conductance in a reversible, nonvolatile way. The
dynamic process of protons under gating voltage closely
resembles the transmission of chemical signals in biological
synapses. The essential functions of biological synapses have
been demonstrated in the α-MoO3-based transistors. These
findings provide a clue to achieving conductivity modulation
of 2D transition-metal oxides and pave a sensible way to the
development of synaptic devices based on 2D molybdenum
oxide.
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Experimental Section

Keywords

Synthesis of α-MoO3 Crystal: α-MoO3 single crystal was prepared by
the vapor-transport method. A ceramic boat with 2 g of MoO3 powder
(99.9%, Alfa Aesar) and the glass substrate were placed in the center and
the downstream end of a horizontal tube furnace, respectively. Then, the
center of the tube furnace was heated to 720 °C at a rate of 5 °C min−1
and maintained for 3 h in argon gas with a flow rate of 100 sccm s−1, and
the α-MoO3 single crystal with dimensions up to a few millimeters in
length/width, and 0.5 mm in thickness was collected at the edge of the
glass substrate.
Mechanical Exfoliation of Few-Layered α-MoO3 Nanoflakes: Scotch tape
was attached to the as-prepared α-MoO3 single crystal. After peeling it off
the crystal, multilayer α-MoO3 remained on the tape. By repeated peeling,
the multilayer α-MoO3 was cleaved into various flakes with few layers.
After that, the tape was attached to the SiO2 (300 nm)/Si substrate,
which had been treated by plasma beforehand to increase the adhesion
of the MoO3 sheets. Then, the tape was peeled off swiftly, and a large
number of MoO3 flakes with thicknesses less than 20 nm were obtained.
Fabrication of the Synaptic Transistor Device: EBL was used to pattern
the contacts of the α-MoO3 flakes onto the 300 nm SiO2/Si substrate
to form lateral three-terminal devices. Cr/Au (5 nm/60 nm) contact
electrodes were deposited via thermal evaporation. Then, the devices
were annealed in vacuum (10−5 Torr) at 200 °C for 1 h in order to remove
resist residues and enhance the metallic contacts. After that, the ionic
liquid 1-ethyl-3-methylimidazolium bis-(trifluoromethanesulfonyl)-imide
(Solvionic Co.) was dripped carefully on top of the device.
Characterization: The XRD was performed with a diffractometer
(Rigaku Miniflex with copper Kα). The HRTEM was performed with an
electron microscope operated at 100 kV (JEOL 2100F). Raman spectra
were measured using a micro-Raman spectrometer (Renishaw InVia
microscope) with a 1200 lines mm−1 blaze grating and a 1 mW laser
excitation source at 514 nm. The laser beam was focused using a
50× objective with numeric aperture NA = 0.5, and the spot size was
≈1.5 µm. The electrical measurements were carried out on a homemade probe station in an enclosed chamber through two Keithley
2611 source meters. The relative humidity level was controlled by the
saturated-salt-solution method. In an enclosed measurement chamber
with a hygrometer mounted internally, excess LiCl, CH3COOK, MgCl2,
and Mg(NO3)2 were dissolved in deionized water in a container to
obtain the relative humidity levels of 18%, 33%, and 45%, respectively,
at room temperature.[51] Each relative humidity level needs to
be stabilized for 3 h at least in the chamber before the electrical
measurement. All the characterizations were performed at room
temperature.

2D oxides, memristive systems, synaptic plasticity, synaptic transistors
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