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Electrochemical Ionic Synapses with Mg2+

as the Working Ion

Miranda Schwacke, Pjotrs Žguns, Jesús del Alamo, Ju Li, and Bilge Yildiz*

Dynamic doping by electrochemical ion intercalation is a promising
mechanism for modulating electronic conductivity, allowing for
energy-efficient, brain-inspired computing hardware. While proton-based
devices have achieved success in terms of speed and efficiency, the volatility
and environmental pervasiveness of hydrogen (H) might limit the robustness
of devices during fabrication, as well as the long-term retention of devices
after programming. This motivates the search for alternative working ions. In
this work, a proof-of-concept is demonstrated for electrochemical ionic
synapses (EIS) based on intercalation of Mg2+ ions. The reported device has a
symmetric design, with MgxWO3 used as both the gate and channel material.
Increasing the Mg fraction, x, in WO3 increases the electronic conductance in
a continuum over a large range (80 nS − 2 mS). Ex situ characterization of the
channel confirms that modulation of channel conductance is due to Mg2+

intercalation. Unlike H-EIS which rapidly loses programmed conductance
states over a few seconds when exposed to air, Mg-EIS can be operated and
has good retention in air, with no sign of degradation after 1 h. Mg2+ as a
working ion with WO3 as the channel is a promising material system for EIS
with long-term retention and low energy consumption.

1. Introduction

The rapid rise in the energy consumed by computing compared
to the world’s energy production motivates the search for new
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computing paradigms capable of dramat-
ically improving the energy efficiency of
computing. A recent goal set by the Semi-
conductor Research Corporation Decadal
Plan calls for 1000 000-fold improvement
in the energy efficiency of computing
over the next decade.[1] One area of com-
puting where there is significant room
for improvement in energy efficiency is
machine learning. The von Neumann
structure of traditional computer systems
separates CPU and memory, a subop-
timal configuration for machine learn-
ing algorithms as it requires frequent
transfer of data between computation
and memory for retrieving and updat-
ing states.[2] An alternative to implement-
ing machine learning algorithms on tra-
ditional computer systems is to instead
use physical neural networks in the ana-
log domain. These physical neural net-
works consist of crossbar arrays with pro-
grammable resistors sitting at the cross-
points.[3] The crossbar configuration im-
itates the connectivity of neurons, while

the programmable resistors act as artificial synapses where the
analog synaptic state is stored as the electronic resistance of an
active material.[4,5] Several types of resistive switching mecha-
nisms have been widely studied, including by formation and
rupture of conducting filaments (CF) and Joule heating-induced
phase transformations, but these mechanisms are limited by
variability/stochasticity and high energy consumption and drift,
respectively.[6,7]

Recently, there has been increasing interest in a new mech-
anism, resistance modulation by ion insertion or dynamic
doping.[8] Insertion of suitable positive ions into an appropri-
ate semiconducting material is accompanied by electron doping,
which can change the resistance of the material. Here we refer
to devices operating by this mechanism as electrochemical ionic
synapses (EIS),[9] and in the literature they are also referred to
as electrochemical random-access memory (ECRAM).[10] EIS has
been demonstrated using protons,[11–19] lithium ions,[8,20–25] oxy-
gen ions,[26–31] and copper ions[32] as the working ion.

In order for EIS to be a practical device choice for training ana-
log neural networks (ANNs), it must be possible to program them
with pulses as short as 1 ns, and with operating voltages of 1 V
or less.[3] Furthermore, they must be able to traverse 100–1000
different nonvolatile conductance states spanning at least ≈1 or-
der of magnitude in conductance.[3] EIS must also have good
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endurance, continuing to operate for over 1010 programming
pulses and retaining stored conductance states for a training
epoch.[9]

EIS based on proton movement has already shown great
promise. Recently, Onen et al. demonstrated modulation of WO3
by proton insertion with pulses as short as 5 ns.[13] The materials
used in this work were all CMOS compatible, and devices were
scaled down to 30 nm × 60 nm dimensions in active area.[13] Fur-
thermore, devices showed reasonably linear and symmetric mod-
ulation of states and consumed only ≈15 aJ per pulse for proton
transfer (≈2.7 fJ when including dynamic energy dissipation).[13]

This very fast and low energy resistance modulation is enabled
by the small ionic size and resulting high diffusivity of protons
in many solids. However, the high diffusivity of protons also has
disadvantages. Proton-based EIS are generally sensitive to the en-
vironment in which they operate. First, many proton conductors
are dependent on adsorbed/absorbed water, limiting their use in
dry environments.[33] Second, even for devices with proton con-
ductors which can operate in dry environments, protons are re-
moved from the active layer (channel) by oxidation to form water
when exposed to air or oxygen-containing environments.[11] This
leads to rapid loss in stored conductance states.[11] This prob-
lem can be alleviated by encapsulation of devices.[34] However,
encapsulation may not immediately follow protonation in the
integrated circuit fabrication process, making it difficult to re-
tain protons within the device during fabrication. Furthermore,
even when encapsulated, the active material of a device will al-
ways need to be contacted by a metal to measure its resistance.
Given the high diffusivity of hydrogen in most metals, especially
those with high electronic conductivity which are used as inter-
connects, these metal contacts could allow for hydrogen diffusion
out of the active channel material and a loss of stored states.

Similarly, in O-EIS it has been observed that after being pro-
grammed to a high conductance state, the WO3-x channel con-
ductance slowly decreases over time. This is attributed to slow ox-
idation of the channel by oxygen in air, even when HfO2 passiva-
tion layers are used to protect the device from the atmosphere.[35]

Furthermore, O-EIS devices typically must be operated either us-
ing high voltages[26,28,31] or at elevated temperatures[29,35] to over-
come the high activation energies for O2− ion migration.

These challenges with H-EIS and O-EIS motivate our search
into alternative ions. The larger ionic radius of Mg2+ compared
to H+ is expected to help improve retention, while the lack of
gas volatility and insulating nature of possible MgxWO3-O2 reac-
tion products should allow for containment of Mg2+ ions within
devices in air even without encapsulation, making devices more
robust to the fabrication process and insensitive to the environ-
ment. At the same time, Mg2+ migration should still have faster
kinetics compared to O2−. In particular, in amorphous WO3 films
the diffusion coefficient of oxygen vacancies at room temperature
is reported to be on the order of 10−17 cm2 s−1,[36] while the diffu-
sion coefficient of Mg2+ ions at room temperature is reported to
be 10−10 – 10−11 cm2 s−1.[37] Furthermore, Mg2+ solid electrolytes
typically have higher ionic conductivities than O2− electrolytes.
At 300 °C, state-of-the-art oxygen-ion-conductors have ionic con-
ductivities of up to ≈10−4 S cm−1.[38] The ionic conductivities of
these materials at room temperature are seldom reported, but ex-
trapolation assuming oxygen diffusion in these materials obeys
Arrhenius law yields values of ≈10−12 S cm−1. By comparison,

there have been reports of solid Mg2+ electrolytes with ionic con-
ductivities in the 10−5 S cm−1 range at room temperature.[39]

Unlike Li+, Mg2+ is compatible with silicon-processing and
MgO is already used in magnetic random access memory
technology.[40] Furthermore, Mg2+ is abundant, inexpensive, and
has already been demonstrated in battery applications.[41,42] To
our knowledge, we present here the first demonstration of EIS
using Mg2+ as the working ion.

2. Device Configuration and Materials

The channel material used in this study is WO3. The conductiv-
ity of WO3 is known to increase upon insertion of many small
ions, and thus it is a popular choice of channel material for
EIS devices.[11,13,20,21] Furthermore, WO3 has been shown previ-
ously to intercalate Mg2+ ions when used as a cathode for Mg
batteries.[43,44] We also choose to use MgxWO3 as the material for
the ion reservoir (that is also the gate in this structure). Gener-
ally, for EIS the gate and channel materials do not need to be the
same. However, this symmetric design should reduce the open-
circuit potential (OCP) to near 0 V. Li et al. show that the operat-
ing voltage for Li-EIS can be reduced to 200 mV using a symmet-
ric design with LixTiO2 as both the ion reservoir and the active
layer.[22] Furthermore, Mg metal, while a more obvious choice as
a Mg ion reservoir, is very reactive and forms ion-blocking inter-
facial phases in contact with many electrolyte materials.[45,46]

For the electrolyte, we use a phase convertible electrolyte (PCE)
consisting of succinonitrile mixed with an Mg salt, Mg(TFSI)2.
This electrolyte has been reported to have a very high Mg ion
conductivity of 2.8 × 10−5 S cm−1.[45] While its organic nature
and low melting point (< 59 °C)[45] make it incompatible with
CMOS processing, it also makes this electrolyte easy to deposit by
simply dropping the melted solution on top of the channel. The
combined high ionic conductivity and ease of deposition make it
a good starting point for providing a proof-of-concept for Mg-EIS
and allow us to focus on how Mg2+ interacts with the channel
material.

Device fabrication is done by depositing the channel and ion
reservoir layers separately on different substrates, and then sand-
wiching them together with the electrolyte in between during the
final step, as shown in Figure 1a. The first step in device fabrica-
tion is sputter deposition of 5 nm thick Cr and 25 nm thick Au
contacts through shadow masks on sapphire substrates to serve
as source and drain. The region between source and drain (across
which conductance is measured) is length (l) × width (w): 100 μm
× 500 μm. Here we use l/w to designate the length/width of the
region between the source and drain, while we use L/W to des-
ignate the total area of the WO3 film. On top of the contacts, we
sputter deposit a WO3 film through a shadow mask to serve as
the channel or ion reservoir. The WO3 film used here covers L ×
W: 1 × 0.6 cm and is 80 nm thick. After annealing at 450 °C in
ambient air for 1 h to obtain the desired phase, we electrochemi-
cally insert Mg2+ into the ion reservoir film via a standard battery
configuration with Mg metal as the ion source (anode) and the
same PCE described above as the electrolyte. Once we have in-
serted Mg into the WO3, we remove the Mg metal and electrolyte
from the MgxWO3 film. Next, we drop the melted PCE electrolyte
solution on top of the channel WO3 film and then place the sub-
strate with the ion reservoir MgxWO3 film on top such that the
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Figure 1. a) Schematic of final step in assembly of Mg-EIS devices. Fabrication of Mg-EIS devices is done by depositing the WO3 channel and ion reservoir
layers separately on different substrates. After Mg ions are inserted into the WO3 ion reservoir electrochemically from Mg metal to form MgxWO3, the ion
reservoir and channel films are sandwiched together with the electrolyte in between. b) Schematic of symmetric Mg-EIS device as assembled. Channel
conductance during application of c) constant current and d) constant voltage pulses.

MgxWO3 film is also in contact with the electrolyte. Finally, we
clamp the entire stack together to give us a complete Mg-EIS de-
vice. A schematic of the full Mg-EIS device is shown in Figure 1b.

Upon application of a positive gate voltage +VG, Mg2+ ions mi-
grate from the top MgxWO3 layer, which acts as both the gate and
ion reservoir, through the electrolyte, and into the bottom WO3
channel, while electrons move in the same direction along the
outer circuit. We measure the channel conductance by applying
a small voltage (0.1 V) between the source and drain. The con-
ductance of the channel can be decreased by the application of
a negative gate voltage -VG, upon which both ions and donated
electrons leave the channel and return to the ion reservoir.

We have reported previously that in H-EIS, electrons do-
nated to the channel material fill in-gap states, increasing the
carrier concentration and electronic conductivity of the chan-
nel material.[9,11] We expect a similar mechanism for channel
conductance modulation to occur in Mg-EIS. To confirm this,
we have performed first-principles calculations of the electronic
structure of MgxWO3, focusing on the low concentration regime
(x = 1/64 = 1.6%). We observe that the inserted Mg donates
two electrons to the host lattice, WO3, resulting in formation
of two small polarons (Figure 2a). Each polaron localizes in the
(100) plane, with magnetization density centered on a single
W atom and magnetization tails spreading out in-plain to four
neighboring W atoms (Figure 2a). This agrees with the electron
spin resonance measurements[47] and previous computational
studies,[11,48] that report a similar 2D pattern of electron spread-
out. The polaronic in-gap state is located ≈0.4 eV below the con-

duction band minima (CBM) (Figure 2b), which is close to previ-
ous first-principles calculations of polaronic levels (from ≈0.3 to
0.6 eV below the CBM).[11,48,49]

3. Device Characteristics

Both constant current and constant voltage pulses can be used
for programming EIS devices. While voltage gating (Figure 1d)
is preferable for the application of EIS to ANN training,[3] cur-
rent gating (Figure 1c) allows us to theoretically understand ex-
actly how many ions and electrons are transferred per pulse and
directly correlate the change in channel conductance to change
in ion concentration.

To investigate the achievable conductivity range and minimum
programming voltage required for Mg intercalation into WO3,
we perform slow galvanostatic intercalation of Mg2+ into a fresh
WO3 film with a constant current of 1 nA (Figure 3a). The de-
vice structure used for this experiment is slightly different from
the standard device structure described above in that the chan-
nel film has smaller volume (L × W × t = 1.2 mm × 0.6 mm ×
15 nm). Thus, the ion reservoir (L × W × t = 1 cm × 0.6 cm ×
80 nm) has 440× the volume of the channel. This was done so
that the measured change in voltage is only due to changes in
the channel. We calculate x in the channel by assuming that all
passed charge results in Mg2+ ion insertion. As x in the MgxWO3
channel changes between nominally 0 and 0.21, the conductiv-
ity changes from 15 mS cm−1 to 230 S cm−1 and the EIS volt-
age changes from −0.13 V to 0.23 V. The voltage measured here
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Figure 2. MgxWO3, x = 1/64, in P21/n monoclinic phase.[50] a) Supercell structure and magnetization density, showing localization of two polarons in
the (100) plane. Color code: Mg is orange, W is grey, O is red. Magnetization density is shown with yellow (spin-up) and blue (spin-down). The first
polaron has 0.68 μB magnetic moment on W, which is the first nearest neighbor of Mg2+ (dMg–W = 3.24 Å); the second polaron has 0.59 μB magnetic
moment on W, which is the second nearest neighbor of Mg2+ (dMg–W = 6.24 Å). b) Density of States (DOS) projected onto W and O states. Polaronic
in-gap state is seen ≈0.4 eV below the conduction band.

provides an approximation of the OCP and a lower bound on
the programming voltage that will be needed for devices imple-
mented in this material system. It is promising here that the
OCPs corresponding to the upper and lower conductance states
with four orders of magnitude difference are well within± 0.25 V.
For application to ANN training, only a 10× change between the
highest and lowest conductance states is needed.[3] A factor of 10
change in conductance is acheivable in this device with only 110
mV change in OCP (Figure 3b).

To understand how the conductivity (𝜎) of MgxWO3 responds
to changes in x, we can examine the derivative of 𝜎 with respect
to x (d𝜎/dx) as shown in Figure 3c. It is evident that d𝜎/dx is not

constant with respect to x. Therefore, for Mg-EIS devices, we can
expect that the change in conductance per pulse (ΔG) will be de-
pendent on the current Mg concentration (x) and consequently
the starting conductance (G0). This is indeed the case as shown
in Figures 3d and 3e. For 500 ms, ± 10 μA pulses, when G0 ≈

4–6 μS, ΔG ≈ 0.3 μS pulse−1 (Figure 3d). When the device is in
the tens of μS conductance regime, ΔG per pulse is more than
three times that at ≈1 μS (Figure 3e). There is some asymme-
try between potentiation and depotentiation, likely originating
from electronic leakage through the electrolyte during the read
periods. This electronic leakage will be discussed in more de-
tail in Section 5. This changing ΔG per pulse with G0 is

Figure 3. a,b) Channel conductivity and the EIS cell voltage during galvanostatic intercalation of Mg2+ into WO3 with a current of 1 nA, showing a) four
orders of magnitude change in conductivity and b) 10× change in conductivity. c) Derivative of conductivity data from (a). It is clear that d𝜎/dx is not
constant with respect to x. d,e) Channel conductance after potentiation and depression by application of ten ± 10 μA, 500 msec pulses when the device
is d) in the 4–6 μS conductance range and e) in the 10 μS conductance range.
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Figure 4. Dependence of change in active layer conductance (ΔG) on a) pulse duration (tp) when the applied current is held constant (Ip = 10 μA) and
b) applied current when the pulse duration is held constant (tp = 500 msec). ΔG is linearly dependent on ΔQ = Ip × tp. All data is taken for G0 in the
tens of μS range. The labels “1”, “2”, and “3” in the legend reflect data taken from three different devices (all with identical dimensions). For Device 3,
data is taken after the application of over 20 000 pulses.

consistent with what has been observed for H insertion in
WO3.[11]

Besides the conductance of the channel, ΔG is also depen-
dent on the amplitude (current or voltage) and duration of the
pulse (tp). When the change in channel conductance is small, ΔG
should be linearly proportional to the charge transfer per pulse:
ΔG ∝ ΔQ = Ip × tp, as has been reported for EIS based on other
working ions.[8,25,30,51] We confirm that this is also the case for
Mg-EIS. For several individual devices, we apply ten potentiation
pulses followed by ten depression pulses for three cycles, using a
range of pulse durations and current magnitudes. Figure 4 shows
that ΔG is linearly related to both pulse duration (Figure 4a) and
pulse current (Figure 4b). Furthermore, this relationship is con-
sistent across different devices of identical dimensions and does
not change even after the application of over 20 000 pulses. It
should be noted that the distribution of ΔG values, visualized as
error bars between the 15th and 85th percentiles in Figure 4, is
not representative of random error or statistical variation in the
behavior of the device. On the contrary, we expectΔG to be depen-
dent on G0, and with each applied pulse G0 changes. Therefore,
the variation in ΔG reflects the variation in G0 over ten pulses.
This is especially evident when Ip or tp (and thus ΔG) are large.
This causes the variation in G0 over ten pulses to also be quite
large, which in turn causes significant variation in ΔG. Thus, in-
stead of random error these distributions can be thought of as
deviations from linearity in the channel conductance dependence
on charge transferred.

While the pulse lengths and current amplitudes used here are
quite large compared to most EIS devices, this is due to the large
total area of the WO3 (W × L: 1 cm × 0.6 cm). The charge trans-
ferred per pulse needed for a certain Δ𝜎 should scale with the
total volume of the WO3 film, assuming that the concentration
of Mg is uniform throughout the channel. This is indeed the
case for Mg-EIS as shown in Figure S6 (Supporting Information).
Once devices have been scaled down to the target area for device
applications (≈100×100 nm2), even shorter pulses and smaller
currents will be sufficient for programming the device.

Figure 5 shows the behavior of a Mg-EIS device as the chan-
nel conductance is potentiated and depressed across 100 conduc-
tance states in each cycle for 200 cycles (100 positive, 100 nega-

tive), using pulses of ±1 V, 500 msec. The conductance of the
channel is read after every 5 pulses. Over many cycles there is
little change in the magnitude of conductance change per pulse,
consistent with the data shown in Figure 4. The slight increase
in conductance over the course of the measurement originates
from the voltage-controlled pulse scheme. For these devices, the
open-circuit potential (OCP) is likely on the same order of mag-
nitude as the programming voltages. Under voltage-gating, this
makes the change in conductance per pulse sensitive not only to
the applied voltage, but also to the initial OCP. Therefore, if each
cycle begins from an OCP < 0 V, then there is a pre-existing driv-
ing force for Mg insertion into the channel, and we might expect
the cycle to end at a higher conductance even if the same number
of positive and negative voltage pulses are applied (Note S2, Sup-
porting Information). This is consistent with what is observed in
Figure 5.

While the data in Figure 5 shows consistent potentia-
tion/depression behavior of a Mg-EIS device over many pro-
gramming events, it lacks symmetry and linearity. Our previous
work has shown that the choice of conductance regime for H-
EIS device operation can significantly impact the observed lin-
earity and symmetry of the device under current gating, due to
changes in the slope of conductivity versus x in HxWO3.[11] Data
in Figures 3a,b also suggests that both the sensitivity of MgxWO3
conductivity and the slope of the OCP against inserted charge
varies significantly across the large range in x probed. Thus,
the linearity of Mg-EIS devices under voltage gating may be im-
proved by careful choice of the conductance range during opera-
tion, such that d𝜎/dx is large and dVOCP/dx is small.

4. Confirmation of Mg2+ Intercalation into WO3

To confirm that the observed changes in channel conductance
under the application of current and voltage pulses are due to
the intercalation of Mg ions into WO3, we have potentiated
several devices each to a high conductance level, and then
disassembled these devices and performed Energy-Dispersive
X-ray Spectroscopy (EDS), X-ray Diffraction (XRD), and X-ray
Photoelectron Spectroscopy (XPS) ex situ on each of the WO3
layers serving as the channel.
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Figure 5. a) Active layer conductance after one-hundred +1 V, 500 msec pulses followed by one-hundred -1 V, 500 msec pulses. There is a delay time of
1s between pulses, except for after every 5 pulses when the conductance is read for 10 sec. This is repeated for one-hundred cycles. b) Magnified view
of data within the circle in (a).

Since the penetration depth of EDS is on the order of mi-
crons, the WO3 films used for this analysis were deposited to
be 1 μm thick. Only a weak Al signal from the Al2O3 sub-
strate was detected, suggesting that most of the signal orig-
inated from the WO3 film. The existence of a clear Mg sig-
nal in EDS spectra confirms that Mg has been inserted into
WO3. However, the concentration of Mg is not uniform later-
ally across the channel. The calculated Mg concentration from
the EDS spectra varies from below the detection limit for EDS
(x ≈ 0.05) to x = 0.33 across the sample (Figure 6a). There is
no clear pattern to this non-uniformity in Mg concentration.
It is possible this is due to non-uniform interfacial contact be-
tween the electrolyte and channel. The nominal Mg concentra-
tion in this film was x = 0.25, assuming that all charges in-
serted into the channel during potentiation resulted in Mg2+ ion
insertion.

Grazing Incidence X-ray Diffraction (GIXRD) of 80 nm thick
WO3 films after annealing indicates that they are polycrystalline
with a monoclinic phase (Figure 6b). For thicker films (1 μm) the
(020) peak at 23.7° which is characteristic of the monoclinic phase
is clearly present. While this peak cannot be seen in thinner films
(80 nm) used for most devices, the (002) and (200) peak positions
at 23.2° and 24.4°, respectively, are still consistent with mono-
clinic WO3. For MgxWO3 films which have been potentiated to
nominally x = 0.3, there is the beginning of a phase transforma-
tion from monoclinic to tetragonal, with peaks from both phases
contributing to the XRD pattern. The monoclinic to tetragonal
phase transition has been observed previously for MgxWO3

[44] as
well after the insertion of H+ (x > 0.1) and Li+ (x > 0.015) ions
into WO3.[11,52]

XPS was used to investigate the chemical changes in the chan-
nel during Mg2+ insertion. Binding energies were calibrated by
charge correcting the C 1s peak to 285.0 eV. Survey data (Figure
S2, Supporting Information) of a WO3 film used as channel prior
to device fabrication detects only W, O, and C. For a MgxWO3
film which had been potentiated to nominally x = 0.3, a Mg KLL
peak is clearly seen at 306 eV, confirming the presence of Mg
and that Mg retains its oxidation state of Mg2+ upon insertion
into WO3.[53] Furthermore, no other elements are detected,
suggesting that no interfacial phases form between the channel
and electrolyte during potentiation. The oxidation state of W was
probed by the W 4f peaks (Figure 6c,d). For the as-annealed WO3,
the W 4f7/2 and W 4f5/2 peaks are located at 35.9 eV and 38.0 eV,
respectively. This is consistent with W6+.[54,55] After potentiation,
the positions of these peaks shift slightly to 35.6 eV and 37.6 eV.
This could be due to the structural phase transition of WO3 from
monoclinic to tetragonal.[56] Additionally, there are new W 4f
peaks, suggesting multiple chemical states of W are present. The
new W 4f7/2 peaks are located at 34.3 eV and 33.0 eV, consistent
with W5+ and W4+, respectively.[54,55] Given that XRD suggests
multiple crystal phases are present in the Mg0.3WO3 films, it is
possible that this last peak at 33.0 eV could also be attributed
to W5+ in a different crystal structure. However, its location is
more consistent with literature values for W4+ (33.1 eV) than
W5+ (34.1 eV).[54,55] Fitting of the W 4f peaks suggests the ratio
of W6+:W5+:W4+ to be 1:0.5:0.06, corresponding to Mg0.25WO3.
While at this time we cannot be sure how evenly distributed
Mg2+ ions are within the channel, the reasonable agreement in
Mg concentration found by EDS (which has a penetration depth
≈1 μm) and XPS (penetration depth ≈10 nm) suggests that at
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Figure 6. Ex situ chemical analysis of potentiated MgxWO3 channel. a) EDS spectra of potentiated channel which is 1 μm thick. The clear Mg peak
indicates Mg has been inserted into the film. Based on ZAF analysis, the Mg content at this location is Mg0.33WO3. b) GIXRD of as annealed (solid
lines) and potentiated (dashed lines) WO3 channel films. Red data is collected from a film which is 80 nm thick (typical thickness for Mg-EIS devices).
Blue data is collected from a film which is 1 μm thick. Monoclinic WO3 reference pattern is from PDF #00-043-1035.[57] Tetragonal Li0.1WO3 reference
pattern is from PDF #04-015-6962.[58] c,d) W 4f emission peak of 80 nm thick WO3 channel films, measured by XPS, (c) in the as-annealed state and (d)
after potentiation to nominally Mg0.3WO3. The oxidation state of W is determined from the W 4f7/2 peak position. Annealing conditions are the same
for all devices and films used for ex situ characterization (450 °C for 1 h in ambient air).

the time scales used for ex situ characterization (5 days) Mg is
distributed through the thickness of the channel and is not just
concentrated near the channel/electrolyte interface.

5. Comparisons with H-EIS

We base our comparisons of Mg-EIS to H-EIS based on the H-
EIS device reported in our earlier work by Yao et al.,[11] which
also used WO3 as the active material, sputtered and annealed
by the same recipe used in this work. The conductivity of WO3
changes as a function of both Mg2+ and H+ ion concentration.
As shown in Figure 7a, it is possible to operate the devices in a
conductance regime where the response looks very similar for
pulses resulting in the same change in electron concentration
in each device. Figure 7b shows the conductivity of WO3 as a
function of the number of inserted electrons per WO3 formula
unit (y = 2x for Mg2+ in MgxWO3, y = x for H+ in HxWO3).
Here ions are inserted by current pulses (as opposed to constant
current as in Figure 3a). For the Mg-EIS device the pulses used
are 10 μA and 0.5 s long with a 10-s delay between pulses. For
the smaller H-EIS device the pulses are 0.5 μA and 5 ms long
with 1s between pulses. These pulsing conditions were chosen
such that, given the differing dimensions of the two devices, the

change in the concentration of donated electrons in the channel
is the same for each device; each pulse corresponds to Δy ≈ 1
× 10−4. Note that for the H-EIS device, the starting conductiv-
ity (before any programming pulses are applied) is 1.9 × 10−6

S cm−1, while for the Mg-EIS device the starting conductivity
is 5.5 × 10−3 S cm−1. The WO3 films for both devices are de-
posited and annealed using the same recipe, and XPS suggests
that prior to device assembly the only W oxidation state present
is W6+ in both cases. Therefore, this discrepancy in the magni-
tude of the starting conductivity may be due to electronic leak-
age in the Mg-EIS device (discussed later in Section 5) prior to
the measurement. The conductivity of the H-EIS device reaches
the starting conductivity of the Mg-EIS device at y = 0.03, giv-
ing us an idea of the uncertainty on y in Mg-EIS for our mea-
surement. It is also possible that other slight variations in the de-
position and annealing conditions (e.g., ambient humidity, time
between annealing and device assembly) could cause differences
in the WO3 films which are not captured by XPS but affect the
conductivity.

In the lower electron concentration regime (y < 0.36), the con-
ductivity of Mgy/2WO3 increases much faster than HyWO3 with
increasing y, resulting in Mgy/2WO3 having higher conductivity
than HyWO3 for the same y. This is also evident in the change in
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Figure 7. a) Conductance states of Mg-EIS and H-EIS device as ten positive and ten negative current pulses are applied in low electron concentration
regimes (y ≈ 0.01 for Mg-EIS and y ≈ 0.1 for H-EIS). For the Mg-EIS device the pulses used are 10 μA and 0.5 s long with a 10-s delay between pulses.
For the smaller H-EIS device the pulses are 0.5 μA and 5 ms long with 1s between pulses. For both devices, each pulse corresponds to Δy ≈ 1 × 10−4

b) Conductivity of Mg-EIS and H-EIS device as a function of the number of electrons inserted per WO3 formula unit. c) Change in conductivity (Δ𝜎/Δy)
in response to a pulse for which Δy = 1.95×10−4.

conductivity (Δ𝜎/Δy) shown in Figure 7c (essentially a derivative
of the data in Figure 7b). For the Mg-EIS device there is a large
peak at y ≈ 0.03, while for the H-EIS device Δ𝜎/Δy is three orders
of magnitude smaller than the Mg-EIS device at y ≈ 0.03. How-
ever, at higher electron concentrations (y > 0.15), the conductiv-
ity of HyWO3 increases at a similar rate to Mgy/2WO3. These re-
sults indicate that while the larger size of Mg2+ compared to H+

may create more stress in the lattice for the same number of in-
serted ions, fewer Mg2+ ions may be needed compared to H+ to
achieve the same change in conductivity in the low ion concen-
tration regime.

The reason for the increased sensitivity (Figure 7c) of Mg-EIS
compared to H-EIS is intriguing. We have compared the elec-
tronic structures of MgxWO3 and H2xWO3, keeping the donated
electron concentration the same for the two cases. The filling of
polaronic in-gap states upon H and Mg insertion in WO3 is a sim-
ilar characteristic in the electronic structure, but there are two key
differences between MgxWO3 and H2xWO3, both of which can
contribute to an increased sensitivity of electronic conductivity
in MgxWO3 compared to H2xWO3. First, in MgxWO3, the defect
level appears higher in the gap closer to the CBM, at ≈0.4 eV
below the CBM, versus 0.8 eV below CBM in H2xWO3. This in-
dicates that the Fermi level and the electronic carrier concentra-
tion is higher in the case of MgxWO3 compared to H2xWO3. Sec-
ond, in MgxWO3 polarons are more spread-out (the central W
magnetic moments are smaller by ≈15% than in H2xWO3), sug-
gesting that polaron trapping by Mg2+ is weaker than that by H+

(see Figure 2; Figure S9, Supporting Information). In MgxWO3
one of the polarons is localized on the W that is the next near-
est neighbor to Mg2+, which also contributes to a weaker local-
ization as seen by its magnetic moment (see Figure 2a caption).
This weaker trapping of polarons could decrease the polaron mi-
gration barrier and increase the polaron mobility in MgxWO3 as
compared to H2xWO3. Both of these differences could contribute
to the increased sensitivity of the electronic conductivity of WO3
to Mg insertion versus the H insertion in the EIS.

Another possible explanation is that due to the larger size of
Mg2+ compared to H+, Mg2+ has lower diffusivity than H+ in

WO3 and thus takes longer to be distributed evenly across the
channel. Concentration of Mg2+ in certain regions of the chan-
nel (e.g., along grain boundaries or near the electrolyte/channel
interface at short time scales) could explain an increased rate of
conductance change. This mechanism is yet to be quantitatively
shown in this system.

We have estimated the energy consumption of our devices us-
ing the gate current and gate voltage during the pulse (not in-
cluding dynamic energy dissipation) and compared it with earlier
devices. The energy consumption of our Mg-EIS devices is esti-
mated at 90 aJ μm−2 nS−1. As expected, given the larger size and
double charge of Mg2+ compared to H+, this is higher than H-EIS
(18 aJ μm−2 nS−1) but comparable order of magnitude.[11] How-
ever, Mg-EIS devices consume much lower energy than the re-
ported energy consumption of O-EIS devices which operate with-
out heating (2 pJ μm−2 nS−1) after correcting for differences in l
and w (Note S1, Supporting Information).[51]

The primary motivation for using Mg as the working ion as
opposed to protons is the promise of improved retention of pro-
grammed conductance states, even in air. There are many rea-
sons the channel conductance may change over time even in the
absence of programming pulses: loss of working ions from the
channel,[11] oxidation/reduction of the active material,[34] a leaky
electrolyte, or ion redistribution within the channel.[9] While
some of these conductance state loss mechanisms are reversible
(i.e., a conductance state lost by leakage through the electrolyte
can be re-established by the application of more programming
pulses), others limit the future operation of the device. If working
ions from the active layer are lost from the system, not only does
the conductance of the active layer decrease, but the ion reser-
voir ceases to be an effectively infinite source of working ions
and then the full range of conductance values can no longer be
achieved. In H-EIS, the primary retention loss mechanism is of-
ten the loss of protons.

To investigate conductance state loss mechanisms in Mg-
EIS, we examine the retention of the channel conductance for
two different off-states: open circuit and held at 0 V constant
resting potential (Vrest = 0 V). Open circuit condition prevents
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Figure 8. a) Evolution of conductance of Mg-EIS device under both open-circuit and Vrest = 0 V off-state conditions after being potentiated to a high
conductance level. b) Normalized conductance (G/G0) of Mg-EIS at G0 corresponding to OCP = 0 V compared to H-EIS devices operated in air and Ar
atmospheres, from.[11]

electrons from traveling along the outer circuit. Therefore, if
the electrolyte is also a perfect block to electrons, then main-
taining charge neutrality in the ion reservoir and channel re-
quires that no ions move between them. If there is no mech-
anism for ions to leave the device (e.g., by oxidation or out-
diffusion), then the conductance state should remain constant
indefinitely. In contrast, if a constant resting potential is applied,
then electrons and ions are free to move along the outer circuit
and across the electrolyte, respectively, and will do so until the
OCP of the device is equal to the applied resting potential (Vrest =
OCP). The active layer conductance will change throughout this
process, but once Vrest = OCP the conductance should remain
constant.

Figure 8a shows the evolution of conductance of an Mg-EIS de-
vice after being potentiated to a high conductance level for both
off-state conditions (open circuit and Vrest = 0 V). For both cases
the active layer conductance decreases over time, from nearly 1
mS to ≈40 μS. For the Vrest = 0 V we expect this decrease in con-
ductance until OCP = Vrest = 0 V. The fact that the conductance
under open circuit conditions eventually settles at the same con-
ductance value, indicates that the loss in conductance state un-
der open circuit is also driven by the OCP. This behavior is con-
sistent with a leaky electrolyte which allows for both electronic
and ionic transport, even under open circuit conditions, albeit
more slowly than if the device is held at Vrest = 0 V. Chronoam-
perometry experiments suggest that the electrolyte used in Mg-
EIS devices has an electronic conductivity of ≈1×10−6 S cm−1,
≈4% of the ionic conductivity (Figures S3 and S4, Supporting
Information).

As mentioned earlier, a leaky electrolyte could also explain the
discrepancy between the starting conductivity of Mg-EIS and H-
EIS devices and the observed asymmetry in Figure 3c,d. Elec-
tronic leakage through the electrolyte allows for ions to also move
slowly between the ion reservoir and channel layers in order to
reduce the OCP of the device, even when the device is open-
circuited. This means that as soon as the Mg-based device is as-
sembled, ions may move from the ion reservoir (where they are
in high concentration) to the channel (which is initially devoid of
Mg ions). Since there is some finite delay time between device

assembly and initial channel conductance measurements, there
will be some small concentration of Mg in the channel even dur-
ing the initial conductivity measurement, which can have a sig-
nificant impact on the initial conductivity as WO3 is very sensitive
to doping in this low dopant concentration regime. Similarly, dur-
ing the read period of any measurement, ions will slowly move
across the electrolyte in the direction that minimizes the OCP. If
the device is being operated in a regime where the OCP> 0 V, dur-
ing the read periods the channel will lose ions, causing the final
conductance state to be lower that the starting conductance state,
even if equal numbers of potentiation and depression pulses are
applied. We would like to note again that, while this electrolyte al-
lowed us to start a proof-of-principle Mg-EIS and focus our study
on the channel behavior, the leakiness of the electrolyte in this
work is not a universal challenge for the Mg-EIS. Other inorganic
and electronically insulating electrolyte alternatives can be pur-
sued as a follow up to this work.

Figure 8b shows the channel conductance of the Mg-EIS de-
vice after it has been held at Vrest = 0 V for several hours and
reached the conductance state corresponding to OCP = 0 V. In
this state, the conductance value is very stable compared to H-
EIS in air and shows similar retention to H-EIS operated in an
inert atmosphere. Additional data showing retention of a Mg-EIS
device at a very high conductance state over a period of three days
is shown in Figure S8 (Supporting Information). This again sug-
gests that the limits on retention of Mg-EIS in this work are due
to a leaky electrolyte and possibly Mg2+ ion redistribution in the
channel, but not loss of the working-ion as is the case of H-EIS in
air. Given that the focus of this work is on WO3 as a channel mate-
rial paired with Mg2+ as the working ion, and we do not intend to
translate the current electrolyte to real applications, this result is
very promising. Future work on devices with CMOS-compatible
and electronically insulating electrolytes which are practical for
device applications should more carefully study the effect of de-
vice OCP and electrolyte electronic leakage on retention charac-
teristics.

To investigate the source of the improved retention in air of
Mg-EIS compared to H-EIS channels, we use density functional
theory to calculate the enthalpy for the reaction of MgxWO3 with
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O2 to form MgO. The reactions and the calculated reaction en-
thalpies are as follows:

Mg + 1∕2 O2 → MgO ΔE = − 6.16 eV (1)

64
(
Mg1∕64WO3

)
+1∕2O2 → MgO + 64WO3 ΔE = − 2.56 eV (2)

The reaction enthalpy is negative and therefore the reaction
is thermodynamically favorable, and thus, MgxWO3 is not ex-
pected to be thermodynamically stable under the standard oxy-
gen partial pressure PO2 = 0.21 atm. We propose two alterna-
tive explanations for the experimentally observed stability, both
based on kinetic factors. First, the reaction of MgxWO3 with O2
may be kinetically hindered, as the conductivity of O2− anions
into WO3 to react with Mg2+, or of Mg2+ out of WO3 to react
with O2 and precipitate as MgO at room temperature is much
lower than the room-temperature proton conductivity. Second, a
very thin layer of MgO may form on the edges of the MgxWO3
film where it is in contact with air (as opposed to the electrolyte).
Since MgO is both electronically and ionically insulating, this
would be a self-limiting process; after the formation of a con-
tinuous MgO layer, further oxidation of the channel would be
blocked.

6. Summary and Conclusions

Here we have provided a proof-of-concept for electrochemical
ionic synapses with Mg2+ as the working ion. Intercalation of
Mg2+ ions into WO3 as a channel material allows for tuning of
channel conductance over a large range (in this work, 80 nS –
2.3 mS). EDS, XPS, and XRD results confirm that this change
in conductance can be attributed to Mg2+ insertion and the ac-
companying n-type electron doping of WO3. Furthermore, com-
pared to the intercalation of H+ into WO3, the intercalation of
Mg2+ causes a greater conductance increase in the low ion con-
centration regime, potentially allowing one to work with smaller
concentration of ions in the channel. The greatest advantage of
Mg-EIS compared to H-EIS is the ability to operate devices in air
without encapsulation. Unlike H+, there is no indication from
the data collected for current Mg-EIS devices that Mg2+ ions are
lost to oxidation in air or from diffusion into metallic contacts.
Current problems with retention are instead attributed to elec-
tronic leakage through the electrolyte used in this work. Further-
more, the energy consumption for Mg-EIS is comparable to H-
EIS and lower than O-EIS devices. We expect that once Mg-EIS
devices are scaled down to sub-micron dimensions and operated
under reasonable conditions for implementation in analog neu-
ral networks, the energy consumption for ion movement should
be on the order of attojoules. Future work will focus on (1) study-
ing Mg2+ ion diffusion and distribution in the channel and (2) re-
placing the current PCE with a CMOS-compatible, scalable elec-
trolyte with higher electronic resistance. Not only should an alter-
native electrolyte with higher electronic resistance allow for de-
vices with excellent retention under open-circuit conditions and
for a large range of resistance states, thin film deposition meth-
ods should produce more conformal channel/electrolyte inter-
faces, avoiding the observed non-uniformities in channel Mg2+

ion concentration arising from nonuniform electrolyte/channel
contact. Nevertheless, we have shown that the Mg2+/WO3

working ion/channel material system is promising for further-
ing Mg-EIS as a technology for energy-efficient, brain-inspired
computing.

7. Experimental Section
Materials Deposition: The Au contacts for the source, drain, and gate

as well as the WO3 films used for both gate and channel layers were de-
posited by RF sputter deposition on Al2O3 (0001) substrates. Prior to de-
position, the substrates were cleaned by subsequent sonication in ace-
tone, IPA, and DI water for 5 min each. A deposition pressure of 3 mTorr
was used for all sputtered materials. First, a 5 nm Cr adhesion layer was
deposited with an RF power of 120 W. Next, 25 nm thick Au contacts
were deposited on top of the Cr with an RF power of 60 W. Finally, an
80 nm thick WO3 layer was deposited from a metallic W target by reac-
tive sputtering at an RF power of 100 W. The area of the deposited WO3
films was 1 cm × 0.6 cm. The Ar/O2 gas flow ratio during this process
was 9.3/2.7. Post-deposition, the films were annealed at 450 °C in air
for 1 h.

The PCE was prepared by mixing 1mol% Mg(TFSI)2 with succinonitrile
at 65 °C. The electrolyte was dropped directly onto the WO3 film at this
temperature, and then allowed to cool until it is solidified before device
assembly is completed.

Device Testing: Devices were tested by application of constant current
or constant voltage pulsing with 10 s between pulses using a Keithley 2400
or B1500a Semiconductor Device Analyzer. Unless otherwise specified, the
conductance of the channel was read continuously throughout tests by
the application of +0.1 V between source and drain (w × l = 500 μm ×
100 μm). When conductance was reported as a singular value for each
pulse, this is the average conductance value during the last 5 s of the read
time, after the conductance value has settled. For the energy consumption
calculation, constant current pulses were applied, with the resulting gate
voltage being read every 2 msec.

Materials Characterization: EDS was performed inside of a JEOL
6610LV Scanning Electron Microscope equipped with an IXRF EDS system.
An accelerating voltage of 20 kV was used. Elemental ratios were calculated
from EDS spectra using the Iridium Ultra software. GIXRD was performed
on a Rigaku Smartlab diffractometer (Cu K𝛼𝜆 = 1.5406 Å). XPS was done
with a PHI Versaprobe II spectrometer with Al K𝛼 source. MgxWO3 films
from devices were rinsed with DI water several times prior to all ex situ
characterization to remove any remaining electrolyte from the surface. XPS
spectra were analyzed using CasaXPS.[59]

First Principles Calculations: Density Functional Theory Calculations
were performed within the Projector Augment Wave method[60] as im-
plemented in the VASP code.[61–65] The SCAN meta-Generalized Gradi-
ent Approximation functional was employed,[66] and spin polarization was
turned on. Rotationally invariant Hubbard U correction[67] was applied to
W 5d states. The U value was first set to 9 eV to facilitate polaron forma-
tion and then was iteratively reduced to 5 eV for production calculations.
This U value provided reasonable agreement on the polaron level positions
as compared with the previous theoretical studies[11,48,49] and experimen-
tal reports of polaron shape.[47] However, we emphasize that the abso-
lute position of the defect level is sensitive to the choice of the exchange-
correlation functional (and U), and the comparison between MgxWO3 and
H2xWO3 was focused on. Plane-wave kinetic energy cut-off of 500 eV was
used. The 2×2×2 large WO3 supercell (256 atoms) was used for all calcu-
lations of MgxWO3, H2xWO3, and WO3 (x = 1/64). For WO3 calculations,
the monoclinic P21/n phase[50] was used as a starting structure (the re-
laxed WO3 unit cell lattice parameters were a = 7.49 Å, b = 7.48 Å, c =
7.56 Å, 𝛽 = 91.0°, which is within 2.6% of the experimental values: 7.30
Å, 7.54 Å, 7.69 Å, 90.9°; due to Mgx doping, the lattice parameters and
angles of WO3 changed as follows: Δa = 0.1%, Δb = 0.1%, Δc = −0.6%,
Δ𝛽 =−0.5%; due to H2x doping, the lattice parameters and angles of WO3
changed as follows: Δa =−0.1%, Δb = 0.3, Δc =−0.1%, Δ𝛽 = 0.1%). Bril-
louin zone integration was performed on the Γ-centered 2 × 2 × 2 k-points
mesh. Unit cell calculations were performed for rock-salt MgO, hcp Mg,
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and O2 molecule, and total energies were converged with respect to the
k-points density (<0.02 meV per atom). Atomic coordinates were relaxed
until forces fell below 10 meV Å−1. The oxygen partial pressure correction
was added to oxygen chemical potential as kBT ln(pO2/P0), where P0 = 1
atm.[68] Thus obtained reaction energies at T = 298.15 K and pO2 = 0.21
atm were as follows: i) Mg + ½ O2 → MgO, ΔE =−6.14 eV =−592 kJ/mol;
ii) Mg(WO3)64 + ½ O2 → MgO + (WO3)64 (i.e., xMg = 1/64 ≈ 1.6%), ΔE
= −2.57 eV = −248 kJ mol−1.

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