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Abstract— Electrochemical random-access memory
(ECRAM) based on transition metal oxides is a promising
candidate as a next generation synaptic device for in-
memory computing, due to its highly-linear weight update
characteristic and compatibility with the CMOS process.
Understanding the conductance modulation mechanisms
is essential to better improve device performance, reliability
and scalability. This work addresses the programming
characteristics of ECRAM devices with WO, channel
and Ta,0s5 electrolyte. Large conductance modulation
is achieved under quasi-static transcharacteristic
measurements and interpreted with a nonlinear ionic
drift-diffusion mechanism for oxygen vacancy migration.
The linear conductance update is characterized as a
function of pulse voltage amplitude and time duration, and
the limits of the small signal approximation are discussed
and experimentally assessed.

Index Terms— ECRAM, emerging memory technologies,
in-memory computing, neuromorphic computing, synaptic
weight.

[. INTRODUCTION

In-memory computing (IMC) is a new computing paradigm,
where memory and processing units are merged in a single
entity in which both data processing and storage are co-located
on the same physical area on the chip [1]-[3]. To implement
IMC, resistive memory devices have attracted high interest
thanks to their analog non-volatile storage of weight, linear and
symmetric weight update characteristics, and fast program-
ming operations [4]. Two-terminal (2-T) non-volatile memory
devices such as resistive-switching random-access memory
(RRAM) [5] and phase change memory (PCM) [6] have so
far been successfully implemented in IMC architectures [7] [8]
[9]. The conductance G of these devices is strongly dictated
by nanometer-sized regions, like conducting filaments for
RRAMs, where the atomic nature of these switching processes
poses a number of issues such as stochasticity, read-out noise
and non-ideal synaptic behavior. Three-terminal (3-T) devices
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Fig. 1. ECRAM structure. (a) Schematic illustration of the cross-section
and bias scheme. (b) Top-view optical micrograph after the deposition
of the reservoir layer. (c) Top-view micrograph after the deposition of the
gate electrode.
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Fig. 2. I-V characteristic for an ECRAM device at constant gate

polarization Vgs = 2 V. (a) Drain current for ten sequential voltage
sweeps, with an increase of channel conductance with time. (b) Highlight
of a single voltage sweep where a counterclockwise hysteresis can be
observed.

have been proposed as an alternative synaptic element to
overcome these limitations, by introducing a third terminal
to control conductance modulation, at the price of a more
complicated elementary cell [10]. Among the 3-T devices,
the electrochemical random-access memory (ECRAM) [11]-
[13] is a 3-T resistive memory device, where analog informa-
tion is stored in a conducting channel, and switched by ion
injection across an electrolyte barrier. Its structure allows to
effectively decouple read and write paths to suppress program
disturb and support linear programming characteristics. Li-
based ECRAM were first proposed due to higher mobility of
the small lithium ion [14], although open-circuit potentials and
poor compatibility with the CMOS process create significant
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Fig. 3. Quasi-static characterization of the ECRAM. (a) Channel current I, and (b) gate current I transcharacteristic curves obtained by applying
gate voltage ramps at different voltage amplitude and 60 s ramp time. (c) Relation between channel conductance G, obtained with Ohm’s law, and
the total charge injected in the gate terminal, obtained by integrating I as shown in Eq. (1).

challenge. Most recently, metal oxide-based ECRAM [11]
were introduced where oxygen vacancies (V,) serve as mobile
species for channel ion intercalation to achieve conductance
modulation. Despite some preliminary modeling analysis [15],
the details of the electrical device characteristics and the
origins/limitations of the linear programming operation are not
fully clarified to date. This paper presents a comprehensive
study of the ECRAM experimental electrical characterization,
from the standpoint of both large quasi-static channel con-
ductance modulation and linear pulsed conductance update.
The results are discussed and interpreted on the basis of a
drift-diffusion process for oxygen vacancies. Based on this
experimental study and mechanism understanding, a physical,
numerical and analytical model will be presented in the
companion paper [16].

Il. EXPERIMENTAL DEVICES AND SETUP

Fig. 1(a) shows the sketch of a vertical cross-section of
the ECRAM devices fabricated for this analysis. Source and
drain platinum (Pt) electrodes were deposited via e-beam
evaporation on an insulating silicon oxide (SiOs) substrate
over a silicon wafer. The channel is a 50 nm thick tungsten
oxide (WO,,) film obtained with reactive sputtering deposi-
tion in a low oxygen plasma with Ar:Oy flux ratio of 30:3
standard cubic centimetres per minute (SCCM) injected in
the chamber at 50 W power, and then annealed in vacuum
at 400° C for 15 minutes. The annealing step allowed to
reach the stoichiometric-oxide composition and relatively low
resistivity for device operation. A 10 nm TayOj5 electrolyte
layer and a 20 nm WO, reservoir layer are then deposited
on top of the channel by e-beam evaporation. The oxide
layers fully cover the channel as shown in Fig. 1(b), to
serve as a capping protective layer. A Ti/TiN gate is finally
deposited by e-beam evaporation on top of the cell, as shown
in Fig. 1(c). All patterning steps are performed by optical
lithography techniques. All measurements were carried out
on devices with area W x L = 50 ym x 10 wm. Quasi-static
electrical measurement were performed with an Agilent 4156C
Semiconductor Parameter Analyzer, while pulsed experiments
were carried out with a Keithley 4200A Parameter Analyzer.
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Fig. 4. Channel current Ip transcharacteristic curve measured as a

function of ramp time. Hysteresis area and on-off ratio increase with
ramp time.

[11. QUASI-STATIC CHARACTERIZATION

Fig. 2(a) shows ten consecutive /-V characteristics of an
ECRAM device, with a constant gate bias Vgg = +2V and
alternated bipolar sweep of the drain-source voltage Vpg. The
positive Vs induces an electric field inside the electrolyte
layer that activates V, injection from the reservoir to the
channel [17]. The slope of the channel current, namely the
conductance G, increases with each cycle as a result of the
increase in V,, concentration. In this case a constant V,, injec-
tion rate would result in a continuous conductance increase
with time. Fig. 2(b) highlights the /-V curve measured for a
single sweep indicating a counterclockwise hysteresis under
both polarities. Note that we can neglect the electric field
across the channel length ~ 0.1V/10 um, which is much
lower than the vertical field ~ 1V/10nm in the experiment
of Fig. 2.

A. Gate transcharacteristic

To provide a more systematic analysis of the channel con-
ductance as a function of Vg, we performed transcharacter-
istic measurements, consisting in the application of a voltage
triangular ramp at the gate, while a constant Vpg = 0.1V
was maintained to monitor the drain current. Fig. 3 shows (a)



M.PORZANI et al.: ECRAM MODELING

drain current Ip and (b) gate current I as a function of the
gate voltage Vg s. Several transcharacteristic measurements are
shown, with peak Vg ranging from +0.5 to +2.5V. Total
measurement time was kept constant to 60 s. The current Ip
describes a counterclockwise hysteresis loop, where the hys-
teresis area increases with peak Vs amplitude, as the higher
electric fields allow stronger ion injection/extraction. I can be
attributed to the ionic current related to V,, migration [17], with
a negligible electronic leakage contribution. The measured ion
current scales with Vg amplitude with a clockwise hysteresis
as shown in Fig. 3(b).

These results can be interpreted with a field-induced ionic
drift-diffusion mechanism for V, migration [15], [18]-[20],
where oxygen vacancies can both diffuse isotropically follow-
ing concentration gradient and migrate under the effect of an
external electric field. Ip and I are closely related, since a
large I indicates a large V, injection into the channel, leading
to a steep increase of channel conductance GG. The large swings
in channel G are attributed to the migration of a large quantity
of V,, from the reservoir to the channel and viceversa.

Fig. 3(c) shows measured G as a function of the computed
injected charge QQ¢, given by:

Qu(t) = /0 To(t)dt, 0

that, if electronic leakage is neglected, can be used to ap-
proximate the total amount of V, injected in the channel
volume. All measurements almost overlap, suggesting that
the plot refers to a channel material property independent to
applied Vgs. The curve spans several orders of magnitude
in conductance modulation for a linear total charge injection,
thus suggesting a highly non-linear dependence between the
total oxygen vacancy concentration in tungsten oxide and its
electrical conductivity [21]-[23].

Fig. 4 shows Ip hysteresis for increasing ramp time, for
a given maximum Vg peak. Hysteresis area increases with
increasing ramp time, with both higher peak current and lower
depression current, thus resulting in an increased on/off ratio.
This behavior is expected from a drift-diffusion interpretation
of V, migration in the device. Indeed, the balance between
diffusion and drift-induced V, injection that gives the char-
acteristic hysteresis shape is strongly dependent on the time
duration of the applied electric fields.

B. PUND transcharacteristic

Fig. 5 shows (a) channel current /p and (b) gate current
I for a Positive Up, Negative Down (PUND) measurement
[24] [25] consisting of two positive triangular half-waves
followed by two negative triangular half-waves applied at the
gate (see inset of Fig. 5a). All half-waves are 30 s long and
five consecutive cycles are shown. The first positive half-
wave features a low-to-high Ip transition on the rising ramp,
corresponding to a significant I peak due to V, injection.
The falling ramp presents a slightly decreasing current level,
as the electric fields decrease with decreasing Vg, thus
resulting in some back-diffusion and consequent decrease of
V, concentration. The second positive half-wave does not

VGS [V]

Fig. 5. Positive Up, Negative Down (PUND) quasi-static characteristic
consisting of two positive voltage ramps followed by two negative voltage
ramps as displayed in the inset of (a). Measured (a) Ip and (b) I for
a 2V gate peak, 60 s ramp time.

significantly change the conductive state of the device, since
the channel V, concentration is already relatively large. I
is correspondingly much lower in ramp #2 compared to
ramp #1, since there is little ion migration to contribute to
the measured current. Ramp #3 with negative Vg results
in a significant drop of conductance, or depression, due to
large extraction of V, from the channel, while ramp #4
only partially depresses an already V,-depleted channel. Once
again, a high conductance depression is linked with a relatively
large gate current observed in Fig. 5(b).

It is also interesting to notice that the measurements of the
first positive and first negative waves (ramp #1 and #3 in Fig.
5), that are associated with the largest extractions of V,, defects,
display the same behavior of a standard transcharacteristic as
in Fig. 3. This can be attributed to the migration of V, between
channel and reservoir, that gives rise to the large hysteresis.

C. Role of the reservoir

To study the role of the reservoir layer in the quasi-static
characteristic of the ECRAM, we conducted experiments on
ECRAM devices without the reservoir layer as shown in the
schematic cross-section structure in Fig. 6(a). The devices
were fabricated on a companion chip to the main ECRAM chip
measured in this paper. All fabrication steps were identical
and performed in the same deposition session, to minimize
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Fig. 6. Characterization of an ECRAM without reservoir. (a) Schematic
illustration of the cross-section of an ECRAM without reservoir layer. (b)
Comparison between the drain current hysteresis curve for ECRAM and
ECRAM without reservoir measured at 2 V peak and 60 s ramp time.

chip-to-chip variability. Fig. 6(b) shows a comparison be-
tween hysteresis transcharacteristics for an ECRAM and its
counterpart without the reservoir layer. The Ip hysteresis is
strongly reduced in the device without reservoir layer. This
behavior can be explained by a lack of V, to be supplied to
the channel during positive voltage injection and the lack of a
physical layer to store extracted V, on negative voltage ramp,
thus resulting in a significantly narrower current window. The
small residual hysteresis can be attributed to the V, exchange
between the channel and the thin electrolyte layer [26].

IV. PULSED EXPERIMENT CHARACTERIZATION

ECRAM application in IMC is crucial because of its linear
weight-update characteristic [13], [27]. The application of
a positive voltage pulse at the gate causes the injection of
just a modest quantity of oxygen vacancies in the channel,
increasing its conductance by a AG amount. Analogously,
channel depression can be achieved with negative pulses.

Fig. 7(a) shows Ip measured during the application of a
train of ten pulses, with Vgg = 1.5V, ¢, = 10 ms and 10 ms
pause between each pulse. Ip increases during each Vg g pulse
application, while it remains approximately constant during
the read phase at Vgg = 0 V, that is performed with the
application of a small Vpgs = 0.1 V to avoid any disturbance
to the conductance state of the channel. Fig. 7(b) shows the
measured G after each pulse, indicating a linear increase with
ten discrete AG steps, where the increment AG is a constant.
The relatively small G window shown in Fig. 7 is a byproduct
of a programming operation with constant Vizg and short ;.
By applying pulses with increasing amplitude, longer pulses
and larger number of pulses, one can achieve a larger on-off
ratio, similar to the quasi-static hysteresis in Fig. 4, where the
much longer time scales coupled with an increasing Vigg ramp
allow large G modulation.

Fig. 8 shows (a) Ip —Ip ref and (b) G—G,..¢ as a function
of Vigs, where Ip .5 and G5 are respectively drain current
and channel conductance reference values measured at the
beginning of the experiment. The slope increases with absolute
voltage amplitude, as the higher electric fields increase V,
injection/extraction in the channel, hence the amplitude of
the modulation. A slight asymmetry between potentiation
and depression is seen. To highlight the features of pulsed
programming we focus on the positive Vg polarity. Fig. 9
shows median AG extracted from multiple pulsed potentiation
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Fig. 7. Pulsed experiment characterization of ECRAM. (a) Measured

channel current I'p for a train of ten programming gate pulses with Vs
=15V, t, = 10 ms and 10 ms between each pulse. (b) Measured
channel G as a function of applied gate pulse, with discrete AG steps.

experiments, varying both amplitude and ¢, duration. Data can
be described by the formula:

AG = At,exp (a kBT> 2

where A = 1.40 x 1077 S/s and a = 0.046 are fitting
constants extracted from the data, ¢, kg and T" = 300 K are
respectively the electron charge, the Boltzmann constant and
the device temperature. Fig. 9 shows that the ECRAM can be
precisely programmed with conductance increase proportional
to the time duration of the pulse and exponentially increasing
with Vgg. Theoretical studies on drifting of ions in solid
matter indicate that the migration rate in oxides depends
exponentially on the voltage as it activates ion-hopping in
the direction of the electric field [18], [19], [28]. Note the
wide range of programmability which makes the ECRAM an
excellent candidate for future applications in IMC. Eq. (2)
provides an accurate approximation of AG in the medium
Vas range and short ¢, regime, which can be used to model
a wide range of conductance modulation. However, at low
and high Vg, and at relatively long programming times, data
shows a deviation from the trend of Eq. (2), which raises the
need for a more accurate description of device operation. This
can be explained by the linearization of the Vi;s dependence
at low fields and the non-linear dependence of conductance on
V, concentration, as discussed in the companion paper [16].

A. Saturation and non-linear behavior

Since a linear AG is a desirable synaptic characteristic
for ECRAM devices in IMC applications [29] [30], it is
important to characterize the limits of the linear model of Eq.
(2). In an IMC architecture to accelerate training of neural
networks, the weights are stored directly in memory arrays
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Fig. 8. Pulsed experiment characterization of ECRAM as a function of
pulse amplitude for ten gate pulses with ¢, = 10 ms and 10 ms pause
between each pulse. (a) Measured Ip —Ip, . (b) Measured channel
G — Gy after each pulse. Ip .y and G5 are reference values
measured at the start of the experiment.

(for example in the channel G of ECRAM), and are updated
with each training cycle [31]. The accuracy of the neural
network is directly related to the programming precision of the
devices, thus the need for reproducible analog programming
in all devices. In particular, an ideal ECRAM described by
Eq. (2) refers to a linear dependence on gate voltage pulse
duration ¢, or number of voltage pulses, that allows for
controlled channel AG update and enables implementation
in IMC structures. Two main non-idealities can be identified
in the experimental characterization of single pulse ECRAM
programming, namely (i) saturation and (ii) non-linearity. Fig.
10(a) shows saturation in the Ip characteristics as a function
of programming time for a Vgs = 2 V, and ¢, = 100 ms.
Current saturation can be explained by large amount of V, in
the channel, causing back-diffusion towards the reservoir, thus
counter-balancing the field-induced injection. After pulse po-
tentiation a decay of the current due to diffusion mechanisms
is observed. The conductance state in our ECRAM devices is
thus semi-nonvolatile, with relevant analogy to the mechanism
of short-term memory in biological synapses [32]. Saturation is
more easily observed at high pulse voltage amplitudes and/or
long programming times, which cause a relatively high V,
concentration in the channel. Fig. 10(b) shows the measured
Ip and Ig for Vgg =1 V and Vpg = 0.1 V as a function
of time. Ip increases with a sharp slope followed by current
saturation in about 15 s of voltage application. The current
level reached with 1V application is similar to the peak
reached for a £1V transcharacteristic in Fig. 3, suggesting
that the device has reached a steady-state regime with a
balance between drift injection and back-diffusion. I5 time
evolution is a superposition of a large ionic current spike at
the beginning, corresponding to the channel potentiation, and
a slow decaying transient where electronic leakage could be
relevant. The very low leakage of few pA can be attributed to
the series resistance of the highly resistive electrolyte layer.

A second non-ideality is the non-linearity. This can be
explained by the non-linear relationship between defect con-
centration and conductance in Fig. 3(c). For relatively large
changes of V,,, the conductance increase displays a non-linear
behavior, followed by saturation at even higher concentrations.
To summarize the effects of these non-idealities, Fig. 11 shows
AG as a function of the pulse number obtained by applying
ten pulses with ¢, = 20 ms at different voltage amplitudes.
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Fig. 9. Characterization of ECRAM pulse programming. Median ex-

perimental value of AG as a function of Vgg pulse amplitude and t,
duration, and linear fitting of the data as described by Eq. (2).
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Fig. 10. Saturation behavior of the ECRAM. (a) Measured Ip for a

2 V amplitude, 100 ms duration sequence of programming pulses. (b)
measured I'p and I for a 120 s constant 1 V gate voltage application.

A constant AG with time implies a constant increase in
conductance with each pulse, hence a linear potentiation
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Fig. 11. AG measured as a function of the pulse number for trains of

20 ms pulses at various voltage amplitudes. It can be appreciated how
for low voltage amplitude, AG is uniform with pulse time, while non-
ideality deviations become nonnegligible at high voltage amplitudes.

characteristic, as observed for relatively low Vgg. At higher
voltages non-idealities become relevant due to the relatively
high V,, injection. At first the non-linearity leads to a positive
increment in AG, followed by a decrease of AG due to the
saturation effects. These phenomena have to be considered for
the design of IMC circuits based on ECRAM.

V. CONCLUSIONS

We presented an experimental study of oxygen-based
ECRAM devices, focusing both on large signal characteristics
and small signal conductance modulation. We have shown
that quasi-static I-V characteristics display a large hysteresis,
and further investigated the role of the reservoir layer and
the behavior under PUND measurements. We qualitatively
linked the gate current hysteresis to the ionic injection in
the channel and its conductance modulation. We presented
pulsed programming characteristics with a large range of
operation, and discussed saturation and non-linearity effects
which characterize the strong-injection regime. These results
provide a comprehensive framework for the understanding and
the modeling of ECRAM devices for IMC applications.
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