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Fig. 1 (a) Logarithmic current versus voltage (log |-V) characteristics
depending on the oxygen ion concentration of the channel layer. (b)
Repeatable log I-V characteristics at the optimized oxygen concentration
of the channel layer. (c) Comparison of initial current, which is dependent
on the oxygen ion concentration of the channel layer. (d) Various working
pressures during depositing oxygen reservoir layer are optimized based on
the optimized condition of the channel layer. (e) The obtained log |-V
characteristics at the optimized conditions of the channel and oxygen
reservoir layers. (f) Comparison of initial current with varying working
pressures of the oxygen reservoir layer.

To develop 2T- and 3T-ECRAMs, a TiN/WO3/Ta;O5/W struc-
ture is fabricated on a 3D vertical wafer. First, the oxygen con-
centration of the channel layer (WOj3) is optimized (a—c). During
the deposition of WO3 (channel layer), the oxygen partial pres-
sure is varied from 5 % to 20 % to 33 %. At 20 % oxygen partial
pressure, gradual and sequential current changes are exhibited
under an applied voltage bias (b). Moreover, current hysteresis
is observed, which can be explained by the change in total resis-
tance due to the movement of oxygen ions from the WOj; layer
to the Ta;O5 layer. When a positive voltage is applied to the W
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electrode, mobile oxygen ions are attracted from the WOj3 layer
to the TayO5 layer. Thus, oxygen vacancies are generated in the
WOj3 layer, which decrease the total resistance. Subsequently, un-
der a negative bias, the attracted oxygen ions return to the WO3
layer, and the total resistance increases.

In contrast to the 20 % case, at 5 % and 33 % oxygen par-
tial pressures, electric short and insulating characteristics are ob-
served, respectively. In the 5 % case, a significantly high concen-
tration of oxygen vacancies are formed in the WO5 channel layer,
whereas mobile oxygen ions are insufficient in the 33 % case.
Thus, the statistical initial current level is higher in the 5 % case
than in the 33 % case (c).

Next, for the oxygen reservoir (Ta,Os) layer, the working pres-
sure is controlled from 5 mTorr to 10 mTorr to 20 mTorr (d—f).
Because a higher working pressure can lead to a more porous
film, the Ta,O5 layer is optimized to increase the effective inter-
face area between the WO3 and Ta,Os layers®3. Compared with
the lowest working pressure, the higher working pressures (10
mTorr and 20 mTorr) exhibit higher current levels and hysteresis
(d). This is because a more porous Ta,Os5 layer can be formed
at higher working pressures, and it can absorb more oxygen ions
from the WO3; layer. In contrast to the higher working pressure,
mobile oxygen ions cannot be absorbed into the dense Ta;Os
layer, which is formed at the lowest working pressure. The statis-
tical initial current levels for the working pressures are strongly
correlated with the obtained results (f).
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Fig. 2 (a) The log I-V characteristics of TiN/WO3/TayOs/W structure
formed under the optimized fabrication conditions. (b—c) Size depen-
dence is evaluated to confirm bulk switching, which can exhibit gradual
conductance changes. (d) Devices with larger areas exhibit higher initial
current levels.

The area dependence of the TiN/WO3/Ta;Os/W structure is
determined based on the optimized fabrication conditions of the
WOj3 and Ta,0s layers. When the area is reduced, the current
level of the log I-V characteristics also decreases. This implies
that current hysteresis results from the movement of oxygen ions
through the entire interface (bulk switching) and not through a
localized region. In other words, in a larger area cell, more oxy-
gen ions can be attracted to the interface between the WO3 and
Ta, 05 layers.
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Fig. 3 Definition of linearity in potentiation and depression. The linearity
of (a—b) 2T- and (c—d) 3T-ECRAMs is defined as 1/(1+4S) based on the
difference between the measured data and the ideal case.

The dynamic range and linearity of potentiation and depres-
sion are defined to quantitatively compare synaptic characteris-
tics. First, dynamic range, which is the available conductance
range, is defined as the ratio between the maximum and mini-
mum conductance levels. Next, linearity is defined by S, which is
an integrated value of the differences between the measured data
and the ideal case for all conductance levels. Note that all dif-
ferences at any conductance level must be considered because all
conductance levels can be utilized during inference and training
processes. Therefore, linearity is defined as follows:

Linearity =

(1+5S)
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Fig. 4 2T-ECRAM exhibits relatively unstable synaptic characteristics,
such as (a) degraded retention of the maximum conductance level (for
100 s) and (b) fluctuating P/D cycles under 1,200 applied pulses.

2T-ECRAM (TiN/WO3/Ta,Os/W) exhibits relatively unstable
retention and P/D cycles. The maximum conductance level grad-
ually decreases over 100 s. In addition, P/D cycles fluctuate un-
der 1,200 identical pulses. Considering these results, degraded
retention can be explained by the self-diffusion of attracted oxy-
gen ions. Additionally, fluctuating P/D cycles can result from the
influence of interfacial oxide layer. The interfacial layer can be
formed unstably due to self-diffusion behavior. Thus, considering
that conductance is derived from the current flowing through all
layers, including the interfacial layer, conductance can fluctuate
during P/D cycles.
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Fig. 5 (a) Detailed fabrication flow of 3T-eECRAM. (b) Simple illustra-
tion of the fabricated 3T-eECRAM.

To develop 3T-eECRAM, Ti/TiN/Ti/SiO,/Ti/TiN/Ti/SiO, verti-
cal stacks are sequentially deposited on a thermally oxidized 8-
inch p-Si wafer. Ti (10 nm) and TiN (140 nm) layers are used
as the adhesion layer and electrode, respectively. Between the
two TiN electrodes (employed as the source and drain), a 100-
nm-thick SiO, layer is deposited, which implies that the channel
length is deposited as an inter-metal layer. Next, a 1.5 um diam-
eter via hole is formed by a typical dry etching process. A square-
shaped metal contact via is also formed to contact the electrodes
(source and drain). Considering that 3T-eECRAM is fabricated
vertically, the effective cell area is approximately 680 nm x 680
nm (L x W = 100 nm x 4.7 um, where L is the channel length
and W is the channel width). In the via hole, WO3/Ta,05/W lay-
ers are deposited sequentially using a typical sputtering system.
Finally, the fabrication parameters of each layer are optimized to
improve synaptic characteristics, as shown in Fig. 2 and supple-
mentary figures S1-S2.
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Fig. 6 Potentiation and depression characteristics, which are depen-
dent on working pressures during the deposition of the electrolyte layer
(Al,03). A lower conductance level is obtained at a lower working pres-
sure, which leads to a denser electrolyte layer®,

The vertical leakage currents and conductance levels of potenti-
ation and depression can be optimized by controlling the working
pressure during deposition, as shown in Fig. 2¢ and Fig. S6. Con-
sidering that more porous electrolyte layers form at higher work-
ing pressures, the effective interface area between the electrolyte
and channel layers can be increased®™. Thus, a relatively higher
oxygen absorption from the channel layer to the electrolyte layer
can occur in the porous electrolyte layer. Consequently, more oxy-
gen vacancies can be generated, which leads to increased channel
conductance.
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Fig. 7 (a—c) Potentiation and depression characteristics, which are de-
pendent on the thickness of electrolyte layer with (d) the vertical leakage
current. Not only the conductance levels of potentiation and depression
but also the vertical leakage current are decreased when the thickness of
electrolyte layer increases.

With respect to device fabrication, the vertical leakage current
must be prevented because it can cause disturbances during the
measurement of channel conductance. Thus, each layer of 3T
eECRAM is optimized; in particular, vertical leakage current is
successfully prevented by optimizing the electrolyte layer.
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Fig. 8 (a) More stable P/D cycles of 3T-eECRAM can be achieved
by limiting the number of conductance states as 10 (4000 pulses = 10
conductance states x 400 P/D cycles). (b) Statistical plot also exhibits
a reliable distribution of the 400 P/D cycles. In addition, spike-timing-
dependent plasticity is also evaluated for applying a spike neural network
(SNN). (c) Conductance changes can be modulated by applying spike
pulses from pre- and post-synapse with different spike timings (At). (d)
Higher conductance changes are observed as At is reduced.

More reliable P/D cycles can be achieved by limiting the num-
ber of conductance levels. When the number of conductance lev-
els is limited to 10, 3T-eECRAM exhibits more stable P/D cycles.
In addition, 3T-eECRAM can be operated by spike pulses for SNN
applications, providing highly time- and energy-efficient comput-
ing based on spatiotemporal data®.
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Fig. 9 Cyclic voltammetry (CV) of 3T-eECRAM with different thick-
nesses of electrolyte layer ((a) 0 nm, (b) 30 nm, and (c) 60 nm). CV
is measured for all cases between the gate and source; note that CV
indicates ionic motions.

Ionic motion can be investigated based on CV. The peak current
of CV curve is fitted using the Randles-Sevcik equation:

Lyear = 0.4958(Fn)>/(RT) ™2 Ac, (aDyv)/?

where F is the Faraday constant, A is the device area, c, is the ion
concentration, « is the transfer coefficient, R is the gas constant,

T is the temperature, D, is the diffusion coefficient, and v is the
scan rateZ2,
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Fig. 10 Peak current fitted using the Randles—Sevcik equation. It is
compensated by the ion concentration values (c,).

The peak currents of CV can be fitted based on the Randles—
Sevcik equation; the slope of the fitted peak current is propor-
tional to both ¢, and the diffusion coefficient (D,), as shown in
Fig. 4d. Considering that c, is correlated to concentration of oxy-
gen in the channel layer, among Al, A2, and A3, the ratio of c,
can be derived from the results of XPS analysis in Fig. 5. Conse-
quently, the slope of fitted peak current can be compensated by
the ratio of ¢, to extract an influence of only D,. In other words,
¢, of the samples: Al, A2, and A3 is compensated as the same

value, and the slope compensated by c, is proportional to only
D,.
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Data back-up method as another recovery method. (c) Comparison of
energy consumption among all approaches (without data recovery, data
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Even though the inserted electrolyte layer can significantly im-
prove synaptic characteristics, retention is still degraded. There-
fore, recovery methods, such as data refreshing or data back-up,
can be implemented to improve retention. After the synaptic
weight updating process, when synaptic weight is degraded, a
refresh pulse bias, which can update the synaptic weight with
its original weight value, can be applied. In addition, updated
synaptic weights can be saved in other digital memory devices.
Subsequently, before the inference process, the stored synaptic
weight can be uploaded to 3T-eECRAM. The energy consumption
for weight updating is compared based on these recovery meth-
ods, and the data refreshing method consumes the least energy
among the three cases.
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3T-eECRAM consumes significantly less energy than 2T
ECRAM. The energy consumption of each device is approximated
[10.
as*:

E = pulse amplitude x current x pulse width

Compared with 2T-ECRAM, 3T-eECRAM consumes approximately
800,000 and 120 times lesser energy during the synaptic weight
update (Fig. 6¢) and inference processes, respectively.
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Fig. 13 (a) Schematic of the utilized ANN for recognizing the MNIST
data set. ANN has 784, 250, 125, and 10 nodes at input, first hidden, sec-
ond hidden, and output layers, respectively. Compared with 3T-ECRAM,
a higher recognition accuracy (92%) is achieved based on linear P/D cy-
cles of 3T-eECRAM.

To evaluate the influence of the achieved synaptic character-
istics on the system, an artificial neural network (ANN) is con-
structed that can recognize the MNIST dataset’ 12, Compared
with 2T-ECRAM, 3T-eECRAM with linear potentiation and depres-
sion demonstrably achieves an increase in recognition accuracy
from 42.3% to 92% (Fig. 6d).
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Fig. 14 Performance comparison between previously reported O-ECRAM.
As compared with previously reported ECRAM, our 3T-eECRAM exhibits
small dimension, high-speed switching, and feasibility of mass production.

Table summarizes the performance comparison between previ-
ously reported O-ECRAM and our devices. Our device has small
dimension compared with planar structure (4 F?), high-speed
switching characteristics (100 us), and feasibility of mass produc-
tion (4 x 4) compared with the other reported papers 2313114,
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