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Abstract: ogllemical random-access memory (ECRAM) is a recently developed and highly
promising ﬁsistive memory element for in-memory computing. One longstanding challenge
of ECRAM is attainiing retention time beyond a few hours. This short retention has precluded ECRAM
from bein red for inference classification in deep neural networks, which is likely the largest
opportunit memory computing. In this work, we develop an ECRAM cell with orders of
magnitudeNonger retention than previously achieved, and which we anticipate to exceed 10 years at
85°C. We hypothesize that the origin of this exceptional retention is phase separation, which enables
the formation Itiple effectively equilibrium resistance states. This work highlights the promises
and oppo to use phase separation to yield ECRAM cells with exceptionally long, and
potenti nt, retention times.

n

1. Introd
In-

puting using analog resistive nonvolatile memory is highly attractive for data-
heavy workflows like artificial intelligence™ ™. By co-locating the memory and processing elements
ona single!evice, in-memory analog computing is potentially much faster and more energy efficient
than optimized digital computers™®. A grand challenge has been to identify the best analog resistive

t the core of in-memory computing; proposed technologies include floating gate

[10,11]

ange memory (PCM)[H], ferroelectric transistors , resistive redox memory

(ReRAM)1Z Y magnetic tunnel junction memory™®. Unfortunately, none of these technologies

have beenf@ble to meet all the demands of in-memory computing.

Wical random-access memory, or ECRAM, is a promising recently developed
device for" analog in-memory computing'’®™*®. ECRAM stores analog information states by

electrochemica!!yihuttling guest dopant ions like lithium ions, protons, or oxygen vacancies

between d-conducting host materials. Like ReRAM, ECRAM also stores and switches
information t ion migration and the resulting change in valence and electronic conductivity;
howev ReRAM, ECRAM contains a solid electrolyte, enabling accurate, linear, and
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deterministic changes in the resistance state. Since research in ECRAM has dramatically increased

from 2017*%? it has met many of the requirements for analog in-memory computing, including

linear & symmetric among hundreds of analog states; low read and write currents, voltages, and

energies; parallel wejght updates?>**:; CMOS-compatible materials with back-end-of-the-line (BEOL)
*s

Y47 [24,28]

thermal bu ; and scaled sub-micron sized devices Recently, sub-microsecond

switching tim een shown using protons-based into polymers®*®, Mxenes", and tungsten
oxides™. Th ents make ECRAM highly promising for on-line training, which aims to
identify tfﬁ cWalog resistance states (or weights) of a network using the training set of pre-
classified datay An even larger application of in-memory computing is inference, which uses a pre-
trained netwhssify new data. Inference is not only simpler to conduct in analog, but is more
ubiquitous b seall distributed devices, including ones with very limited energy budgets, would
use inference

G

y new data.

An mwg challenge that has precluded ECRAM from inference accelerators is
insufficient r iaf, generally only several hours at room temperature®*?" and much lower
thanthe 10y °C benchmark for ReRAM, PCM, and floating gate memory. Moreover, nearly
all retention studies ;tilize an electronic switch that keeps the gate and channel electrodes under

“open circuit;” while this switch can provide several hours of retention in larger devices >10 um,
leakage curre‘s in :Ee switch will preclude retention times in scaled sub-micron devices®. A recent

study using proton-based ECRAM shows only about 100 s retention time due to this
scaling-retenti enge[ZB]. We have previously attempted to solve this problem by replacing
highly mobilefpr nd lithium ions with the immobile oxygen ion'?), effectively creating an “ionic
switch” that c in state under short circuit; however, this device would only retain state for
about 1d nd degrades rapidly to only ~100 seconds at 70°C under short circuit. Due to

these challenges, Migbelieved that ECRAM will not be able to meet the needs of analog inference.

In we demonstrate a nonvolatile ECRAM with a short-circuit retention time
several orders of magnitude higher than previously shown in ECRAM, and can likely meet the 10
years at 85°(Senchmark for binary states. By analyzing the electrochemical currents, we believe
that this unp
poor phases amorphous tungsten oxide materials used in the ECRAM cell. This yields
nonvolatile ¢ @

d retention time arises from phase separation into oxygen-rich and oxygen-

the ion concentration that does not fully reverse upon applying short circuit
conditions after sWitching. Although additional material selection and device engineering are needed

to realize théfrequirements necessary for an inference engine, our work shows that harnessing
phase se provide a powerful means to enable nonvolatiie ECRAM to attain the

necessary W’nes for analog inference.

2. Results an ion
2.1 Tungsten e ECRAM devices

0] cells consist of 50 nm of amorphous tungsten sub-oxide (WQ;y) deposited on
opposite side ingle-crystal yttria-stabilized zirconia (YSZ) substrate using reactive sputtering

(Fig. 1a). Supporting Fig. S1 uses the X-ray diffraction pattern to confirm the WO;x material is
amorphous. Three Pt current collectors are sputtering over shadow masks (Supporting Fig. S2).

[49]

While tungsten oxide can intercalate several ions, YSZ is a well-researched oxygen conductor™ used
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for solid oxide fuel cells and, more recently, applied for ECRAM analog memory devices™332.

Finally, a passivation layer of HfOy is deposited to reduce the oxidation of WO;x with the
environment. Except for the YSZ, all processes are back-end of the line (BEOL) compatible, with

deposition teEperat'es below 200°C. Energy dispersive spectroscopy (Supporting Fig. S3) of this

sub-oxide su a metal to oxygen ratio of 2:5, yielding WOz x where X~0.5. We operate this
device by ap ositive gate voltage (V, Fig. 1a) to potentiate and a negative gate voltage to
depress; duri ion, we ground the gate by applying 0V, short-circuiting it to the channel.

More detaﬂs Wperating principles of ECRAM are given in Supporting Note 1. Because we do
not use a selstor or a switch with nonzero electronic leakage current in series with the gate, as

done in mos earch, our ability to retain state under short circuit can be scaled to smaller

devices'®., O

(o
(3]
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Fig. 1: Tu boxide based ECRAM cell used in this work. (a) Schematic and cross-section TEM
of the WOs;. cell. This cell stores and switches analog information states as the

concentration of oxygen vacancy ions in the channel. (b) Linear and symmetric switching among
many analog Sates. Each pulse applies a voltage of +/- 2 V for 30 seconds. (c) There exists a direct
linear mapping of the conductance at 200°C and the conductance at 40°C.

Like other E 1Is, this device possesses linear and symmetric analog switching, with at least
200 distinct anal0g states (Fig. 1b). This 3X conductance modulation is generally consistent with
other ECRA ork, and is close to the 10X target for in-memory computing™".
density of 1O - is comparable with other ECRAM cells™™, and much lower than that of phase-
change, Re , andgfloating gate memory. The channel conductance, at ~100 uS, is generally higher
than optimal fer in-memory computing”’. However, the channel conductance drops by about an order
of magnitude 200°C to 40°C (Fig. 1c). Because the electron concentration is controlled by
the oxygen m doping level and controlled using electrochemistry, the temperature

dependence likely

The write current

Its from the positive temperature coefficient of electron mobility commonly
ductors like W0O3.P" As a result, while the conductance state should be set at high
nce could be conducted at near-room temperatures with much lower electronic
conductances and consequently improved power efficiencies. Further decrease of the conductance by
at least one order of magnitude can be achieved by simply reducing the width-to-length ratio from
16:1 to 1:1, and would place this cell well within the target of ~1 MQ for analog inference. The
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switching time and temperature can be decreased by reducing the YSZ thickness from ~300 pum to
<1000 nm, as has been shown in our past work!>”),

2.2 Demonstration of Nonvolatile ECRAM

Hamthat we can switch to any resistance state within the range by applying a gate
voltage for a @ ount of time (Fig. 1b), we next investigate the retention behavior under short
circuit. In Figsh2 emmonitor the channel conductance when Vs=0V after the device is set to
different ggsigiameemstates. To our surprise, after a volatile transient response, the conductance

states uItima;Iy settle at different values, and not to a global equilibrium value as shown in other

ECRAMZ>2, t line extrapolation over the last 300 seconds confirms that the channel
conductancesfiare nofjconverging. While we only show five analog states due to experimental time
constraints, idlpate that each switched state in Fig. 1b yields a distinct retention profile and a
different final ance. Whereas applying a gate voltage of OV without a switch to other ECRAM
erases the pr@viglisly@programming resistance state (Supporting Fig. S4), this ECRAM cell shows that

a non-volatile change in resistance can be achieved even under short circuit at elevated
temperatures.

a V =+/-2V V=0V c
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Fig. 2: ECRAI\hn characteristics when the gate and channel are shorted. (a) After setting to

a given state RAM cells will stabilize into one of several different analog resistance states.

Dashed lines ent line constructions that project different conductance values as a function
of time.(b) Retention times held for 24 hours from the low-resistance and high-resistance states. t =
0 hr signify wififlen retention measurements start, which occur after a 1 or 2 hr switching at Vg=%2V.
The tang these retention profiles converges after about 150 hours at 200°C. (c)
ComparisoWon times of W05, ECRAM with filament-based ReRAM™*® and past TiO,-
based ECRAM™. Each different marker shape for HfOy, ReRAM indicates results from a different
paper. The twﬁECRAM retention times at 24 (triangle) and 150 (diamond) hours equals the
time for the ent in (b) and the extrapolated tangent line convergence. Both values likely

underestimate ntion time.

In Fig® e monitor non-volatility over 24 hours at 200°C from the high resistance and the
low resistance state“with Vs=0V. Once again, we observe a volatile transient response and a
nonvolatile response. Interestingly, while the conductance of the high-resistance state is very stable,
there is a slight decrease in the conductance of the low-resistance state over time. We hypothesize
this is a result of slow atmospheric oxidation of the suboxides, despite the HfO, protection layer.

4
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However, even a tangent line extrapolation suggests that the high- and low-resistance states will not
converge until at least 150 hours at 200°C. We note that the slopes of these tangent lines decrease
over time and approach 0. If the tangent line reaches 0, the conductance values will not converge,
and the projIcted rptention approaches infinity. In the absence of atmospheric oxidation, we

anticipate angent line slope will eventually reach 0, and that the cell will exhibit a

permanent c the channel conductance. However, further work will be necessary to confirm
the ultimate imes, especially given the convoluting effects of oxidation.
w¥c he retention time of our WOx-ECRAM with that of other ECRAM cells and with

[

two-terminal ry ReRAM based on HfOy (Fig. 2c). Our retention times are about 3-4 orders
of magnitude highagthan our previous anatase TiO,-based ECRAM cells using a similar single-crystal
YSZ electrolyfe subsffate!®”’
tangent-line ex ated result of >150 hours at 200°C are comparable to that of HfOy-based two-
terminal ReR evices at the same temperature. It is well accepted that these ReRAM devices

tion time at 85°C*3°¢,

. More excitingly, both our achieved retention time of 24 hours and

oG

yield 10 years

We next aimfito project the retention time to lower temperatures. In our device, the low-

Ul

resistance an sistance states do not converge in 24 hours at 200°C, and may never converge.
to directly extrapolate the retention time by measuring when the high- and

low-resistanc@states converge at different temperatures. Instead, we treat the gate electrochemical

Thus, it is no

[

current I; as proportional to the ionic conductivity of the YSZ electrolyte, as shown in previous
work[zsl; inS Fig. S5, we confirm that this gate current / has an Arrenhius relationship with

an activation ual to 1.2 eV. As we will show in the next section, the channel conductance is

d

controlled gral of the gate current /s, or the gate charge Q. As a result, if the ionic
conductivity ulting gate current decreases by a factor of 10, then we expect it will take 10

times longer t certain gate charge Q, and the retention time will be 10 times higher. Because

M

the ionic r SZ has an activation energy of 1.1-1.2 eV (Supporting Fig. S5), we expect that
the gate current at 85°C will be about 6,000-13,000 times lower than that at 200°C. This yields an
expected retgntion time from 24 hours at 200°C to 15-35 years at 85°C. We note that this is
expected to
200°C.

I

r bound, as this only represents an extrapolation for our 24-hr experiment at

D

2.3 Investigati ectrochemical Currents

Q
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Fig. 3 The gate electrochemical charge (Q) and currents (/) during switching and retention. (a) The
gate current is negative when -2V is applied, and rebounds during retention. However, the net
charge transferred Q converges to -140uC even after 24 hours, suggesting a nonvolatile change in
the ion concaptratiog of the channel. (b) A +2V potentiation is applied after the measurements in
(a). Once Met charge transferred after 24 hours once again appears to converge to a
different val sting a nonvolatile change in the channel ion concentration despite the 24
hour retentio ent at short circuit. (c) The electrochemical charge transferred Q directly
maps to tl"ﬁ anductance G, consistent with why both these values are nonvolatile.

To bhderstand the mechanism for nonvolatile ECRAM, we monitor the gate
electrochemic
electrolyte t
equal the electr current passed between gate and channel (via the external programming circuit)
I due to chamce. This electrochemical current /; is proportional to the time derivative of X;

dx;
(lg ~—

electrochemical chafge Q (Q(t) = [ I;(t)dt) describes the net change in the concentration of ions
(4X1) inthec er time.

nt during the switching and retention process. In ECRAM cells containing an

cts ions but blocks electrons, thus ionic current through the electrolyte must

), defied¥as the concentration of oxygen vacancy ions in the channel. Similarly, the

In Fiﬂ monitor the gate current Iz and charge Q during a 1 hour depression (-2V)
followed by retention (0V), during the same experiment as in Fig. 2b. During depression,
15<0 implies th
(Fig. 2b). Bas@d o
and -400 uC of'tha¥ee transferred (Fig. 3a), we estimate the change in oxygen vacancy concentration

@xygen vacancies move out of the channel, decreasing the channel conductance

b Os. film thickness of 50 nm, a planar area of (8 mm)?, a density of 7 g cm™,

to be abo . This is ~1% increase in the oxygen atoms and ~5% decrease in the oxygen
vacancy concen from the initial WO, film (supporting Fig. S3). However, upon applying 0V,

channel, and are responsible for the transient increase in the channel conductance (Fig. 2b). This
electrochemical current rapidly decreases and approaches 0. However, even after 24 hours, Q does
not revert to SSince ‘Q ~ AX;) < 0, the oxygen vacancy concentration at the end of the 24 hours is

lower than the gxygen vacancy concentration before the depression, a result consistent with the

nonvolatile d in the channel conductance G (Fig. 2b). Furthermore, the electrochemical

current I has 0 such a low value that it is unlikely that Q will reach 0. This strongly suggests

that the cell h ed a new, permanent change in the ion concentration (X,), just as it reached a
different valu@ for G in Fig. 2b.

In Whow the same behavior during a 2 hour potentiation at Vg=+2V followed by a

24 hour retention at 0V, taken immediately after the result in Fig. 3b. The channel conductance

during the measurerient was plotted in Fig. 2b. We start Q at -140 uC, continuing from the end of

the depressi n Fig. 3a. In this case, +2V yields a positive current while the following 0V
retention yields 3 ative current. As in the case for the depression in Fig. 3b, the total integrated
charge Q -!l@ he hold is much lower than that of the potentiation, even as the current is
essentially 0. It is again consistent with non-volatility observed in Fig. 2b after potentiation.
In Fig. 3c, we confirm that the conductance of the channel G is effectively only a function of the
integrated gate electrochemical charge Q, and nearly independent of other variables. Therefore,

changes in the charge Q is directly linked to changes in the conductance G.

6
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Summarizing our results in this section, we analyze the electrochemical current on the gate
to show that holding the cell at OV for 24 hours fails to recover the Q that was applied during the
previous potentiation and depression. This provides additional evidence that the change in the
channel condsictancggshown in Fig. 2 results from a non-volatile change in the oxygen vacancy
concentratMe channel.

2.4 Phase sene possible origin of nonvolatility in ECRAM

Havingsshewm a nonvolatile change in the channel conductance G and the ion concentration

X; under shoff circuit, we seek to understand how this nonvolatile ECRAM differs from previously-

demonstrate , Which are all volatile in comparison. Most volatile ECRAM requires an

electronic switch to8how any retention beyond a few seconds. In this section, we propose one
possible mechami or how the nonvolatile ECRAM in this work differ from past volatile ECRAM.In
Fig. 4a,b, we gth ically illustrate ECRAM cells in two states. Fig. 4a shows a state where the
channel ion Wtion X; equals the gate ion concentration X,. Fig. 4b shows a state where
X12X,. The u ing mechanism for all ECRAM devices is that, by applying an electrochemical

voltage pulse, we cafyswitch the cell from state 1 to state 2, as well as to a number of other analog

resistance sta
A

Fig. 4 Pha&on as a proposed mechanism for the nonvolatile changes in channel ion
concentration and electronic conductance. (a-b) Two states are schematically illustrated indicating

the state of the ECRAM cell. X; and X, represent the concentration of ions in the channel and gate,
respectively. (a) State 1 occurs when X;=X, and represents the initial state of the cell that uses the

7
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same material for the gate and the channel. (b) State 2 is the general case where X;#X,, and arises
after switching. (c) If the guest ion chemical potential increases monotonically with the ion
concentration, then only state 1 is in equilibrium, and state 2 will eventually revert to state 1 over
time. This yi*s vol?ile ECRAM. (d) If there exists a plateau in the chemical potential, then both
state 1 an are stable, implying a nonvolatile change in X,. This nonvolatility arises when the
channel mat arates into two or more phases. We note that, from a thermodynamic
perspective, ely is only one equilibrium configuration even in two-phase systems due to
interfacialﬁnMwever, the driving force to equilibrate interfaces is very small and will take

much longergio equilibrate interfaces than to equilibrate compositional differences in a solid
solution.

VoIa@w based on solid solution: In previously demonstrated types of ECRAM, it is
believed that t Is only one equilibrium state. This usually occurs when X;=X, (Fig. 4a). When the
gate and chadhelf@refshorted, the ECRAM cell will revert to this equilibrium state. We propose that
ECRAM cells ire a switch should be considered volatile ECRAM because, under equilibrium,

they will all rmk to a single resistance state in Fig. 4a. One way to rationalize the relaxation of
state 2 to state 1 un@er short circuit is to consider this a diffusion dominated process where ions
migrate from high to low concentrations. Equilibrium is only achieved when X;=X,, yielding a single
equilibrium a@te, and is consistent with drift-diffusion modeling!*®..

A more generalizable framework is to recognize that the mass flux follows the spatial

gradient of t chemical potential u, rather than the gradient of the ion concentration X.
Equilibrium is\aft when the ion chemical potential in the channel u(X;) equals that of the gate
U(Xz). Wh ical potential u(X) increases monotonically with X (Fig. 4c), which is the case
for when the ms a solid solution with the host, this equilibrium condition u(X;) = u(X;) is only
attained whe 5. This results in volatile ECRAM with only a single equilibrium state. We note
that the e f u(X) does not necessarily need to equal that Fig. 4c; rather, it only needs to

monotonically increase (or decrease) with the ion concentration X. For example, organic ECRAM

[57]

operate like @lectrochemical capacitors”” where Q = CV, but the monotonic relationship between

voltage and ¢ uld result in volatile behavior.

Non

HCRAM based on phase separation: As discussed in the previous paragraph, the

thermodynamic®@@tilibrium condition is that u(X;) = u(X,). If this condition can be achieved when
X1#X,, such a the chemical potential profile shown in Fig. 4d, then the switched state B (Fig.
4b) is alsoj ilibrium and will not revert to state A. In fact, there are likely a very large, possibly

continuous, numbergof analog equilibrium or near-equilibrium states (see caption in Fig. 4d for
details). The #at chemical potential profile shown in Fig. 4d is commonly seen in phase-separating
materials sys , Wiere the common tangent construction of the Gibbs free energy yield phase

separation ( g Fig. S6). Such phase-separating systems cannot be modeled using drift-

[39]

diffusion type tions because ions do not necessarily move from high to low

concentrati
WO; chann
origin of nonvolatility (Fig. 3,4). It is well documented in other electrochemical systems like Li-ion

. While phase separation is difficult to probe in amorphous materials like our
result nonetheless suggests that phase separation is a strong candidate for the

batteries that phase separation is responsible for the simultaneous coexistence of ion-rich and ion-

poor regions[BO_GZ]; similarly, in nonvolatile ECRAM, phase separation can yield a gate and a channel

with different ion concentrations (X;#X,) that will not revert to X;=X,. We note that, while phase
8
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separation typically describes the coexistence of two crystal structures, we did not observe any
crystalline diffraction peaks (Supporting Fig. S1). As a result, we hypothesize this phase separation to
occur between two amorphous states with different metal-to-oxygen ratios that coexist in
equilibrium. Recent ggmputational work suggests that there exists amorphous phase separation in
tantalum oHause amorphous materials are not sensitive to diffraction, future work using
more advanc terization techniques will be needed to verify phase separation.

Within this framework, we revisit our experimental results that show both a transient
volatile res-poma nonvolatile response. In Fig. 2b and 3b, the channel conductance G and the
gate charge &e during depression but increases during the 24 hour retention. However, this
transient incr
both Q and

state 2 in that Fig. 4b represents a different resistance than state 1 in Fig. 4a; however, in this case,

=+200 uC) is substantially less than the original decrease (AQ=-380 uC), and

ly settle to a state different from the initial Q and G. This is consistent with

both states a
I
measurement! gins of the long transient response is not clear; some possibilities include the

response is a f phase separation, as u(X;) = u(X,), both at the start and at the end of the

volatile response of all electrochemical double-layer or the nucleation time for phase separation.

Finall e that our description in Fig. 4d does not take into account the requirement to
minimize int spinodal decomposition®®®. In this respect, there may only be one final,

ultimate equi onfiguration. However, to reach this final state, which may not be state 1

libri
(X1=X5), it willfta uch longer than the timescales based on Fickian diffusion, and may not be

reachable in ntal timescales. This process may be analogous to coarsening, which slows
over time unclear how these “coarsening” process will affect the measured electronic
resistance, ma it very difficult to understand the dynamics of reaching this final equilibrium
state.

2.5 Discussion

Nonvmehavior and potentially permanent changes in channel conductance are
paradigm changigg.for ECRAM and nonvolatile memory, especially considering the poor retention of

previous repaf ale. The possibility of an ECRAM cell with multiple nonvolatile resistance states

under short ci ompelling for robust inference engines that operate throughout the lifetime of
a product. Th n of such cells is orders of magnitude higher than past ECRAM research, and
is comparablefto that of HfOy-based ReRAM at 200°C (Fig. 2c). Moreover, this work shows that trying
to find phase separating materials is the key to achieving ECRAM cells with excellent retention times.
Our long Hmes show that applications for ECRAM extend beyond on-line training, as
suggested in ks?3%33] Inference is not only more broadly applicable, but also one where
requirements_like s;ching time, temperature, and endurance are less stringent than for on-line

training.

Wi nonvolatile WOy-ECRAM is highly promising, there are several materials
challenges that e resolved. The first need is to replace a single-crystal YSZ electrolyte used in
this work with a thin-film electrolyte that can be sputter deposited on Si. We have included
preliminary results of a WO;.4x/YSZ/WO;x ECRAM cell with a thin-film electrolyte with evidence of
nonvolatile state retention which is the subject of future work (Supporting Fig. S7); however,

9
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additional work is required to achieve high reliability and reproducibility of this device. Creating a
thin-film device is more practical for CMOS integration, and also substantially reduces the switching
and settling times. Because the changes in the conductance states can be permanent due to phase
separation (Fi. 4d), 'e anticipate thin-film devices will also have excellent state retention, even if

the ionic cu s are higher due to thinner electrolytes. Other tasks include identifying new phase-
separating m ith faster switching and shorter settling times. One such material is the well-
studied SrCo undergoes a phase transition from the Brownmillerite SrCoO,; to the

perovskiteérwse[“]. We anticipate that further developments along these fronts may yield
permanently snvolatile ECRAM that can meet all requirements for analog inference.

3. Conclusion

In thi we develop nonvolatile ECRAM using WO;x where the change in the ion
concentrationgan istance change in the channel is permanent under short circuit. This likely
results from sgparation, whereby the chemical potential of oxygen in the gate and channel are
equal, event eir concentrations differ. Our results demonstrate several orders of magnitude
increase in the retention time compared to past work, and matches that of state-of-the-art filament-
based resisti ry technologies. This work opens a new paradigm for non-volatile ECRAM, as
well as highli ign principle for identifying nonvolatile ECRAM materials.

4. Experimen n

4.1 Fabr n of WO;x ECRAM cells: We purchase 300-um-thick, 1 cm square, single-
crystal yttriuni®ta ed zirconia (8 mol% Y,0; in ZrO,) substrates from MTIXTL and were used

without f g or treatment. We sputter 50 nm of WO; on the gate side through a 8 mm
square shadow sing an AJA Orion-8 sputter system. The target was a 3-inch W target (99.95%
purity) fro aterials (Livermore, CA, USA). The target power was 100 W. To make the sub-
oxide, the was a mixture of Ar:0, at a ratio of 85:15, controlled by mass flow controllers.

The sputter gas pressure was 3 mtorr. The substrate to target distance was about 15 cm.

The Lck gate Pt current collector was sputtered on top of the WO; layer using the
same shadow 4i#8 ithout breaking vacuum. The target was a 2-inch Pt target; the sputter gas was
3 mtorr of pu After depositing both the suboxide and metal layers, we flip the substrate and
deposit the same WO, on the channel side with the same shadow mask. Finally, the two Pt current

collectors onge cEanneI with a different shadow mask (Supporting Fig. S2). This mask has two

square regi ted by 0.5 mm. All shadow masks were made from a 0.13 mm thick stainless

steel shee sing a CO, laser by Stencils Unlimited (Tualatin, OR, USA). All sputtering was
done at roomtemperature; no additional annealing was conducted.

Finally, to ect the cell from environmental oxidation, we use atomic layer deposition to
deposit 35 nm of Hf
plasma/thermal assisted atomic layer deposition at the Lurie Nanofabrication

on the channel side of the ECRAM device. The HfOy layer was deposited using

a Veeco Fiji
Facility. A
ran for 297 cycles, a

deposition was done at 200 °C, using the precursor TDMAH and Argon gas, and
rate of ~1 A/cycle and 24 seconds per cycle. The film thickness was measured
to be ~35 nm (Fig. 1a). While the HfOy passivation layer reduced environmental oxidation, it did not
fully eliminate oxidation at these elevated temperatures, as seen in the long retention
measurements Fig. 2.
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4.2 Device Measurements. After fabrication, the cell was placed in a custom-built, six-probe
Nextron MPS-Ceramic Heater CHH750, environmentally controlled probe station. The two electrodes
on the channel directly contacted the Rh probes. The gate current collector rested on a Si substrate
with 50 nm gf Pt sputtered, and the Rh probe contacts the Pt. The environment was further
controlledMSN ultra high purity Ar at a flow rate of 87 standard cubic centimeters per
minute (scc led by an Omega mass flow controller. A Swagelok check valve was placed to
pressurize th to ~ 50 torr (1 pound per square inch) above ambient, which prevents
backflow g Whe chamber. A portable Zirox ZR5 oxygen sensor showed that the oxygen
concentratiomin the Ar flow gas is about 3 parts per million, and likely caused the oxidation shown in
Fig. 2. We nohwing Ar was much more effectively at forming a thermal contact between the

heater and th@chip,@Qompared to pulling a vacuum.

Device urements were conducted using a Bio-logic SP300 bipotentiostat. Channel was

used to apply até voltage, while channel 2 was used to measure the channel conductance. The
channel con ng® was measured by alternating between +10 mV and -10 mV for 30 or 60

seconds each:ing the average absolute current averaged over 60 or 120 seconds.

43T urements: STEM measurements at the University of Michigan were taken
using a Ther islier Talos F200X G2, a 200 kV FEG scanning transmission electron microscope
operated inN§STEM mode. The Velox software was used for STEM images and EDS data
acquisitions. specimen was prepared using a Thermo-Fisher Helios 650 Xe Plasma FIB.
The final bea

pAdition was set at 12keV 10 pA for the liftout polishing.

TEM b yreparation at Sandia National Labs was performed with a ThermoFisher
Helios Nanolab 660 Dualbeam instrument. The sample was extracted and thinned with 30 kV
Ga’ ions final-polished at 5 kV. SNL STEM analysis was performed with a
monochromate rration corrected ThermoFisher Titan Themis Z operated at 300 kV with a
SuperX E ctor and Gatan Quantum 969 GIF.
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We develop an electrochemical memory synaptic transistor that has potentially
permanent information retention time. This retention time likely arises from phase

separation, which enables multiple states to simultaneously exist in equilibrium.
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