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THE BIGGER PICTURE Moore’s law has led to monumental advances in computing over the past 50 years.
However, one shortcoming of silicon-based logic and memory devices is their limited temperature range,
typically <150�C. In this work, we present a solid-statememory device that can operate and store information
at temperatures as high as 600�C. Rather than relying on the motion of electrons, this device stores informa-
tion through the electrochemical migration of oxygen ions in transition metal oxides, a process that resem-
bles that of solid oxide fuel cells and batteries. Thismemory device can expand the use ofmicroelectronics in
extreme environments, like deep energy wells, turbine engines, and space.
SUMMARY
Silicon-based microelectronics are limited to �150�C and therefore not suitable for the extremely high
temperatures in aerospace, energy, and space applications. While wide-band-gap semiconductors can
provide high-temperature logic, nonvolatile memory devices at high temperatures have been challenging.
In this work, we develop a nonvolatile electrochemical memory cell that stores and retains analog and
digital information at temperatures as high as 600�C. Through correlative scanning transmission electron
microscopy, we show that this high-temperature information retention is a result of composition phase
separation between the oxidized and reduced forms of amorphous tantalum oxide. This result demon-
strates a memory concept that is resilient at extreme temperatures and reveals phase separation as
the principal mechanism that enables nonvolatile information storage in these electrochemical memory
cells.
INTRODUCTION

Conventional Si-based digital electronics are typically limited to

150�C due to the rise in the intrinsic carrier concentration

with temperature.1 This limitation precludes high-temperature ap-

plications,2 including in aerospace and automotive engines

(150�C–600�C), interplanetary exploration such as Venus

(550�C), and the extraction of petroleum and geothermal energy

from deep wells (300�C–600�C).1 Logic and memory form the

foundation for modern computing. While high-temperature logic

can be developed using wide-band-gap semiconductors like sil-

icon carbide (SiC)3,4 and gallium nitride (GaN),5 as well as

emerging technologies like carbon nanotubes,6 the development

of memory units for such extreme temperatures has been more

challenging. Presently, the only re-writeable memories7,8 that

have retained nonvolatile information above 500�C are nanogap

resistive memory9 and nitride-based ferroelectric memory10,11;
Device 3, 100623, A
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these emerging technologies exhibit limitations such as large cy-

cle-to-cycle variations, destructive read, and/or high switching

voltages.

Electrochemical random-accessmemory (ECRAM)has recently

emerged as a promising solution for analog computing.12–16

ECRAM is a three-terminal memory device that stores and

switches information through ion migration and the resulting

change in valence and electronic conductivity. ECRAM research

is primarily focused on three types of ions: Li+,17–21 H+,22–26 and

O2�27–37; other ions, like Cu+38 and Mg2+,39 have also been stud-

ied. Oxygen-based ECRAM operates by electrochemically trans-

porting oxygen ions (or vacancies) between two mixed ionic and

electronic conducting (MIEC)metal oxideswith a solid electrolyte.

This mechanism allows ECRAM to switch resistance states by

modulating the oxygen concentration in the MIEC metal oxides.

Early demonstrations of oxygen ion ECRAM based on titanium28

or tungsten27 oxides achieved a high density of analog states but
pril 18, 2025 ª 2024 The Author(s). Published by Elsevier Inc. 1
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Figure 1. Binary switching and high-temperature retention of TaOx ECRAM devices

(A) Schematic depicting the structure of the ECRAM device, featuring a stacked configuration of TaOX/YSZ/Ta. This design utilizes an electric field to facilitate the

movement of oxygen ions through the YSZ electrolyte, effectively modulating the oxygen concentration in the TaOX channel oxide to enable the storage of

information through the creation of varying resistance states in the device.

(B) Binary switching behavior from HRS to LRS with one pulse (2 V, 1 s) at 350�C shows an on/off ratio of more than 100.

(C) 50-cycle switching between LRS and HRS with minimal cycle-to-cycle variation.

(D) Write endurance measurements at 400�C show operations for greater than 10,000 write pulses; the read endurance is given in Figure S2.

(E) The retention measurements of two resistance states at 400�C and 600�C for 24 h. At 400�C, the LRS conductance decreased by 5%, and the HRS

conductance decreased by 10% after 24 h; at 600�C, the LRS conductance increased by 5%, while the HRS conductance decreased by 12% after 24 h.

(F) Retention times of various memory devices, including our ECRAMwith TaOX, Pt nanogap devices,9 Al0.7Sc0.3N ferroelectrics,10,11 ReRAMs based on TaOX,
43

and ECRAMs utilizing TiOX
28 and WOX.

40
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suffered from poor state retention times (<1 day at room tempera-

ture). Recently, it was shown that tungsten oxide-based ECRAM

can yield �24 h of retention at 200�C under short circuit,40 which

projects to over 10 years at 85�C. However, this device was con-

structed on single-crystal yttria-stabilized zirconia (YSZ) crystal

substrate and, therefore, not CMOS compatible. Moreover, there

is no clear pathway for operation above 200�C.
In this work, we developed a high-temperature-stable ECRAM

device utilizing amorphous TaOx deposited on a Si/SiO2 sub-

strate that is capable of recording and retaining binary and

multi-level analog conductance states at temperatures up to

600�C. Importantly, we obtain over 24 h of retention at short cir-

cuit at 600�C, a notable advancement in the resilience of electro-

chemical memory devices. We propose that these findings are a

result of amorphous phase separation between the Ta and

TaO1.9,
41,42 which have been shown to facilitate information

retention in TaOx-based resistive memory devices.42 Our correl-

ative transmission electron microscopy shows clear evidence of

this phase separation. Our results demonstrate a promising path

toward the realization of high-temperature analog and binary

resistive memory.
2 Device 3, 100623, April 18, 2025
RESULTS

TaOx-based ECRAM as high-temperature nonvolatile
binary memory
The structure of our TaOX-ECRAM cells consists of a 20 nm

reservoir layer of tantalum, a 140 nm electrolyte layer of YSZ

electrolyte, and a 20 nm channel layer of amorphous oxygen-

deficient tantalum suboxide (TaOX) deposited on SiO2

(500 nm)/Si substrates using sputtering (Figures 1A and S1).

Three Pt current collectors are sputtered using shadow masks

to serve as the gate, source, and drain electrodes. Finally, a

passivation layer of SiNX is deposited to protect the tantalum ox-

ide from moisture and oxygen in the environment.

We switch this device by applying either a positive or a nega-

tive gate voltage (VG), typically +2 V to increase (SET) or �2V to

decrease (RESET) the channel conductance. This applied elec-

trochemical voltage moves oxygen ions between the gate and

the channel, which changes the channel conductance. The

channel conductance depends on the coulombs of ions trans-

ferred, which is given by the time integral of the current; this

makes the channel conductance strongly hysteretic and



A DCB Figure 2. STEM of cross-sectioned ECRAM

devices

The top row shows the high-angle annular dark

field (HAADF) mapping, while the bottom row

shows energy-dispersive spectroscopy (EDS)

mapping. The Ta atom% is plotted as a function of

the depth.

(A) Pristine devices fabricated using a Ta ion

reservoir and a TaO2 channel; this sample was not

annealed at 400�C after fabrication.

(B) In the low-resistance state (LRS), the ion

reservoir is partially oxidized, while a reduced Ta-

rich, O-poor layer is formed at the channel.

(C) The LRS devicemaintains its metal and oxygen

distribution even after short-circuiting the device

for 12 h at 400�C. This coexistence of oxidized and

reduced TaOX compounds over time in both the

reservoir and the channel is consistent with the

composition phase separation of the material and

the nonvolatile information retention of the device.

(D) The HRS state shows that the channel is again

oxidized, while a reduced Ta-rich layer forms at

the reservoir layer.
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therefore dependent on the voltage applied over time. As a

result, ECRAM’s switching mechanism is different from that of

a three-terminal field-effect transistor. During retentionmeasure-

ments, we ground the gate by applying 0 V, short-circuiting it to

the channel. No switch or selector was used in these experi-

ments. All fabrication was conducted at room temperature with

a 1 h annealing at 400�C to improve the crystallinity of the YSZ

but still maintain thermal compatibility with back-end-of-line pro-

cesses. More details can be found in the experimental

procedures.

We initially assess the binary switching behavior. Figure 1B il-

lustrates the SET process, showcasing a >100 on/off ratio differ-

entiating between the high-resistance state (HRS) and low-resis-

tance state (LRS) with ±2 V for 1 s at 350�C. This SET/RESET

switching is reproducible with minimal cycle-to-cycle variation

(Figure 1C). Moreover, the write endurance exceeds 10,000

pulses at 400�C (Figure 1D). The read speed is as short as

1 ms, while the read endurance exceeds 106 pulses (Figure S2).

Figure S3 shows that resistance switching could be obtained

effectively across a broad temperature range of 200�C–600�C,
rendering this technology adaptable for diverse high-tempera-

ture applications. To assess the temperature-dependent switch-

ing, we further conducted a comprehensive examination of tem-

perature’s influence on switching behavior by utilizing a

consistent 2-V, 1-s pulse across a temperature span from

300�C to 550�C (Figure S4). Our findings reveal that the highest

on/off ratios (>100) are obtained for temperatures ranging be-

tween 350�C and 400�C (Figure S5). However, at temperatures

below 300�C, the sluggish oxygen diffusivity in our metal oxides

impedes sufficient ion migration for higher on/off ratios. At tem-

peratures above 450�C, the HRS conductance increases due to

an increase in the electronic conductivity of TaO2 with tempera-

ture and, thus, reduces the on/off ratio. The overall switching

speed is fairly slow due to the high Arrhenius activation energy

of oxygen (>1 eV); however, as seen in Figure S3, the speed in-
creases at higher temperatures due to the increased oxygen

mobility with higher thermal energies.28

We tested the retention of the device under short circuit at

temperatures between 400�C and 600�C. These results show

less than a 12% change in the conductance after 24 h over these

temperatures (Figures 1E and S6). Figure 1F shows a compara-

tive analysis of the retention times between our TaOx-ECRAM

and other high-temperature memory technologies (Figure 1F).

At 600�C, our ECRAM cell has a temperature performance

similar to Pt-nanogap Resistive Random-Access Memory

(ReRAM)9 and Al0.7Sc0.3N ferroelectric capacitors10; a compara-

tive analysis of these devices will be given under discussion.

ECRAMs utilizing TiOx
28 and WOx

40 show substantially reduced

retention compared to the TaOX ECRAM device shown

here. Likewise, filament-based ReRAM devices using similar

materials44 yield substantially lower retention compared to

the TaOX ECRAM cell (Figure 1F). We note that these measure-

ments were conducted in an inert Ar environment with �3 ppm

O2; in an oxidizing environment, the �60 nm SiNX barrier layer

is not sufficient to prevent the TaOx layers from oxidation (Fig-

ure S7). Additional oxygen diffusion barriers would be necessary

for high-temperature operation in more oxidizing environments.

Direct visualization of phase separation in TaOX ECRAM
To shed light on themechanism of the above resistive switching

and retention behaviors in TaOX-based ECRAM, we performed

scanning transmission electron microscopy (STEM) on cross-

sectioned devices. Figure 2A depicts high-angle annular dark

field (HAADF) and energy-dispersive spectroscopy (EDS) map-

ping of Ta L-edge and O K-edge from a pristine Ta/YSZ/TaO2

device. Although the EDS atomic ratios are not fully quantita-

tive, they are consistent with a metallic Ta ion reservoir and a

TaO2 channel based on our deposition recipes. Next, we

consider a device after switching to the LRS (Figure 2B). On

the channel side, we observe an �5 nm reduced Ta-rich layer
Device 3, 100623, April 18, 2025 3
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at the electrolyte/channel interface and a corresponding

�15 nm oxidized TaOX at the reservoir/electrolyte interface.

These results are consistent with the migration of oxygen ions

from the channel layer through the electrolyte in response to

the applied electric field, ultimately reaching the Ta reservoir.

The reduced Ta-rich layer at the channel is also consistent

with the increased conductance of the LRS. Furthermore, elec-

trical measurements of the LRS channel resistance as a func-

tion of the temperature (Figure S8) show very little temperature

dependence, again consistent with a metallic Ta-rich region

observed under STEM (Figure 2B). In contrast, the HRS shows

substantial temperature dependence, which suggests an

oxidized channel consisting of a metal oxide semiconductor

or insulator (Figures 2A and 2D).

The increased thickness of the reservoir may be attributed to

volumetric expansion due to the oxidation of the Ta to TaOX,

while the reduced channel undergoes slight contraction due to

the loss of oxygen ions. Our STEM results provide direct micro-

scopy evidence to show the electrochemical migration of oxy-

gen in ECRAM devices.

We next investigate retention by imaging a different LRS device

after 12 h of short circuit at 400�C (Figure 2C). The tantalum and

oxygen distribution remains essentially unchanged compared to

that observed in the LRS devicewithout this high-temperature an-

nealing (Figure 2B). This observation is consistentwith the stability

of the electrical resistance over this time (Figure 1D). We attribute

this stability to the phase separation of the tantalum and oxygen

within the device, which appears to play a crucial role in retaining

the chemical state and, by extension, the electrical properties un-

der thermal stress (Figure 1E). Specifically, within the miscibility

gap, the oxygen chemical potential of all compositions of Ta

and O is equal (Figure S9), which is discussed in detail our previ-

ous work.42 For this reason, the coexistence of oxidized and

reduced layers in both the channel and the reservoir is a stable

configuration; it will not revert to a single homogeneous film

over time. For the same reason, the oxygen chemical potentials

in the reservoir and channel are equal regardless of the thickness

of the reduced Ta-rich layer in the channel. As a result, oxygen has

no preference to migrate from the gate to the channel or vice

versa, resulting in the retention stability of the device in Figure 1D.

In other words, the long retention of our ECRAM device at high

temperature under short circuit is enabled by the absence of

any chemical driving forces to move the oxygen ions between

the reservoir and channel.

In Figure 2D, we image the HRS after resetting the device. The

channel composition resembles the pristine device shown in Fig-

ure 2A but with a slight increase in the Ta concentration. This

likely accounts for the higher conductance seen in the HRS

(�3 mS at 400�C) relative to the pristine configuration (<0.1 mS).

Conversely, the HRS shows a reduced Ta layer at the reser-

voir-electrolyte interface and an oxidized layer above it, distin-

guishing it from both the pristine and the LRS state. We hypoth-

esize that there is a net transfer of oxygen from the YSZ

electrolyte to the metallic Ta reservoir during the initial heating

process, thereby making the reservoir in the HRS more oxidized

than in the pristine device. However, this oxidation process is ex-

pected to be self-limiting because there is a finite amount of

excess oxygen in the YSZ electrolyte. Figure S10 shows that
4 Device 3, 100623, April 18, 2025
the Ta metal conductance increases when annealed at 500�C
for 100 h. This suggests that the Ta film remains metallic over

this time frame and that the increase in the conductance is likely

a result of increased crystallinity upon annealing.

To further illustrate the role of phase separation, we conduct

cyclic voltammetry between the reservoir/gate and the channel

(Figure 3A). The results show clear oxidation and reduction

peaks corresponding to the SET and RESET of the device.

When a positive voltage is applied to the gate, the positive

gate current indicates that negatively charged oxygen ions are

moved from the channel to the ion reservoir. This results in the

formation of a reduced Ta-rich layer in the channel, increasing

the channel conductance (Figure 3C). However, upon further in-

crease of the voltage, the gate current decreases substantially,

which most likely suggests a depletion of oxygen from the chan-

nel. A similar behavior is observed upon reversing the voltage,

whereby a negative current implies that oxygen moves from

the gate to the channel (Figure 3A), reducing the channel

conductance (Figure 3B). This result is largely repeatable from

one cycle to the next.

The total integrated charge is about 170 micro-coulombs in

each direction, or 5.3 3 1014 oxygen ions. With an estimated

channel volume of 1.7 3 1013 nm3 (500 mm 3 1750 mm 3

20 nm), our results suggest that 30 oxygen ions are transferred

for every cubic nanometer of device volume. Crystalline Ta2O5

has about 50 oxygen ions per cubic nanometer based on a den-

sity of 7.8 g cm�3 and a molar mass of 442 g mol�1. Assuming

that the amorphous TaO2 channel has a similar volume density

of oxygen as bulk crystalline Ta2O5, then the total charge trans-

ferred in the cyclic voltammetry suggests that most of the avail-

able oxygen has been transferred between the channel and ion

reservoir. In contrast, our STEM images only show a partial

reduction of the channel (Figure 2B) because the switching

was only conducted for 1 s.

The cyclic voltammetry sweeps also help us understand reten-

tion mechanisms, which show clear hysteretic behavior (Fig-

ure 3D). According to Figure 3B, there is no electrochemical

gate current at 0 V regardless of whether the channel was previ-

ously reduced (SET) or oxidized (RESET). This result indicates

that there is no migration of oxygen between the gate and the

channel at 0 V and is consistent with the nonvolatility observed

at high temperatures (Figure 1). This result is again consistent

with phase separation, whereby the chemical potentials of the

channel and reservoir are equal, thereby resulting in no electro-

chemical current when the voltage equals 0. In contrast, previous

cyclic voltammetry on a TiO2 ECRAM device shows a more

capacitive profile, where there exists a substantial current at

0 V (Figure 3C). This nonzero current reverses the oxygen migra-

tion forced at positive and negative voltages, resulting in a loss of

information over time.

Analog multilevel switching
In addition to binary switching, our TaOX-ECRAM cells exhibit

analog switching characteristics, which align with the traits

observed in previous room-temperature ECRAM cells.12 This de-

vice attains and sustains 100 analog states through sub-milli-

second pulses at 400�C, as illustrated in Figure 4A. These proper-

tiesmirror those found in other ECRAMsand highlight the device’s
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Figure 3. Cyclic voltammetry analysis of the ECRAM device

(A) Cyclic voltammetry was conducted by cycling the voltage at a rate of 20 mV s�1 while maintaining a constant read voltage of 0.01 V across the channel.

(B) The gate current during the cyclic voltammetry shows clear redox peaks during SET and RESET. There is no electrochemical current at 0 V, consistent with the

absence of an oxygen chemical potential difference between the reservoir and the channel.

(C) The channel current as measured with a 10-mV potential taken concurrently with the gate cyclic voltammetry. During switching (SET or RESET), the channel

current is affected by the electrochemical gate current from (A).

(D) A plot of the channel current against the VG shows a clear hysteresis between the HRS and the LRS after switching, consistent with its role as a nonvolatile

memory.

(E) Cyclic voltammetry data for a volatile TiO2-based ECRAM device from previous work28 show a substantial negative current at 0 V after SET, resulting in

information loss through an electrochemical self-discharge process. This contrasts with the TaOx ECRAM in (B).
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ability for analog matrix multiplications for in-memory computing.

Moreover, our devices show reproducible switching consistent

with previous oxygen-based ECRAM cells.27–29,45 Figures 4B

and S11 show that the ECRAM device manifests analog behavior

across different resistance values spanning from the micro-

siemens to milli-siemens range This reliability and consistency

further substantiate the device’s potential for dependable analog

data manipulation in various computational tasks.

In probing the analog switching behavior across pulse widths

ranging from 500 ms to 4 ms at 8 V (Figure S12A), we observe

linear dependence of analog switchingwith pulsewidth. A similar

behavior has been observed with a negative pulse (Figure S12B).

This indicates that the device’s conductance can be finely tuned

by altering the duration of the applied pulses. Similarly, Fig-

ure S13 shows that the conductance change is also linearly pro-

portional to the pulse amplitude, consistent with previous reports

in ECRAM.28

Finally, we conduct data retention tests for the analog states,

summarized in Figure 4C. These tests show that the analog

states ranging from 20 mS to over 800 mSmaintained stable resis-

tance after 12 h at 400�C. The observed phase separation within
our device contributes to establishment of multiple equilibrium

resistance states.

DISCUSSION

Our study presents a non-volatile ECRAM device concept

based on amorphous, phase-separating TaOX, demonstrating

record ECRAM state retention in both binary and analog

switching modes at temperatures as high as 600�C. The high-

temperature performance is substantially better than that of

commercial floating-gate memory (<150�C). It is also signifi-

cantly better than that of all previously reported ECRAM types,

which are limited to 200�C. Its temperature performance is

comparable to that of recently demonstrated nitride-based

ferroelectric memory11 and Pt nanogap memory.9 Compared

to nitride ferroelectric memory, TaOX ECRAM uses lower volt-

ages (2 V vs. 15 V), can provide analog multi-level states, and

has a higher on/off ratio (100 vs. 3 at 400�C, 3 vs. 1.5 at

600�C). Furthermore, its resistance information state can be

‘‘read’’ without disturbing the device. Compared to the nano-

gap memory, ECRAM has lower voltages (2 V vs. 6 V) and
Device 3, 100623, April 18, 2025 5
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Figure 4. Analog switching and retention characterizations of the ECRAM

(A) Linear and symmetric conductance update in an ECRAM using a series of SET/RESET pulsing cycles of different pulse widths at 400�C (100 pulses, ±8

V, 800 ms).

(B) Small-amplitude analog switching around the many conductance states of the device. The switching alternates between 100 pulses of +2 V and 100 pulses

of �2 V.

(C) Retention test of >10 analog states over a wide conductance window.
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analog multi-level state capability (Figure 4), which can result in

a higher density of information states. We note that these three

emerging memory technologies utilize very different switching

and information retention mechanisms; each device has its ad-

vantages and disadvantages, and are all viable candidates for

high-temperature nonvolatile memory.

Oneweakness of our ECRAMcell is the high write temperature

above 250�C. For low-temperature operations, we envision that

it will be necessary to integrate a localized joule heater, as

demonstrated recently for other oxygen-based ECRAM de-

vices.46,47 Additionally, while the on/off ratio is diminished at

600�C, this is a result of an increased conductance of the chan-

nel layer and could be mitigated by initially making the channel

more oxidized. Further research is also needed to decrease

the size of the device. Recent research has successfully shown

micron- and nano-sized ECRAM devices based on proton24,26

or oxygen ion29 insertion into tungsten oxide using lithography

processes. We anticipate that a similar process can be used to

scale the tantalum oxide devices in this work.

Our STEM and electrochemistry results are consistent with an

amorphous phase separation mechanism to explain the long-

term retention in the TaOx ECRAM. This design rule of using

composition phase separation can also be used to engineer

other types of ECRAMs, such as protonic ones, which have

fast speed but limited retention under short circuit.24,48 While

our previous work also postulated that phase separation enables

information retention in WOX ECRAM,40 this work showed direct

evidence of phase separation using STEM (Figure 2) as well as

operation at much higher temperature (600�C vs. 200�C). More-

over, the persistent coexistence of the Ta-rich and oxygen-rich

regions provides additional evidence of phase separation in

amorphous tantalum oxide within the device. This characteriza-

tion result is consistent with our previous Auger depth profile

measurements, which show that a Ta-rich and oxygen-rich

bilayer film would not mix42; however, unlike in the previous

work, the two layers in this work were created electrochemically

in situ during device operation rather than deposited directly
6 Device 3, 100623, April 18, 2025
from vapor. This work also shows how phase separation can

be harnessed in three-terminal ECRAM devices for high-temper-

ature information storage just as they can be used to store infor-

mation in two-terminal resistive memory based on tantalum ox-

ide42 and on lithium titanium oxide.49,50

Finally, we speculate regarding the possible ultimate switching

temperature of this device. Tantalum oxide is also known to crys-

tallize around 650�C51; this could represent the upper tempera-

ture limit. However, if we can make ECRAM using crystalline

tantalum oxide, then it could point to much higher operational

temperatures. According to the Ta-O phase diagram,52 the

miscibility gap extends to the melting temperature, which ex-

ceeds 1,500�C. In this regimen, the functionality of the other

components, such as the SiNX oxygen diffusion barrier, may limit

the ultimate temperature limit.
CONCLUSION

We present a nonvolatile electrochemical memory that switches

and retains information at 600�C for over 24 h. Our electrochem-

istry and TEM results suggest that phase separation occurs in

the amorphous tantalum oxide channel and that this phase sep-

aration is responsible for the high-temperature stability of this

device. This work shows new concepts that can be used to en-

gineer nonvolatile memory for extreme environments.
EXPERIMENTAL PROCEDURES

Fabrication of TaOX ECRAM cells

The ECRAM devices comprising thin-film YSZ were fabricated using an AJA

Orion 8 Direct current (DC) / Radiofrequency (RF) sputter system (baseline

pressure <5 e�7 torr) using shadow masks on a 1 cm die of Si with 500 nm

of thermal oxide (University Wafers). The first shadow mask (Figure S1A) de-

fines the bottom Pt electrode, which contains 5 nm of Ta adhesion layer and

20 nm of Pt. The Ta adhesion layer was DC sputtered at 100 W on a 3-in Ta

target (99.95% purity; Plasmaterials) under pure Ar (6N purity). The Pt layer

was DC sputtered at 100 W on a 2-in Pt target (99.99% purity, AJA) under

pure Ar. The sputter gas pressure was 3 mtorr.
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The second shadow mask (Figure S1B) defines the three successive oxide

layers: the TaOx channel, the YSZ electrolyte, and the Ta reservoir layer. The

channel, or switching layer, consists of 20 nm of TaOx and was DC sputtered

at 100Wwith the 3-in Ta target and a sputter gasmixture of Ar (6N):O2 (5N) at a

37:3 ratio regulated by mass flow controllers. The sputter gas pressure was

maintained at 5 mtorr with a substrate-to-target distance of approximately

15 cm. The 140 nm YSZ electrolyte was grown by RF sputtering on a 3-in

YSZ target (8 mol % Y2O3 in ZrO2, 99.9% purity, Plasmaterials) using a sputter

power of 150W and 5mtorr of pure argon. The 20 nm Ta gate layer was grown

by DC sputtering on a 3-in Ta target at a sputter power of 100 W in 5 mtorr of

pure argon.

The third shadow mask (Figure S1C) was used to define the top gate con-

tacts. It consists of 30-nm-thick gate Pt current collectors sputtered using

the same process as the bottom contact, except without an adhesion layer.

No additional annealing was performed during the room-temperature sputter-

ing process. Finally, for environmental protection against oxidation, a 60 nm

silicon nitride layer was deposited on the ECRAM device using plasma-

enhanced chemical vapor deposition at 200�C in the Lurie Nanofabrication Fa-

cility via a Plasmatherm 790. The SiNx above the current collectors was etched

using reactive ion etching used a gaseous CF4/O2 mixture at a ratio of 95:5.

The final devices are shown in Figures S1D and S1E. A 400�C anneal at 1 h

was conducted in inert Ar to improve the crystallinity and ionic conduction of

the YSZ electrolyte.

Device measurements

Following fabrication, the cell was tested in a six-probe Nextron MPS-Ceramic

Heater CHH750 probe station. Three of the probes were used to contact the

top gate electrode and the two bottom channel electrodes. The environment

was further regulated by flowing 5N ultra high-purity Ar at a controlled rate

of 87 standard cubic centimeters per minute using an Omega mass flow

controller. A Swagelok check valve maintained the chamber pressure

at z50 torr above ambient pressure, further preventing air backflow. Moni-

toring with a Zirox ZR5 oxygen sensor indicates that the oxygen gas concen-

tration in the chamber is about 3 ppm. The flowing Ar formed a more effective

thermal contact between the heater and chip compared to testing the device in

vacuum.

Retention, cyclic voltammetry, and switching measurements for 1 s or

longer were conducted using a Bio-logic SP300 bipotentiostat with a common

ground. For switching, we applied a ±2 V gate pulse for 1 s or longer; for reten-

tion, we applied 0 V on the gate. To measure the channel resistance, we

applied a continuous 0.01 V across the channel. Switching measurements

with a duration of less than 1 s were conducted using a National Instruments

data acquisition device (DAQ-6358) system, as in previous work.28 For switch-

ing, we applied a square wave between 2 and 8 V for between 0.8 and 50 ms.

The read pulses consisted of 0.1 V pulses applied for 0.1 s after thewrite pulse.

As shown in Figure S8, the current-voltage response of the channel is largely

linear, so the resistance does not depend on the applied voltage. The switch-

ing voltage and duration for each measurement are included in the figure. The

read speed and endurance measurements (Figure S2) were taken using a

Keithley 4200A semiconductor parameter analyzer with a pulse measure unit.

STEM measurements

STEM analyses were carried out using a Thermo Fisher Scientific Talos F200X

G2, a 200 kV scanning transmission electron microscope operating in STEM

mode. Acquisition of STEM images and EDS data employed Velox software.

STEM specimens were prepared utilizing a Thermo Fisher Scientific Helios

G4 Plasma focused ion beam with the final beam condition set at 12 keV

and 10 pA for liftout polishing.
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