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Abstract

M

Memristors have emerged as transformative devices to enable neuromorphic and in-

memory ¢ uting, where success requires the identification and development of materials that

[

can overcomne lenges in retention and device variability. Here, high-entropy oxide composed of

Zr, Hf, Nb, gyand W oxides is first demonstrated as a switching material for valence change
memory. Thi jelement oxide material provides uniform distribution and higher concentration
of oxygen Wacancies, limiting the stochastic behavior in resistive switching. (Zr, Hf, Nb, Ta, Mo, W)

high-en -oxid&based memristors manifest the “cocktail effect”, exhibiting comparable

retention \ﬁ; or Ta,0s-based memristors while also demonstrating the gradual conductance

th

modulation obsegWed in WOs-based memristors. The electrical characterization of these high-

entropy-oxide-b memristors demonstrates forming-free operation, low device and cycle

al conductance modulation, 6-bit operation, and long retention which are promising

for neuromorphic@pplications.
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1. Introduction

Memristors are non-volatile memory devices that offer advantages in high device density,

ultra low plwer, ease of fabrication, and large analog capacity,[H] as well as desirable functionalities

for analog @ ements,'*! and computing applications, including neuromorphic computing, ™!

puting.™> ™4 Particularly, oxide-based memristors, or valence charge memory,
whose resistivity states are determined by the oxygen vacancy distribution in a switching
medium,“%demonstrated successful integration into crossbar array structures with WO,
TaOX/HfOX‘E] TIO’[”] and Al,03/Ti0,..*”" However, memristor technology is still limited by

variability, retention, reliability, and endurance issues, which are inherent in the random nature of

ionic diffu re we suggest the use of high-entropy oxides (HEOs),™® which are multi-metallic
(five or m ically) oxide systems stabilized by increased mixing entropy, as a switching medium
for memristors t;vercome these challenges. HEOs are derived from high-entropy alloys (HEAs),
which for single-phase solid solutions despite the different crystal structures of each

element."™Depending on the atomic radius differences, HEAs can be in a crystalline or amorphous

phase.2%! , HEOs have displayed interesting material characteristics, including a colossal
dielectric g@n 22l high Li-ion conductivity,”®** and low thermal conductivity."™ HEO-based

memris opportunity to engineer the oxygen vacancy migration through enhanced lattice
distortion an ish diffusion effects.*® Moreover, the ability of HEO materials to maintain charge
neutrali ments with different charge valences are mixed,” provides a means to generate

[23,27] [28]

a uniform distribution of oxygen vacancies, and associated reduction in device variability.

In this work, materials with six transition metals (Zr, Hf, Nb, Ta, Mo, W) were selected in
order to combine the successful characteristics of HfO,, Ta,0s5, and WO3 in memristors while using
Zr, Nb, and Mo (elements one row higher in the periodic table) to stabilize the HEO system. WO3-
based memristors exhibit forming-free behavior and good incremental conductance modulation
(analog), but the retention is poor due to the high mobility of oxygen vacancies.? In contrast, HfO,-
based memristors show good retention with abrupt conductance changes (digital) between on/off
states.’” Ta,0s-based memristors present moderate analog conductance changes and good
retention, but with limited on/off ratios.**! HEO systems using HfO,, Ta,0s;, and WO; as switching
mediums are expected to combine the favorable properties of these transition-metal-oxide-based
memristors while overcoming the drawbacks of binary materials through the “cocktail effect” and

high entropy.'”!
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2. Results

(Zr, Hf, Nb, Ta, Mo, W) HEO thin films were deposited by pulsed laser deposition (PLD) in an
amorphou!pHase with varying oxygen partial pressure. The HEO thin films demonstrate a smooth

surface mq as shown in the SEM image of Figure 1a and atomic force microcopy (AFM)

mapping i ith 0.109 nm RMS surface roughness. The spherical particulate observed in

Figure 1a igyassociated with the PLD deposition process. X-ray diffraction (XRD) results (Figure 1c)
show a w peak, suggesting that the deposited thin films are primarily amorphous. The

small obse@k in the reference XRD scan is attributed to the (311) reflection of the (100) Si

substrate co ly observed under grazing incidence conditions.®***! EDS mapping (Figure 1f)
confirms alho eous distribution of the six metal elements that are free of clustering, indicating
a homoge id solution.

Th characteristics of the HEO thin films were investigated to gain insights into the

electronic §tructure of the material. Figure 2a shows the absorption spectrum extracted from

ellipsomet sing the relation, a = 4mk /A, where a, k, A are the absorption coefficient, the
imaginary Mractive index (extinction coefficient), and the photon wavelength, respectively.
The HEO filMs broad optical absorption extending from the near-infrared to the ultraviolet

spectra The optical band gap can be estimated by the Tauc relation ahv = A(hv — Eg)n,
where hv , and n are respectively the photon energy, the optical band gap, a fitting constant
prefactor, and the index representing the nature of interband optical transitions (1/2 for direct
optical trapsitions and 2 for indirect transitions).?***! As depicted in Figure 2b, two indirect optical
band gaps’%

implying ct optical absorption bands. The observed indirect Ey, transition may be
attributed to a“transition between oxygen vacancy (Vo) states and valence band or conduction band.
E4, =2.76 eV is comparable to the band gap of MoOs; and WO;, 2.7~3.2 eV for MoOs or

[36,37]

xtracted for the vacuum-deposited device, Ejq= 0.41 eV and Eg,= 2.76 eV,

The value

2.7~3.5 e 3 depending on deposition techniques, implying the association of these

elements With Vgs. As indicated in Figure 2c, the Tauc fitting plots of the direct transitions all

converge at a siile energy regardless of oxygen partial pressure during thin film deposition,
e

implying tha imary direct optical bandgap of the HEO film is in the range of 5.35-5.40 eV. For

absorptj icient values lower than 10* cm™, an exponential bandtail is observed where the

Urbach ene can be extracted by the formula, @ = agexp(hv/Ey), as shown in Figure 2a.**
0 The Urbach energy in an amorphous material characterizes localized states that may arise from

defects or crystalline disorder. Increasing the oxygen partial pressure during thin film deposition
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increases the optical bandgap and decreases Urbach energy, as summarized in Table 1. The optical
bandgap of the HEO associated with Mo and W decreases with oxygen deficiency, which is similar to
the casew La, Nd, Pr, Sm, Y) HEO materials.”” Additionally, the abrupt reduction of Urbach
energy for artial pressure between 10 mTorr and 30 mTorr suggests a possible recovery of
the crystall en compensation under these thin film deposition conditions.

VV ?calculated the band gap of amorphous (Zr, Hf, Nb, Ta, Mo, W)-based HEOs as a
function o composition with hybrid density functional theory in Figure 3a. The calculated
band gap @oichiometric composition, (Zr,Hf,Nb,Ta,Mo,W),0s, is 3.38 eV and is close to the
measured indirect F;, for the HEO thin films deposited at the oxygen partial pressure of 30 mTorr.
We also m the band gaps of amorphous HEO for oxygen-deficient compositions,
(zr,Hf Nb,T, »0s.,, and find a narrowing band gap with increasing oxygen deficiency, x. The
calculated for x = 0.1667 is comparable to the measured indirect E , of the vacuum-
deposited ilmas, implying off-stoichiometry of our films. Therefore, our calculation results show
that the bmf

decreases i reasing oxygen partial pressure during film deposition, and can be tuned by
varying th

HEO corresponds to the optically measured gap E; of the HEO thin films that

toichiometry.

er explore the origin of Vg in the HEO thin film, XPS (Figure 4) was performed.
Detailed i lon of XPS fitting and decomposed peak positions are presented in Supporting
Information, where Zr, Hf, and Ta spectra exhibit good agreement with their binary oxide for the
lowest catign oxidation state (ZrO,, HfO,, and Ta,0s, respectively) as shown in Figure S1. However,
the Nb, Md® XPS spectra exhibit clear suboxide peaks (less than stoichiometric proportion of

oxygen, wi @ denoted as Nb*", Mo*", Mo®*, and W** in Figure 4) that vary with oxygen partial

pressure. FO Bsition with 30 mTorr oxygen partial pressure, the Nb** peaks disappear, the Mo**
peaks m Mo>* peaks increase, and the W*" peaks strongly decrease. In all cases, suboxide
peaks the 30 mTorr condition, suggesting that Vgs of the (Zr, Hf, Nb, Ta, Mo, W) HEO
that oriMMo and W (and a small amount of Nb) are compensated by the ambient oxygen

gas during meven no distinctive differences were observed in the XPS spectra for the range

of oxygen ressure from a vacuum to 10 mTorr, consistent with the optical characteristics.
The obser gen compensation mechanism is further corroborated by the analysis of the cation
charge ( arge) for the calculated HEO structures (Figure 3b). For the composition of x =
0.1667 in (Zr,Hf,Nb,Ta,Mo,W),0s.,, the charge state of Mo changes the most (the charge state
becomes more negative by 0.7e per Mo on average) while the other cations show negligible change
in their charge state (<0.13e). As the composition gets more oxygen-deficient (x = 0.3333), Mo gains

This article is protected by copyright. All rights reserved.
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more electrons (0.92e per Mo atom) and W also contribute to charge compensation by gaining

electrons (~0.39e¢), consistent with our XPS results in Figure 4.

H!l—gased memristors were fabricated with the structure shown in Figure 1d and 1e with

acteristics presented in Figure 5. Current-Voltage (I-V) characteristics of the HEO-

deposited under a vacuum condition and a 20 mTorr of oxygen partial pressure

N . . .
are showngin Figure 5a and 5b, respectively. The |-V curves demonstrate a shift from the high-

resistance RS) to the low-resistance state (LRS) during the set process (positive voltage

sweep), an@d a subfequent LRS return to the HRS in the reset process (negative voltage sweep). The

resistive switching curves of a reference Ta,0s., device fabricated with the same device structure is

shown in Figure S2c for comparison. An initial electroforming process typically requires a higher set

voltage (reﬂ as forming voltage) than subsequent set processes, which can severely limit the
memtj

size of the or array and make passive memristor arrays impractical.*Y! Moreover, the high
forming vol increase device variability since stochastically and abruptly generated Vo during

the formin@\process may result in random filament formation inside a switching medium. As shown

in Figure Sagandsdb, both the forming (red) and the set (black) curves indicate a forming-free
behavior o :g EO-based memristors, which is desirable for the crossbar array implementations.

This for, havior of HEO-based memristors is distinctive in comparison with the reference

Ta,0s., devic e S2¢, 1.5 V forming voltage), and HfO, devices (2 V of forming voltage).[42]
ntative switching curves of five different devices shown in Figure 5a and 5b

exhibit uniform switching behavior, indicating low variability between devices. A low standard

deviation (h V) is observed from the set voltage distribution collected by 500 set/reset cycles
with 10 divices for memristors with the HEO film deposited in a vacuum (Figure 5c, see

also Figure d S2d for cycle-to-cycle characteristics). Ambient oxygen gas during the HEO
deposition s the variability negatively by increasing a standard deviation (o = 0.080V) while
the on/| jomiszincreased from 6.6 (vacuum) to 13.4 (20 mTorr oxygen) which is attributed to the

increaséHe at the HRS. These results imply that the Vg in the HEO was compensated by
ambient oxg during the deposition, thereby increasing the electrical resistivity.

HEO-basedgmemristors endured up to 70k of switching cycles (Figure 5d), where the on/off

ratio ws 4@ ained more than 15 with a write-verify scheme. Open-loop set-reset testing (Figure
5e) shows tha HEO devices offer gradual analog conductance increments and decrements with
low variation. In the high temperature retention test (Figure S2f), HEO-based memristors maintained

LRS for more than 20 hours at 100 °C Multi-bit per a single memristor is a desirable characteristic for
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neuromorphic computing and high-density memory applications.ml To investigate multi-bit
capability, HEO-based memristors where the film was deposited in 20 mTorr of oxygen partial
pressurWted to utilize the larger on/off ratio that is suitable to store many states. 6-bit (64
levels) op was demonstrated by using the write-verify scheme and following 10’ s of
retention mThe initial voltage for the set and reset pulses are 0.5 V and - 0.5 V,
respect'.eI“ach programming (set or reset) pulse, the device state is checked in the verify
step, wher rent is measured by a 0.1V / 1 ms read pulse. If the current is not within + 0.25

WA of the t uge the programming voltage is incremented or decremented by 0.02 V and the

device is re med. The feedback loop of the write-verify scheme allows the device to operate

in a larger range, since the set/reset voltage pulse amplitudes can be adjusted based on the

S

device resp hereas the set/reset pulses are fixed in the open-loop operations. For the 6-bit
operation, mt current levels separated by 3 pA from 81 pA to 270 pA were used. With the
write-verif e, the device can be programmed to + 0.25 pA of the target levels and maintains
within + gf the target current levels, as shown in Figure 5f. Notably, the HEO-based
memristor d the 6-bit operation without current-limiting transistors or external instruments
for curren

3. Disc

ng results of (Zr, Hf, Nb, Ta, Mo, W) HEO-based memristors may be attributed to

M

the inc ell-distributed Vo concentration originating from the unique properties of high-
entropy materials. Vo in HEO materials can be instantly generated by compensating the charge
imbalance the substituents in an oxygen-deficient environment.”®*?”! Furthermore, HEO

thin films ntionally grown in a vacuum at a low substrate temperature (40 ° in order to

achieve an @ @ deficient amorphous film. The existence of shallow V, states (0.41 eV), the band

gap naﬂ increasing Vo, and the broad Urbach tail, which were verified by optical
charact PS analysis, indicate a high concentration of V, associated with Mo and W in the
HEO f|| iform distribution of Vo may decrease the stochastic behavior in filament
formatlon eads to low variability with forming-free behavior. The resistive-switching
characterl emristors can be explained by the formation and disruption of filaments and can

be describ e Vo continuity equation, the ion hopping model of Mott and Gurney, and Soret

diffusion. re 1d illustrates the filament formation and disruption processes governed by ionic

A

migration. Soret’s diffusion, which depends on a temperature gradient, opposes ionic diffusion

described by Fick’s law. The observed stable 6-bit operation (Figure 5f) and the long retention at 100

°(Figure S2f) may be attributed to the limited V,, diffusion influenced by the sluggish diffusion effect
This article is protected by copyright. All rights reserved.

6



of high entropy materials,”® balancing these two diffusion processes. Moreover, the characteristics
of high-entropy materials offer thermodynamic stability to the device by restraining phase
segregaWtching medium. In the analog conductance update curves of typical memristors,
as applyin cutive set pulses, the conductance increases abruptly at first then increases
gradually. Qupt increase can be interpreted as the sudden connection of two electrodes
by filanenisfemmation dominated by ion drift, while the subsequent gradual increase results from
filament V\Mue to ion diffusion.* The abundant and well-distributed Vo in HEO thin films

may reduceffhe famge of filament connection, resulting in the gradual conductance increase as well

as the form behavior.

4, Conclusm

In tEls woj, an amorphous (Zr, Hf, Nb, Ta, Mo, W) HEO system was proposed and applied to

successfull ate memristor devices. The HEO thin films deposited by PLD result in

homogene@us films for fundamental exploration of memristor behavior, where future development

of produc dly physical and chemical deposition techniques is needed to understand
feasibility tical applications. The HEO thin films demonstrate favorable memristor
characteristi€s neuromorphic applications by exhibiting low variability, forming-free behavior,
gradual ctance modulation, 6-bit operation, and long retention, which are competitive with
the existin the art memristors. The forming-free and gradual conductance modulation are
similar s of WOs-based memristors, while the retention behavior is significantly better

than WOj; and similar to retention advantages offered by HfO,- and Ta,0s-based memristors. These

results sugh the concept of the ‘cocktail’ effect of high-entropy materials are favorable for
combiningaof varying oxide memristor technologies to improve the overall memristor

characteris
materials . Further theoretical guidance and experiments to explore the dependence of oxygen
vacanc t formation on variable HEO mixtures will serve to guide the search for optimum

memrieristics. We conclude that high-entropy oxides offer unique functionality to

out the conventional performance trade-offs associated with binary oxide

overcome | challenges related to the inherent stochastic behavior in memristor
developm
5. Expeyi Section

PLD target preparation: The HEO PLD target was fabricated by SCI Engineered Materials by

vacuum hot pressing (600°C) with equimolar fraction of six transition metal oxide powders (ZrO,,

This article is protected by copyright. All rights reserved.
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HfO,, Nb,Os, Ta,0s, Mo0s;, and WOs). A sintering temperature of 600 °Cwas selected to minimize

evaporation of MoOj; (795°(melting point) and to achieve robust solid target.

Thin film deposition by PLD: (Zr, Hf, Nb, Ta, Mo, W) HEO thin films were deposited on
thermally grown SiO, (100 nm)/Si(100) substrates by PLD at variable oxygen partial pressure to tune
resistive switching characteristics. The substrate temperature was set to 40 °Cin order to achieve
amorphous films to facilitate ionic migration for the memristor switching medium. A KrF excimer
laser (248 nm laser wavelength and 10 nm pulse width) was used with laser pulse energy of 300 mJ
to 500 mJ and 5 Hz repetition rate. Oxygen partial pressure was adjusted from a vacuum (10~ Torr)
to 30 mTorr. Prior to the deposition on the samples, HEO targets were ablated for 1 hour under 100
mTorr of oxygen partial pressure. The deposition parameters were controlled to achieve HEO film
thickness within the range from 5 nm to 10 nm. The position of samples on the substrate heater,
substrate-target distance, target rotation, and a beam area (0.124 cm?, adjusted by optics) were

fixed for all depositions.

Memristor fabrication: HEO thin films were deposited on the SiO,/Si(100) substrates with
lithographically patterned Pd (40 nm) bottom electrode deposited by electron beam evaporation.
After HEO film deposition by PLD, 30 nm of Ta and 40 nm of Pd were patterned and deposited in
sequence for top electrodes with a resulting device area of 2 um x 2 um. Magnetron sputtering and
electron beam evaporation were used for Ta and Pd layer depositions, respectively. Additional Au

pads (700 nm) were similarly deposited to facilitate electrical probing.

Thin film characterization: Spectroscopic ellipsometry (Woollam M-2000) was used to
characterize the film thickness and investigate optical characteristics of the film. For the ellipsometry
fitting, the HEO film was assumed as a Cauchy medium with surface roughness (50 % void content)
and using the Kramers-Kronig relation. For thick HEO films (>200 nm), surface profilometry (Dektak
XT) was used for thickness determination. X-ray diffraction (XRD) was performed by the PB-PSA
mode (parallel beam with parallel slit analyzer) of a Rigaku Smartlab XRD system at grazing incidence
angle (w = 0.59) using a Cu Kay X-ray source. The grazing incidence mode was selected considering
the thin film thickness of the HEO film (182 nm, specially prepared for XRD). For energy-dispersive X-
ray spectroscopy (EDS) mapping, a 660 nm thick HEO film sample was prepared since the depth
resolution of EDS is on the order of 1 um. X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra
XPS system) was performed with 20 eV of pass energy, 0.1 eV of step energy, and sweeping five
times. The peak positions of decomposed peaks and their fitting method analyzed by CASA XPS

software are listed in Table S1.

This article is protected by copyright. All rights reserved.
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Electrical characterization: DC resistive switching characteristics were measured by a
Keithley 4200-SCS Semiconductor characterization system. Consecutive positive (with 1 mA
compliance current) and negative voltage sweeps were applied to the devices for I-V measurements.
National Instruments USB-6259 multifunction data acquisition (DAQ) device and model 1211 current
preamplifier from DL Instruments were used for pulse measurements in Figures 5d-f. For the
endurance test (Figure 5d), a write-verify scheme was used with target currents of 200 pA and 13.3
pA (read by a 0.1V / 1 ms pulse) for LRS and HRS states, respectively. The initial set and reset pulse
voltage were 0.7 V and -1.2 V for set and reset, respectively. The on/off ratio was maintained larger
than 15 during 70k of set/reset cycles. The conductance updates use 50 identical set pulses (0.8 V /3
us) followed by 50 identical reset pulses (-0.93 V / 2 us) without any feedback (Figure 5e) to examine
linearity of conductance behavior. The 6-bit operation data (Figure 5f) used the write-verify scheme

discussed in the main text.

[ 4
Computational details: To obtain the electronic structure of amorphous (Zr,Hf,Nb,Ta,Mo,W)-

based higlkentropy oxides with varied composition of oxygen, we performed first-principles
calculations based_on hybrid density functional theory (DFT) using the projector augmented wave
(PAW) method I and the Heyd-Scuseria-Ernzerhof (HSEO6) functional,*”! as implemented in the
Vienna Ab initio Simulation Package (VASP)."®*> The employed pseudopotentials include the Zr
4sz4p655 5 s’5d”, Nb 4sz4p65524d3, Ta 6s°5d°, Mo 5s?4d*, W 6s%5d*, and O 2522p4 electrons in
the val a plane-wave cutoff energy of 400 eV. The amorphous (Zr,Hf,Nb,Ta,Mo,W),0s_,
structure was generated by the melt-and-quench method of ab initio molecular dynamics

[51]

simulation We flrst modeled the initial cell structure of crystalline (Zr,Hf,Nb,Ta,Mo,W),0s alloy

with eqwmo ar cation composition using the 42-atom supercell where the alloy randomness is

) [52]

modeled aI Quasi-random Structures (SQS), generated with the Alloy Theoretic

Automated (ATAT).B3 We then annealed the initial cell at a temperature of 4000 K for 18 ps

-Hoover thermostat,®***! and subsequently cooled down to 1000 K with a cooling rate
fter the melt-and-quench step, a damped molecular-dynamics simulation was
o optimize the unit cell shape and atomic positions with a maximal force criterion of
0.02 evm nonstoichiometric composition, i.e. (Zr,Hf,Nb,Ta,Mo,W),04533 and
(Zr,Hf Nb,Ta,M0o,W),046¢,, we removed oxygen atoms from the initial stoichiometric cell, and

morphous structures by using the molecular dynamics simulations with the same

parameters for the stoichiometric composition. The final crystal structures of the amorphous

(Zr,Hf Nb,Ta,Mo,W),0s., (x = 0, 0.1667, 0.3333) are shown in Fig. S3a-c. The radial distribution

function of atomic bonds in Fig. S3d show the disorder of the atomic geometry. For the obtained

This article is protected by copyright. All rights reserved.
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amorphous structures of (Zr,Hf,Nb,Ta,Mo,W),0s.,, we performed hybrid density functional theory
calculation using the HSEO6 functional to correct for the underestimated band gap. The amount of
Hartreew exchange was set to 25% and a 2 X 2 X 2 ['-centered Brillouin-zone was used
for sampli rids. The charge density was analyzed by using the Bader charge analysis codes

to assign t e associated with each atom.”®*”

c d
8
o Top Electrode (Pd 40nm)
I [o}
%' ki Top Electrode (Ta 30nm
0= %‘ : e e o
&= HEO Film + Substrate
E
Substrate] Boftom Electrode (Pd 40nm)

-8 0 40 80 Si0,/Si Substrate
20 (degree)

Figure 1. haracterization for samples deposited in a vacuum. a) A SEM image HEO thin film. b) A height
profile of AFM mapping. The film thickness is 4.5 nm. c) Grazing incidence XRD 2-theta spectra of a HEO thin film and a
reference substrate. d) A device structure of HEO-based memristors. lonic migration processes driving filament
formation ar!disruption are illustrated in the schematic. e) A SEM image of a HEO-based memristor from a top view. f)

EDS element f HEO film. The white scale bar represents 300 nm.
e

a b c

~10° —— . T . —— 7

E ‘,‘EU= 78 meV . (\"é‘ 1 mTorr
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Figure 2. Optig aracteristics of HEO thin film with Tauc and Urbach analysis. a) Absorption coefficient spectrum of
HEO thin sited in a vacuum. The fitting line for Urbach energy and its value are inserted. b) An indirect Tauc
plot using da p.a). ) Direct transition Tauc plots of HEO thin film deposited in different oxygen partial pressures.

The linear trend linesfor Tauc fittings and their extracted optical bandgaps are inserted.
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Figure 4. XPS s of HEO thin film deposited in a vacuum and in 30 mTorr of oxygen partial pressure.ore level spectra
of Nb 3d, Mo 4f are presented. Oxidation states of metal oxide and corresponding decomposed peaks are
labeled as safe colors
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Figure 3. EIe!ic characterization of HEO-based memristors. a) and b) Overlapped DC resistive switching of five HEO-

based memri e the film was deposited in a vacuum and in 20 mTorr of oxygen partial pressure, respectively.
Forming proce; ed) and representative set/reset cycles (black) are depicted. c) A histogram of the set voltages from
10 in-vacuu 9 in-oxygen (blue) deposited HEO devices (50 cycles per device). The set voltage was defined by

the voltage a 2 current exceeds a threshold current (0.5 mA) during the positive voltage sweep. Mean (m) and
standard devia B) are presented in the figure. d) Endurance test of HEO-based memristors where the film was

i f oxygen partial pressure. e) 10 conductance update cycles of the HEO-based memristor where
ited in a vacuum using 0.8 V / 3 ps set pulses, -0.93 V / 2 us reset pulses, and 0.1V / 1 ms read pulses.
-based memristor where the film was deposited in 20 mTorr of oxygen partial pressure. The
easured by 0.1 V / 1ms read pulse for every 5 seconds.

Table 1. Optical bandgap and Urbach energy of the HEO thin film with varying oxygen partial pressure

Poz (mTC!) Eg1 (EV) Eg2 (EV) EU (mEV)

vacuu 0.41 2.76 78
1 0.47 2.84 78
5 0.56 2.86 77
1 0.61 294 77
30 0.80 3.43 10
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