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Experimental

Synthesis

A ~50 nm Ta film was firstly deposited on 14m-Si0,/Si substrate by sputtering. After that,
a ~5 nm Fe;0,4 nanocolumn film was assembled on the Ta film by pulsed laser deposition
(PLD) at 300 °C under oxygen partial pressure of 5x10° Torr using laser energy of 250
m] and high laser frequency of 10 Hz.! The Fe30, nanocolumn and Ta film form
nanocolumn Fe3;04-Ta bottom electrode. After cooling down, a ~10 nm Ta,0s film was
further deposited at room temperature under oxygen partial pressure of 1 mTorr. The
laser energy and deposition frequency were set to be 250 m] and 5 Hz respectively. Then,
a continuous Fe304 film was deposited through a shadow mask on top of the Ta;0s film at
300 °C under oxygen partial pressure of 510 Torr with low laser frequency of 2 Hz.
Finally, a Ru contact plug of ~20 nm in thickness was deposited through the shadow mask
on top of the continuous Fe;0, film by sputtering. The shape of the RRAM cell was round

with a diameter of 100 #m determined by the shadow mask.

Characterizations

Thin film X-ray diffractometry (XRD; Bruker D8 Advance) with a Cu K« (1.5418 A) source
was employed to characterize the crystal structure of the Fe30,4 layer. Current-voltage (I-
V) characteristics were measured using Keithley 2635B SourceMeter SMU Instrument
with direct-current (dc) voltage sweeping mode. Temperature-dependent resistance
(RT) measurements were taken using physical property measurement system (PPMS
EverCool-II; Quantum Design). Constant-current mode with an excitation current of 0.1
1A was used for the RT measurements. Transmission electron microscopy (TEM; Tecnai
G2 F20 X-TWIN at 200 kV) analyses were carried out to study the microstructures of the

RRAM cell. Electron energy loss spectroscopy (EELS; Attachment of TEM) was used to



analyze the elemental distribution of the RRAM cell. Cross-sectional TEM sample was

prepared by focused ion beam milling (FIB; Defect Analyzer DA300).

First-principles calculations

Vienna ab initio simulation package (VASP) was used to perform first-principles
calculations based on density functional theory (DFT).? Electron-ion interaction was
modeled using projector augmented wave (PAW) potentials.? Exchange and correlation
effects were approximated using generalized gradient approximation (GGA) with
Perdew-Burke-Ernzerhof (PBE) functional for structural relaxation.* ° It is noted that
HSEO6 functional was further applied for density of states (DOS) and electrostatic
potential calculations.® 7 The effective on-site Coulomb and exchange parameters, U-],
were set to be 1.35 eV and 3.61 eV to describe the Coulomb and exchange interaction of
Ta and Fe respectively.? ° The cutoff energy was set at 400 eV for the plane-wave basis
restriction in all calculations. K-points were sampled under Monkhorst-Pack scheme for
the Brillouin-zone integration.!® All atoms were fully relaxed until the acting forces were
<0.02 eV/A. A self-consistency accuracy of 10 eV was researched for electronic loops.
The simulated lattice constants of an unstrained bulk 2-Ta,0s unit cell are a = 6.24 A, b =

7.35 A and ¢ = 3.83 A.11 The formation energies of interstitial oxygen (0;) in neutral state
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energy of the supercell with an interstitial oxygen, Eior is the total energy of the

corresponding supercell without 0;, #o is the chemical potential of the O atom. The actual

chemical potential #o depends on the surrounding environment, varying from O-rich to O-
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where N is the DFT energy of per Ta atom in metallic tantalum. The #o in O-rich
condition was taken as reference with its upper bound (O-rich) set at 0 eV. The condition
sets the lower bound (0-poor) of #o to be -4.59 eV. The energy barriers for Vo migration
in Ta,0s were calculated by the nudged elastic band (NEB) method as implanted in

VASP.12 After relaxation of the NEB images, the maximum residual forces acting on all

atoms were <0.02 eV/A.

Amorphous Ta;0s model was generated using melt quenching method by first-
principles molecular dynamics as implemented in VASP. Firstly, the crystalline 4-Ta,05
(Taz;0g9) was melted at 6000 K for 9 ps and then cooled down to 300 K with a cooling
rate of 4 K/3 fs. After that, the structure was equilibrated at 300 K for 9 ps. Finally, the
obtained bulk amorphous Tas;0g, structure was fully relaxed until the acting forces on all
atoms were <0.02 eV/A, The mass density of bulk amorphous and crystalline Ta;0s
structure was kept the same (8.2 g/cm3).!! Fig. S11 shows atomic structure of the relaxed
amorphous Ta3;0g (inset) and the corresponding total radical distribution functions. The
characteristic bond lengths for interaction pairs of Ta-0, 0-0 and Ta-Ta agrees well with

literature reports.!3 14

Interface models of vacuum/Ta;0s/Ta (001), vacuum/Ta,0s/Au (111) and
vacuum/Ta;05/Fe30, (111) were constructed by joining amorphous Tas;0g9 and
crystalline slabs of body-centered cubic (BCC) Ta (a = 3.32 A), face-centered cubic (FCC)
Au (a = 4.08 &) and spinel Fe;0, (a = 8.406 A) respectively.! 1516 A vacuum slab of 10 nm
was used in all interface models. Relaxed atomic structures of the three interfaces are
shown in Fig. S2a-cf. Fig. S2d illustrates that the Fe;0, electrode in our experimental
RRAM device is textured in (111) orientation. Thus, the most stable Fe304 Fetet1-01-(111)
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surface termination was used to build the interface model."1” The n-type Schottky barrier

_ Ta205_bulk _ r:Electode_bulk Ta205_bulk
height at the interface was calculated by Pp=E "cpu E F +AV E v and

lecrode_bulk
BTy are the conduction band edge of bulk amorphous Ta;05 and Fermi level of bulk

electrode material (Ta, Au or Fe30,4) respectively and are calculated with respect to the
average electrostatic potential in the corresponding bulk supercell. A is the potential step
form at the Ta,0s/electrode (Ta, Au or Fe30,) interface and is determined by the
difference between macroscopic averages of electrostatic potential in the Ta,0s and

corresponding electrode’s bulk-like regions of the interface model.'®
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Fig. S1 Atomic structure of the relaxed amorphous Tas;0g, (inset) and the corresponding

total radical distribution functions.
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Fig. S2 Interfaces of (a) Ta;0s/Ta (001), (b) Ta;0s/Au (111) and (c) Ta0s/Fe304 (111).

(d) XRD spectrum of a nanocolumn Fe;0,/Ta;05/Fe3;04-Ta RRAM cell with a top Ru
contact plug.
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Fig. S3 Migration energy barrier and path of an oxygen vacancy (Vo) in amorphous Ta;0Os.
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Fig. S4 Current-voltage (IV) characteristic of Fe304/Ta;05 (15 nm)/Ta RRAM cell.
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Fig. S5 (a) Schematic and (b) TEM image of a symmetric Fe30,/Ta;05/Fe304 architecture,

and (c) the corresponding current-voltage (IV) characteristic.



A inert-inert electrode symmetric architecture is demonstrated using Fe;0, as inert
electrodes and Ta,0s as resistive switching oxide. As shown in Fig. S5a-b, two continuous
Fe3;0, electrode layers sandwich the Ta,0s layer forming a symmetric Fe30,/Ta;05/Fe30,4
architecture. Current-voltage (IV) characteristic of the architecture in Fig. S5c shows that
the resistance remains high (5x10° ) and unchanged with a small leakage current below
4x107 A, when applying a voltage <2 V with either positive or negative polarity. It
indicates that no conduction path forms in the Ta,0s sandwiched by two Fe30, inert

electrodes and the symmetric architecture effectively blocks current flow.
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Fig. S6 Resistive switching endurance of (a) asymmetric Fe;04/Ta;05 (10 nm)/Ta and (b)
nanocolumn symmetric-asymmetric Fe;0,/Ta;05/Fe304-Ta RRAM cells. (c¢) Retention

characteristic of the nanocolumn Fe30,/Ta,05/Fe304-Ta RRAM cell at room temperature.
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Fig. S7 (a) Schematic and (b) temperature-dependent resistance (RT) curves for the

nanocolumn Au/Ta,0s/Fe304-Ta RRAM cell in IRS (red circle), HRS (orange dot) and LRS

(purple triangle). (c) Current-voltage (IV) characteristic of the nanocolumn

Au/Ta;05/Fe304-Ta RRAM cell.
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