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Redox-based resistive switching memories (ReRAMssrongest candidates for the next
generation nonvolatile memories fulfilling the era for fast, energy efficient and scalable
green IT. These type of devices can also be ugseskfector elements, alternative logic
circuits and computing, memristive and neuromorgipierations. ReRAMs are composed by
metal/solid electrolyte/metal junctions in whicletsolid electrolyte is typically a metal oxide
or multilayer oxides structures. Here we offer #aative and cheap electrochemical
approach to fabricate Ta/X@s-based devices by anodizing. This method allowgdav high
guality and dense oxides thin film onto a metadlibstrates with precise control over
morphology and thickness. Electrochemical oxideeatevices demonstrate superior
properties i.e. - endurance of at leastfllise cycles and/or 10-V sweeps maintaining a
good memory window with a low dispersionRger andRoy values, nanosecond fast
switching and data retention of at least 46conds. Multilevel programming capability is
presented with bothV sweeps and pulse measurements. Thus, it is sh@awartodizing has
a great prospective as a method for preparatiatense oxide films for resistive switching

memories.

Redox-based resistive switching memories (ReRAMssaongest candidates for the next
generation nonvolatile memories fulfilling the er& for fast, energy efficient and scalable
green IT® These type of devices can also be used for seleleaments’’ alternative logic
circuits and computin§;** memristive and neuromorphic operatiéris-> ReRAMs are
composed by metal/solid electrolyte/metal junctionghich the solid electrolyte is often a
metal oxide or multilayer oxides structures. It dscade ReRAMs have been intensively
investigated to understand in details the switclkingtics and the microscopic

ionic/electronic mechanisms in order to improvergtention and endurance and to optimize
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device performancl Most attractive are the filament type switchingtsyns based on a
change in electrolyte resistance due to the foonadissolution of electronically conducting
filaments that short circuit the metal electrodessding the device from a high (HRS) to a low
resistance state (LRS). Filament formation andoflis®n are the consequence of electrode
redox reactions at the metal/electrolyte interfaan®s of the movement of the ions, generated
by these reactior!y. Depending on the materials used in the devicepeamesses leading to
resistive switching, two types of bipolar ReRAM naes are distinguished: ECMs
(Electrochemical Metallization Memories) and VCM#&lence Change Memories). ECM
cells are related to the oxidation of an activetetele (usually Cu or Ag), movement of
cations into the electrolyte and consequent catiedsction at the inert electrode with the
formation/dissolution of metallic filaments. In thase of VCM cells, resistive switching is
described with the formation of an oxygen deficilament for the SET process that can be
re-oxidized leading to its partial dissolution (RES. Oxygen anions movement is supposed
to be responsible for the resistive switching iesth cells although recently also cations
movement was demonstrated by several authors!

Solid oxide electrolytes for ReRAMSs, are usuallggared by means of atomic layer
deposition, chemical vapor deposition, pulsed ldsposition or RF sputtering>>° Despite
these techniques are largely used for producinig digality thin films for nanoelectronics,
these methods require high/ultrahigh vacuum camatand in many cases the high energy
particles penetrate into the underlying matrix icidg interface mixing of materials. An
alternative way to produce high quality metal ositkethe electrochemical anodizing. This is
a non-vacuum, low-temperature, low-cost processdlt@vs to grow oxide films on the
surface of valve metals (such as Ta, Ti, Hf, Zr, b etc.) and valve metals alloys.
Anodizing is typically carried out in liquid eleotytes where the metal substrate is oxidized
by applying an anodic polarization. The metal aaitf* react with oxygen anions?0O

provided by the electrolyte, thus producing thedan@lm according the reaction:
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M + xH,O > MOy + xH, (1)

The oxide grows by field-assisted transp&rt-(16 — 10 V cmY) trigged by metal cations

and oxygen anions with film expanding at metal/extl oxide/electrolyte interface
depending on transport (transference) number opéncular ions. As shown iRigure la

for the case of anodic formation of ;0&, both ionic species can contribute to the
transport/growth with a cation transport numberTat' reported to vary between 0.14 and
0.32 depending on anodizing conditidfts? Most important, anodizing allows to grow
oxides with well-defined characteristics such askiiess, composition, structure and
morphology by easily controlling operating parametich as formation potential, growth
rate, electrolyte and metal substrate compositfrfs! In the case of anodizing of metallic
alloys, resulting oxide will be a mixed oxide in s the atomic ratio between partner metals
can be different with respect to the underlyingydl depending on transport numbers of
involved cations. To date, there are several papeshich porous anodic aluminum oxide is
used as a matrix for the fabrication of ReRARS* or anodic nanostructured oxides are
used as solid electrolyt&4,%8 but only few papers discuss on ReRAMs devices hiéttnier-
type anodic oxides however not showing some pdati@romises>**%

Here we demonstrate Tabla/Pt system with electrochemically grown,0g showing
superior performance. The devices based on eléanoical tantalum oxide show ultra-fast
switching times i.e. SET time of 20 ns Y&kt = 1.25 V) and RESET time of 165 ns (at
Vreser= - 1.9 V), high endurance of over®i@ycles and retention over“4§. These values
are only limited by the equipment feasibility. Téals can reliably provide multilevel
switching, with finely defined stable resistancéuea and negligible resistance dispersion.
Firstly we have investigated the electrochemicattiens in the system preceding the

resistive switching. Cyclic voltammetry measureme@V) shown in Figure 1b reveal at
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least three different processes. In the first cpdly one redox peak is well-resolved, related
to an oxidation reaction, recorded at positiveagdt ofV; = 2.1 V. This peak merges and is
further not clearly distinguishable during subseduwycles. Within the sweep in the negative
voltage range we observe reduction processes goegs) that appear within the range of +1
V and -1 V. However, no distinguished peak(s) camndsolved and for this reason we mark
this region in Figure 1b b¥,eq, Without indexing. During the reduction proces}@sviously
new species are formed because on the secondvpasiteep scan we detect a new oxidation
peak atv, = 1.3 V. It merges wit; and forms a plateau in the range 1.3 Vto 2.5 V.
Increasing the voltage over + 3 V leads to a foromabf filament i.e. resistive switching. In
order to more clearly distinguish the individuadloz peaks, we used a sweep rate of 900 mV
s, higher with respect to that used in literatunesame measurements with same
materiald!® Several electrode reactions are possible, inctuttia Ta/T4 and O/G™ half-

cell reactions but also those related to moistite:

Ta = Ta** + xe~” 2
202" = 0, + 4e” 3)
20H™ = 1/20, + H,0 + 2¢” )
20H™ + H, = 2H,0 + 2e~ (5)
2H,0 = 0, + 4H" + 4e~ (6)

CVs are classically recorded in a three electradesiguration to exactly identify redox
potential of any peaks with respect to the refegazlectrode potential. In this case, a
reference electrode is not available and it igdiff to identify the exact electrochemical
reaction related to every redox peak. For positséages oxidation of Ta is the most
probable from a thermodynamic point of view withassible further chemical reaction of the

metal cation with & and/or OHto form Ta oxide or hydroxidé® Nevertheless, since all the
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measurements have been performed in ambient atmi@sghe influence of water molecules
bonded on TaPmatrix cannot be excluded, with particular refeeto oxygen reduction

119431 1t is also

reaction to form OHions and water decomposition to form molecular
important to mention that the anodic Ta oxide wedu®r the experiments is much denser
compared to same oxides (and composition) predargdhysical deposition techniques, that
resulted in nanoporous structures which can ehsty water moleculd$” For this reason

we assume that the redox peaks are related taages¢® and 3) rather than to reactions (4-6).
In Figure 2a we show a selected number 6f sweeps of 0consecutive cycles on a single
device. The device shows bipolar, eight-wise svinighvith low switching voltaged/set
ranging between 0.45 and 0.65 V angserranging between -0.55 and -0.65 V. The low
voltage variability proves that the memory devighibits high uniformity in SET and

RESET processes with narrow distribution. As shawfigure 2bRorr andRon are almost
constant with the number of cycles, maintainir@a<Ron ratio > 10, standard requirement
to use these devices for memory applicatféh8y variation of the current compliance we
were able to demonstrate multilevel switching vatheast 9 adjustable resistance levels as
shown in Figure 2c and 2d. By increaslagRon decreases from 3870Q:(= 100pA) to 85Q

(Ic =10 mA) (see Figure 2e). The different resistaradaes are determined by changes in the
thickness of the filament and/or by the changénefdomposition (oxidation state) of both
filament and disc. These resistances were showe gtable and do not vary within the time
of the observation (Figure 2c and 2d).

Further measurements on the device performancstabdity were performed using
rectangular voltage pulses. The samples could lietwd to the LRS as fast as 20 ns at 1.25
V. Also very short RESET times were achieved of ag%t -1.9 V.

The endurance of the devices was tested at SE€9afd.8 V {ser~ 75 ns) and RESET
pulses of -1.2 Vtgeser< 200 ns). The READ operation was performed at@®with 2.5

ms pulse length. The sequence of the cycles wetATRSET, READ, RESET. In these
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experiments we demonstrated endurance better ffarydles without degeneration of the
ON and OFF states (sé&ure 3a).

The retention of the LRS has also been confirmezktat least 105 without any sign of
degeneration as shown in Figure 3b. It has bedormpsed at 20 mV every 20 s with a 100 ms
READ pulse. RESET process was successfully perfomfter every retention test without
any change in the value for tNeeser These performances are comparable to that oldtaine
by devices prepared through sputtering depositionass or even bettéf! The excellent
stability of the current during retention testsiaate that much longer retention times and
endurance can be easily reached by the devices.

The reason for this superior performance of thetedehemical oxide film is originating in

the specifics of the physical properties of thenfipredetermined by the method of
preparation. XRR measurements have shown thatlthelénsity of 8.5 g cilis much

higher compared to $@s films prepared by RF sputtering, reactive sputtgor e-beam
evaporation techniques that vary between 6.2 § and 7.6 g cni.l*

Density is closely related to the transport prapsrof thin films. In general, lower density
(higher porosity) is lowering the ion diffusion #® path of an ion to pass same effective
distance becomes longer and/or related to overgpadditional energetic barriers. Density is
especially important for ReRAMSs regarding effectsmmisture!*! Lower density supports
higher uptake, and higher density — lower uptakemaiisture. The amount of absorbed
moisture significantly changes the ReRAM perfornedfit’”! Moisture is reported to be
essential component in ReRAMs, at least for thefog step****! No unequivocal answer is
given on the question whether moisture is also ssemtial for the following SET/RESET
operations. On the other hand, since Ta is lestertban watel® moisture can promote Ta
oxidation (according to equation 1) i.e. shouldrdase the stability}® The oxidation of Ta is

additionally enhanced by applying a positive voitag the Ta electrode during cycling. Thus,



density appears a factor in ReRAMs influencing tinensport and stability directly
(diffusion), and indirectly (uptake of moisture).

In the ideal case the 7@s should contain some moisture (to enable formirdy@ossibly
support faster switching) but not too much as it affect the stability. From measurements
carried out in vacuum conditions, the electrochami@Os films follow this trend thus
contain enough moisture to allow forming but akssslenough to avoid metal oxidation and
thus, support higher stability for good retentionl dine dispersed multilevel switching.

Thus, we show that electrochemical anodizing slialsle and prospective method for
fabrication of high quality thin oxide films forsistive switching memories.

In conclusion, we have shown superior performarieeTa/TaOs/Pt system based on
electrochemically grown Ta oxide. This method iggested as an alternative way to prepare
solid electrolytes for ReRAM devicdsV cycling and pulse endurances have been
demonstrated for at least*land 16 cycles, respectively with high stability and low
dispersion of SET and RESET voltages and excetlata retention. Stable resistance window
and capability for at least 9 distinguished mwiks have been achieved. Switching times in
the low nanosecond range were demonstrated.

Electrochemical anodizing is a reliable alternatiagy to prepare well defined and cost-

effective solid electrolytes for ReRAM devices.

Experimental Section
Electrochemical oxide growth and devices fabrication: Ta was sputtering-deposited on glass

substrate with a thickness of ~ 280 nm;Qsanodic growth was carried out at room
temperature in a three electrodes cell configunatidh Ta as working electrode, platinum
net with high surface area was the counter eleeterdl a silver/silver chloride/sat. KCI
(SSC) reference electrode (0 V vs. Ag/AgCI = 0.197s. SHE). The anodizing electrolyte

was a borate buffer (0.42 mai HsBOs, 0.08 mol T Na,B,O;) (pH = 8), in which TgOs is



thermodynamically stable according to Pourbaixagdam (relative to Ta-#D at room
temperaturelf’® Two different oxide thicknesses were obtained dnytiolling formation
potentialUg: 20 nm Ug = 10 V vs. SSC) and 40 nid{ = 20 V vs. SSC). The anodic oxide
films are amorphou$? smootf® and uniform in thickness and compositithLayer

density was evaluated by X-Ray Reflectivity (XRR@asurements (PANalytical XPert Pro
with copper anode (Cudradiation A = 0.15405 nm) over the angle range 0.3 — 2.5%. Th
estimated density value of 8.5 g Gimhigher with respect to the densities o§@afilms
prepared through EB deposition or sputtefffigs0 nm Pt top electrode was sputtered on the
anodic films and then structured by photolithogsaphd lift-off processes. The electrode pad
sizes were between 25x25 and 100x{66.

Electrical characterization: CV measurements were performed with a Keithle3068ub-
FemtoAmp Remote SourceMeter in ambient atmosph&fesweeps, retention and
endurance tests were carried out by using a Kgi2ea6 A System SourceMeter. Fast pulse
measurements were performed with a Keithley 4208-S€miconductor Characterization
System. In all the measurements, voltage was apfiéhe Ta bottom electrode with Pt top

electrode grounded.
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Figure 1. (a) Schematic electrochemical growth of anodigOdayer. (b) Cyclic

voltammogram of Ta/20 V T@s/Pt cell recorded with a sweep rate of 900 iV Ehe

measurements were performed in a proper voltaggerépetween -2 V and 3.2 V) in order to
avoid the first SET process in the device.
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Figure2. (a) 1G 1-V cycles related to Ta/10 V T@s/Pt cell and (b) resistance window during
cycling the device. A current compliance of 2 mAsvegplied during this measurement.
Resistances were calculated by Ohm’s law at 0.% kéad voltage for both HRS and LRS
that vary between 6350 and 31Q&nd between 250 and 320respectively. (c),(d)-V

sweeps recorded with different applied current daanpes (between 10 mA and 108). (e)
LRS resistance vs. current compliance relatdeMesweeps shown in (c) and (d).
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Figure 3. (a) Endurance test was performed by applying Z%uises. Switching was carried
out withVsgr= 0.8 V andVgeser=-1.2 V and 0.2 V as read voltage. (b) Retentast for 5
different current compliances applied during th& Skcle preceding the test. A 20 mV pulse
was applied every 20 s as shown in the inset.Ed) @ulse at 0.98 V and (d) RESET pulse at
-1.9 V: switching time was evaluated as the timsveen the voltage rise and the half height
of current rise after the peak related to the dngrgurrent of the cell capacitance.
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