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Resistive switching devices promise significant progress in memory and logic
technologies. One of the hurdles towards their practical realization is the high forming voltages
required for their initial activation, which may be incompatible with standard microelectronics
architectures. This work studies the conduction mechanisms of Ta20s layers, one of the most
studied material for memristive devices, in their initial, as-fabricated state (“pre-forming”). By
separating this aspect and resolving the current mechanisms, we provide input that may guide
future design of resistive switching devices. For this purpose, Ta20s layers were sputtered on
conductive Nb:SrTiOs substrates. Ta2Os/Nb:SrTiOs structures exhibit diode behavior with an
ideality factor of n=1.3 over 4 current decades. X-ray photoelectron spectroscopy analysis of the
interfacial band offsets reveals a barrier of 1.3x0.3 eV for electrons injected from the
semiconductor into Ta20s. Temperature-dependent current-voltage analysis exhibits rectifying
behavior. While several conduction mechanisms produce good fits to the data, comparing the
physical parameters of these models to the expected physical parameters led us to conclude that
trap assisted tunneling (TAT) is the most likely conduction mechanism. Fitting the data using a
recent TAT model and with the barrier that was measured by spectroscopy fully captures the
temperature dependence, further validating this conduction mechanism.
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I. Introduction

An interface between two dissimilar materials often governs the operation and performance
of many important devices. In oxide electronics, devices are often based on phenomena offered by
oxide interfaces, such as magnetism, ferroelectricity, superconductivity, 2D conductivity and
others®?. Strontium titanate (SrTiOs, STO) and its interfaces have gathered exceptional attention,
which recently focused on their potential for novel devices?*. Current injection through interfaces
of STO with other materials has been the source of significant interest, in the context of devices
such as magnetic tunnel junctions,® photoelectrocatalytic hydrogen production,®” memristors®®
and selector diodes!®!!, Tantalum oxide, or Ta20s-5 (to be referred to as Taz20s for simplicity) is
one of the most studied materials for resistive switching devices'>?° and for diode selector for

resistive random access memory array?.

Electroforming is a one-step process that must take place in resistive switching devices,
which allows it to move from its initial highly resistive state to low resistive state. The forming
voltages are usually much larger than the switching voltages and they are often incompatible??
with the operating voltages required in CMOS technology. Thus, it is desirable to optimize devices
to lower forming voltages or to create a forming-free device??. Defects in Ta20s, such as oxygen
vacancies, play a major role in its electrical behavior,8202324 and they are one of the likely reasons
for the reported dependence of the forming voltage on the stoichiometry of the layer'®. Such defects
also have a profound effect on the conduction mechanism?®. Therefore, understanding the
conduction mechanism may shed light on the defect properties and their electrical manifestation.

In this light, several conduction mechanisms have been considered for this system, including
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Poole-Frenkel emission and hopping between defects on the one hand,?® and defect-less

mechanisms such as thermionic emission and tunneling between electrodes on the other?.

We address this problem by studying the conduction mechanisms in Ta2Os/STO structures.
We employ Nb-doped STO as the substrate owing to its advantage as a back electrode: unlike
semiconductor substrates (e.g. Si), no insulating interfacial layer?” is expected here, simplifying
the analysis.?® In addition, this oxide-oxide interface can be analyzed by spectroscopy to produce
a picture of the energy barriers, which play an important role in the assessment of charge transport

mechanisms.

In this work the electronic structure of Ta2Os/STO interfaces is measured by spectroscopy,
and then correlated with temperature-dependent electronic transport. This work does not address
memristive effects, which are intentionally negligible in the present configuration of the samples,
mostly due to their high oxygen content.® Nonetheless, this configuration mimics the pre-forming
state in Ta20s based memristors, where STO is useful as a well-understood back electrode.
Accordingly, these results may promote the understanding of memristor devices in their pre-
forming regime, provide guidelines for optimizing their design and the design of other devices

such as oxide diodes and selectors.1911

Il. Experimental

Doped (001) STO substrates (0.01% wt. Nb, CrysTec GmbH) were TiO2-terminated using
the ‘extended Arkansas’ method.?® Amorphous Ta20s layers were reactively sputtered (AJA
International ATC 2200) at room temperature using a Ta20s target. A flow of 10:50 sccm O2:Ar

was used at a pressure of 3 mTorr and power of 180 W. Oxygen-rich conditions were chosen to
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reduce the defects and associated memristive behavior,'® in order to provide a simple test case for
the transport analysis. Then 50 nm thick circular Pt top contacts and a 300 nm thick Al blanket
back contact were deposited using e-beam evaporation, with the Pt pads (measured area of 6:10*
cm? using light microscope) deposited through a shadow mask. X-ray photoelectron spectroscopy
(XPS, Physical Electronics VersaProbe III) was performed with monochromated Al Ka source and
a pass energy of 11.75 eV, and analyzed using CasaXPS with a Shirley background. The energy
scale is aligned such as that C 1s peaks are at 285 eV, although no absolute energies are used
throughout the analysis. Current-density voltage (JV) measurements were conducted using

Keithely 2450 source meter instrument, in a shielded box with a home-built heating stage.

Ill. Results

The spectroscopic analysis of the band offsets at the interface is based on comparison of
‘thin’ and ‘thick’ Ta20s layers and a bare Nb:STO substrate.?®32 “Thin’ refers to a layer thin
enough for XPS to be able to acquire information from both the Ta20s layer and the underlying
substrate, and 3.1 and 9.9 nm layers were deposited for the thin and thick samples (£0.5 nm,
measured by ellipsometry), respectively. The Ta 4f spectra of the thin and thick samples were
fitted with a single f-doublet, indicative of predominantly Ta*® (Ta20s) species; the Ti 2p spectrum
of the thin sample (acquired from underneath Ta20s) exhibits a small +3 component in addition to
the major +4 state. A Ta20s band gap value of 4.8+0.3 eV is determined from the electron energy
loss tail near the O 1s of the thick sample, where only Ta2Os is probed. The details of this procedure
were reported elsewhere for atomic layer deposited (ALD) Ta20s films,*® where a value of
Eq=4.5+0.2 eV has been reported, in agreement to the current work and to other reports®*%,

To obtain the Ta20s-STO band offsets, we account for the Ti 2p, Ta 4f and valence band

edge (VBE) spectral regions (Fig. 1a). For the thick (bare) sample, the distance between the Ta 4f
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(Ti 2p) core level and the VBE has been measured, AEtasr-vee (AETizp-vee). It is emphasized that
only energetic distances are used here and the absolute peak positions, although calibrated, are
unnecessary for the analysis. For the thin sample, the energy distance between the Ta 4f and Ti 2p
core levels (AETizp-Ta4f) has been measured. By rearrangement of these differences®:%3" a relative
valence band offset, VBO, of AErtizp-vee - AETi2p-Tasr - AETasr-vee = 0.3 £0.15 eV is determined.
Taking the band gap of STO as 3.2 eV and that of Ta20s as 4.8 eV, a conduction band offset (CBO)

of 1.3£0.3 eV is calculated across the interface (Fig. 1b).
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Figure 1. XPS analysis of the band offsets at Ta2Os/Nb:STO interface. (a) Comparison of the core levels Ta 4f and Ti 2p and the
valence band spectra of thick and thin Ta2Os layers on Nb:STO, and those of a bare substrate. The measured valence band offset is

denoted by thick arrows. Core level spectra are shown after background subtraction. (b) The resulting band diagram, with the

conduction band offset (CBO) denoted by a red bar.

Further analysis of the interfacial electronic properties is performed by current-voltage

measurements. JV measurements (Fig. 2b) exhibit a diode-like behavior with currents below the
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measurement noise at voltages below 0.5 V (positive voltage is defined as positive voltage on the
Pt pad). High current rise rate of 78 mV/decade is determined (Fig. 2b inset), which is in proximity
to the value of 60 mV/decade of an ideal diode, producing an ideality factor of n=1.3. We focus
on the positive voltage region (defined as positive voltage on the top Pt pad) in order to understand
the conduction mechanisms and determine how and whether they are related to the barrier defined
by the Ta20s-STO band offsets (Fig. 1b), whereas the negative voltage behavior is expected to be
governed by the large Pt-Ta2Os barrier. However, no negative voltage currents were observed
above the noise floor, which we ascribe to a possible depletion region in the low-doped STO, upon
which most of the voltage drops. This has no consequence on the positive voltage analysis, where
no depletion layer exists. We note that if the current blocking at negative voltage is indeed caused
by an STO depletion layer, similar current blocking is expected even for the less insulating sub-

stoichiometric Ta oxides, that are typically used in memristors.
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Figure 2. (a) Schematic view of the device structure and (b) room temperature current-density characteristics of Pt/Ta,Os/STO
structures. Inset: linear fitting of the logarithm of the current in the range 0.55-0.9 V, resulting in a current rise rate of 78 mV/decade.
Positive voltage on the Pt gate pad is defined as positive voltage.
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To address the question of the dominant conduction mechanism in positive voltage, four
different mechanisms have been considered: Poole-Frenkel (PF) emission, Schottky-Richardson
thermionic emission (TE), trap-assisted tunneling (TAT) and Fowler-Nordheim tunneling®®
(FNT). JV measurements were conducted at temperatures of 22-80 °C (Fig. 3a). A distinct increase
of the current density is observed with temperature, implying that the conduction mechanism is
temperature-dependent. This observation precludes FNT, which in its most simplified form is
temperature-independent. While both PF and TE conduction mechanisms enable decent fits, these
fits yield permittivity values that are far from anything that can be physically reasonable. As was
recently shown, the extracted parameters of such analyses are strongly dependent of the assumed
flat-band voltage (Vrs), which is necessary for relating between the applied voltage and the field
on the insulator. Following our recent discussion,?® a wide flat-band voltage range of +3 V did not
yield physically plausible values for the permittivity (Fig. S1). This therefore excludes PF and TE
as reasonable conduction mechanisms here.

Trap assisted tunneling (TAT) is a general name that encapsulates many different models
with a wide range of assumptions and variants®®2, A general approach to describe TAT is by a
two-step process, where the electron first tunnels from the injecting cathode (STO here) to a trap
state in the insulator (Ta20s), followed by tunneling of the electron to the anode (Pt here). We first
consider the simplified TAT model proposed by Fleischer et al., that describes the current density

as follows*:

J =2C,N,a¢ -(3E) exp(-A4**E™) @)

where Ct is a slowly varying function of electron energy, Nt the trap density, q is the
elementary charge, ¢t the trap level versus the Ta20s conduction band, A= 4,/2qm*-(34)" ,

m*=0.5mo (Ref *) is the electron effective mass in Ta20s and 7 is the reduced Planck constant.
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The behavior of In(JE) as a function of E is linear (Fig. S2), supporting the validity of TAT and
Eq. (1). Despite the agreement to the data, this model does not capture the temperature dependence
and it assumes a temperature independent tunneling process. Therefore, while Fleischer’s model
provides an indication of TAT, it does not explain the behavior observed in Fig. 3a. More recently
Yu et al. proposed a temperature-dependent TAT picture,* where the Fermi-Dirac distribution is
used to describe the electron distribution in the injecting cathode (STO) (Fig. 3b). To apply this
model to the data, we used the barrier height of 1.3 eV as obtained from XPS (Fig. 1b), an effective
electron mass in the Ta20s layer of 0.5mo (Ref #4), and fitted the trap energy (¢r) of 0.52 V below
the conduction band of Ta20s and a density of 10%° traps/cm?® (see Table S1 for the complete
parameter set). While the electric field across the Ta20s layer is dependent on unknown parameters
such as the band bending in the STO and the flat band voltage*®, in this simulation it is used as a
fitting parameter and hence these parameters are irrelevant by themselves. We note that the field
is assumed to be uniform across the Ta20s layer. Regarding the trap energy, theoretical and
experimental works on several Ta oxide phases reported O vacancy energy levels of 0.6-1.5 eV
below the conduction band,* - in decent agreement with the above. These parameters produce an
accurate fit to the data (Fig. 3a), which captures both the XPS measured barriers and the
temperature dependence. This agreement provides strong indication of TAT and Yu’s model as
the dominant conduction mechanism in the structures studied here. The Tsu-Esaki model was also
considered to explain similar temperature dependent tunneling without an assumption of high
density traps inside the dielectric® %3, However, when the dielectric is thick enough, current flow
near the Fermi level of the insulator dominates the conduction®, and thus no temperature

dependence is expected.
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Figure 3. (a) JV measurements and TAT simulation using the model proposed by Yu et. al*® at temperatures of 25-80 °C, with ¢t
=0.52 V and Nt = 10%° traps/cm?3as fitting parameters and (b) schematic view of this TAT conduction mechanism. The Fermi level
position in the degenerately-doped Nb:STO is near the conduction band minimum.

We note that the sample showed some variability between different pads, which is ascribed
to spatial non-uniformity of the traps in the Ta20s layer.* Nonetheless, for each one of the different
pads, Yu's TAT model successfully captures their behavior, with some variations in trap

parameters, consistent with Ta20s non-uniformity.

The deviation of the currents from the simulated TAT model at VV = 0.9 V may appear to
be the effect of large series resistance, which may result from contacts and instrumentation. To
assess this possibility one of the pads was electrically broken-down, to produce a near-Ohmic
behavior (Fig. S3), resulting in ~4 kQ which we estimate to be a conservative upper bound for the
series resistor. However, even a 10 kQ resistor is expected to produce a negligible deviation of
0.01 V in the voltage drop on the stack, since the current measured at 1 V is above 0.7 pA.

Therefore, series resistance is insufficient to explain this behavior. Alternatively, the active Ta20s
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traps may be filled at high current densities, causing a transition of the conduction mechanism to
one that is based on electrons de-trapping by tunneling to the Pt electrode, which is assumed to be
much less temperature dependent. Further analysis is required for a less speculative description of
this effect.

The identification of the conduction mechanism of as-deposited Ta20s as TAT based on
oxygen deficiency, may help strengthen the understanding of the forming voltage dependence on
the stoichiometry that was published on Ta2Os-based memristors. For example, Skaja et al. have
shown that their pre-forming Ta20s memristors have ~30% higher forming voltage and more than
x2 higher initial pre-forming resistance for near-stoichiometric films, versus oxygen-deficient
ones.’® Wang et al. have studied similar structures with more complex oxygen profiles, and
similarly observed lower initial resistance in the oxygen-deficient films!’ (albeit with higher
forming voltages). From the conduction mechanisms perspective, these observations can be
explained by higher concentration of oxygen vacancy traps in the oxygen-deficient films, that play

a role in the forming process.

IV. Conclusions

This work addressed the electronic properties of Ta20s layers sputtered on STO crystals
with high oxygen content. These structures exhibit rectifying diode behavior. XPS analysis
revealed a conduction band offset of 1.3 eV, functioning as a barrier for electrons emitted from
STO to Ta20s. The positive voltage currents are modeled by TAT mechanism. Using the TAT
model proposed by Yu et al.*> we were able to capture the physical parameters of the conduction,
using the barrier acquired by XPS and including the temperature dependence. The results are
discussed within the context of pre-forming Ta2Os memristor, and comparison to published data

suggest that our observations apply to other works. We note that with devices featuring lower

10
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barriers than that reported here for Ta20s/STO, thermionic emission is expected to play a more

important role.%>%3

V. Supplemental Material

Evaluation of TE and PF as conduction mechanisms, details of Fleischer's TAT model,
derivation of Yu’s model and its parameters, and discussion of the absence of a significant series

resistance can be found in the Supplemental Material.

Data Availability

The entire raw data used to plot the figures of this work is available in an annotated xIsx
file, available in the Supplemental Materials
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