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Conductive filaments play a key role in redox-based resistive random access memory (ReRAM)
devices based on the valence change mechanism, where the change of the resistance is ascribed to
the modulation of the oxygen content in a local region of these conductive filaments. However, a
deep understanding of the filaments’ composition and structure is still a matter of debate. We
approached the problem by comparing the electronic transport, at temperatures from 300 K down
to 2K, in the filaments and in TaO, films exhibiting a substoichiometric oxygen content. The fila-
ments were created in Ta (15 nm)/Ta,05 (5 nm)/Pt crossbar ReRAM structures. In the TaO, thin
films with various oxygen contents, the in-plane transport was studied. There is a close similarity
between the electrical properties of the conductive filaments in the ReRAM devices and of the
TaO, films with x ~ 1, evidencing also no dimensionality difference for the electrical transport.
More specifically, for both systems there are two different conduction processes: one in the higher
temperature range (from 50K up to ~300K), where the conductivity follows a v/T dependence,
and one at lower temperatures (<50K), where the conductivity follows the exp(—1/+/T) depen-
dence. This suggests a strong similarity between the material composition and structure of the fila-
ments and those of the substoichiometric TaOy films. We also discuss the temperature dependence
of the conductivity in the framework of possible transport mechanisms, mainly of those normally

observed for granular metals. Published by AIP Publishing. https://doi.org/10.1063/1.5024504

The resistive switching (RS) phenomenon paves the
way for a new generation of nonvolatile memories, known as
redox-based resistive random access memories (ReRAMs).'
This technology is among the strongest candidates for appli-
cation as storage-class memory, whose purpose is to bridge
the gap between the fast, volatile DRAM, used for memory
and computations, and the slower, non-volatile NAND-
Flash, used for storage.” ReRAMs also appear in the front-
line for application in neuromorphic devices that enable new
paradigms of computing® and, more generally, as memristive
systems, considered a capable building block for future elec-
tronics.* The valence-change mechanism (VCM) is one of
the main models to explain the RS in metal-insulator-metal
structures with transition metal oxides.! This mechanism is
based on redox reactions that modulate the oxygen content
in a local region of an oxygen-deficient conductive filament.
The filament’s conductivity is dependent on its oxygen con-
tent. Although research on VCM systems has led to a better
understanding of the switching mechanism,'” the switching
kinetics,iﬁ and the materials to choose from,’ there are still
open questions that hinder the development of better design
rules for device fabrication. Among these, the composition
and structure of the conductive filaments and their impact on
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the transport in the devices in the different resistive states
are still a matter of debate. Due to the nanoscale dimensions
of the filaments, it proves very challenging to study these
objects using conventional methods for composition and
structure determination. For that reason, we focus on the
electronic transport properties as a tool to gain information
on the filaments. Accordingly, we measured the electrical
transport from 300K down to 2K for different low-
resistance states (LRS) of Ta (15 nm)/Ta,0s (5 nm)/Pt cross-
bar ReRAM devices and compared the results to the ones
from similar measurements performed on thin films of TaO,
with different substoichiometric compositions. In this letter
we show, over the whole temperature range, a clear correla-
tion between the conduction in the filaments and in the TaO,
films with x ~ 1.

The RS proceeds typically between two different resis-
tance states: a low-resistance state (LRS) or “ON” state and
a high-resistance state (HRS) or “OFF” state. This work
deals with the conduction in the LRS, where, according to
most of the existing device models, there is a conductive fila-
ment connecting the electrodes. In general, the conduction in
microstructured devices can be limited by interfacial or bulk
conduction processes. To describe the HRS, the proposed
models are based on the narrowing of the filament (bulk-lim-
ited), such as the quantum point contact model,® or on the
existence of an interfacial barrier (intelrface-limited).5’9

Published by AIP Publishing.
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However, the conduction in the filament is thought to be the
dominant conduction process in the LRS.? This is corrobo-
rated by the common use of bulk conduction mechanisms to
fit the conduction in the LRS.'*~"*

Tantalum oxide (Ta,O5 or more generally TaOy) is one
of the most popular transition metal oxides used as an insula-
tor in metal-insulator-metal structures for ReRAM devices,
showing high endurance'” and high switching speed.'® The
conduction in the LRS of Ta,Os-based ReRAM devices has
been ascribed to metallic conduction or to hopping pro-
cesses, below room temperature.'*'*!'* However, these hop-
ping mechanisms lead to unrealistic parameters. More
specifically, they assume hopping distances such as 0.16 nm
(Ref. 12) that are smaller than the reported minimum inter-
atomic distance of 0.19nm in amorphous Ta,0s.'7 A dis-
tance of 0.3 nm between oxygen vacancies (hopping sites)'*
contradicts the hopping mechanisms involving localized
energy levels. Therefore, different mechanisms for the trans-
port in conductive filaments should be considered. The con-
nection between the conduction in Ta,Os ReRAM devices
and in substoichiometric TaOy films was previously reported.
Miao er al.'® compared both cases based on the temperature
coefficient of resistance (TCR) in a limited temperature
range from 250K to 300 K. Graves et al.'* refer to their pre-
vious study on the conduction in TaOy films'® when justify-
ing the choice of the conduction mechanism down to 100 K.
However, a comparison of the transport properties of Ta,Os5
ReRAM devices and of substoichiometric TaO, thin films
for temperatures down to 2K has never been reported. The
low temperatures could enable the observation of quantum
interference effects such as weak localization or electron-
electron interactions, normally not observable at higher tem-
perature due to dominant phonon scattering. The occurrence
or absence of these effects can lead to important information,
similarly to what has been reported for phase-change materi-
als.”® We did not explore temperatures above room tempera-
ture in order to avoid conduction through the insulating
Ta,05 layer in parallel to the conductive filament, which
could hinder the study of the filament."*

The Ta/Ta,0s/Pt ReRAM devices used in this work
were fabricated by radiofrequency (RF) magnetron sputter-
ing of all layers in an inert Ar atmosphere for the metal
layers or in a reactive Ar and O, mixture for the oxide layers.
A second Pt layer is used to cap the Ta top electrode to avoid
oxidation. Both Pt layers are 20 nm thick, while the Ta layer
is 15nm and the Ta,Os layer is Snm thick. The samples
were patterned into crossbar devices with lateral sizes of 5,
10, and 25 um, as schematically depicted in Fig. 1(a). The
substoichiometric TaOy thin films were sputtered from a Ta
target in an atmosphere of Ar and O,. The oxygen content
was tuned by modifying the O,-to-Ar ratio, the chamber
pressure, and the RF power. The TaOy layers have a thick-
ness of 20 nm and were patterned in a van der Pauw structure
with Pt electrodes. To avoid oxidation when exposed to air,
the TaO, films were capped in situ with a 20 nm Al,O; layer.
The composition of the layers was determined through
Rutherford backscattering spectrometry. A complete descrip-
tion of the sample preparation and methods used is given in
the supplementary material.

Appl. Phys. Lett. 112, 213504 (2018)

o [ g Brmay
. <107 V.
L%Es_im E 1097w
- — 054 1wttt
ﬂ - = 0.04 _1V((\)/)71
c =] p— SET
L .05
S -1.04
Pt (20 nm) o 4 5__
Ta (15 nm) g 1(b) \JRESET
Tpizgz(in:;") "~ 15-10-05 00 05 1.0
Voltage, V (V)

FIG. 1. (a) Schematic depiction of the crossbar Ta/Ta,Os/Pt ReRAM devi-
ces used in this work. (b) Typical quasi-static current-voltage (I-V) charac-
teristics measured at room temperature for the devices (10 cycles). The
black lines show the measured /-V characteristics, while the green lines
show the /-V characteristics with the voltage drop at the series resistance
subtracted. The inset shows the data plotted on a logarithmic scale for the
current.

The Ta,05 ReRAM devices show the typical bipolar RS
of VCM systems, as can be seen in the quasi-static current-
voltage (I-V) characteristics measured at room temperature
[Fig. 1(b)]. During the /-V measurements, the voltage was
applied to the Ta top electrode, while the Pt bottom electrode
was grounded. The devices were self-complied by the series
resistance of the crossbar metal lines, and no current compli-
ance was used during the switching. The series resistance is
around 500 Q for the 5 x 5 um? devices. The devices are ini-
tialized with an electroforming step accomplished at +2 V,
after which the devices switch between the LRS and the
HRS. The LRS ranged from 250 Q to 3kQ, while the HRS
ranged from 5kQ to 40kQ. Nevertheless, the resistance
ratio, defined as Rygs/Rigs, was always larger than 10. To
obtain an estimate of the real (“intrinsic”’) switching voltage,
the voltage drop over the series resistance was subtracted,”'
yielding the switching curves shown in green in Fig. 1(b).
The I-V characteristics are typically linear in the LRS and
nonlinear in the HRS. The linearity of the LRS (also
observed at 2K, see supplementary material) precludes a
strong (presumed) nonlinear effect of contact resistances at
the electrodes and shows that there is no significant effect of
the electric field on the conduction mechanism for this state
up to the switching voltage.

After at least 10 switching cycles, the devices were set to
the LRS, and their resistance was measured as a function of tem-
perature from 300K down to 2K in a cryostat. The resistance
was measured at a fixed current value in a 4-wire configuration
to exclude the series resistance and only probe the Ta/Ta,Os
stack. For more detailed information on the measurement
method and parasitic effect investigation, see supplementary
material. The temperature dependent resistance curves typically
observed are shown for two different devices in Fig. 2. The
resistance decreases with increasing temperature, exhibiting a
negative temperature coefficient of resistance (TCR). The tem-
perature dependence is very weak, with the resistance changing
by less than 10% from 300K to 2K. Also, the resistance is
clearly not diverging strongly at low temperatures, evidencing
metal-like behavior. However, this behavior is not the one
observed in ordinary metals with a positive TCR. This fact is
more clearly observed in the reduced activation energy plots™
shown in Fig. S5(a) of the supplementary material.
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For some of the devices, a distinctive change in the
behavior of the R vs. T curve is observed below 50K, visible
in Fig. 2(a). This divides the R vs. T curve into two regions.
Fitting possible conduction mechanisms to the data clearly
reveals the existence of two different regimes. In the high-
temperature regime, for S0 K <7 < 300K, the best fit to the
data is obtained with a \/T dependence of the conductance.
In the low-temperature regime, at T < 50K, an exp (1/v/T)
dependence gives a good fit for the resistance [see the insets
of Fig. 2(a)]. For other devices, as exemplified by the curve
in Fig. 2(b), the same low temperature regime is less clearly
observed. However, the high-temperature regime is main-
tained until lower temperatures (below 50 K), indicating that,
if existent, the transition between the two regions is shifted
down on the temperature scale.

The substoichiometric TaOy thin films show an increase in
the (room temperature) resistivity with the increasing oxygen
content. The inset of Fig. 3(a) displays the data for TaO, films
with x ranging from 1 to 1.5. This is the range of compositions
where the resistivity is expected to start changing more drasti-
cally.”> At higher oxygen contents, the resistivity ran out of the
measurement range of the van der Pauw setup. Figure 3(a)
shows the resistivity as a function of temperature for three dif-
ferent compositions in the mentioned interval. The temperature
dependence of the resistivity is qualitatively similar for all com-
positions shown, being rather weak for most of the temperature
range from 300K down to approximately S0K and getting
stronger at lower temperatures, especially with increasing x.

A comparison between the curves in Fig. 3(a) and the
one in Fig. 2(a) shows a striking similarity in the temperature
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dependence of the resistivity for x ~ 1 in the temperature
range from 10K to 300K. To elucidate this correspondence,
we chose the TaO, film with x ~ 1, displayed in the graph of
Fig. 3(b). This film shows a rather low resistivity of
2% 107°Qm at room temperature. This value is an order of
magnitude higher than that of a sputtered Ta film with
10-°Qm, but several orders of magnitude lower than in amor-
phous Ta,Os that can reach 10° to 10’ Q m.>* Once more, we
observe the same distinctive behavior measured for the devi-
ces, separating two temperature regions, where the conductiv-
ity follows the v/T and exp(—1/+/T) dependences [see the
insets of Fig. 3(b)]. It can be observed, however, that in the
very low temperature range, below 10K, a deviation from
the exp(—1/+/T) behavior occurs, which is not observed for
the devices. We believe that this deviation can be ascribed to
weak antilocalization. The same two regimes can be fitted to
the resistivity of the film with x ~ 1.5 (see Fig. S7 in the sup-
plementary material). However, the temperature range where
the exp(—1/+/T) behavior is observed is wider compared to
the film with x ~ 1, now reaching up to almost 100 K. This is
an indication that the composition plays a role in determining
the temperature at which the transition between the two
regimes takes place.

The observed correlation between the transport in con-
ductive filaments in Ta,Os devices and TaO, thin films can
seem rather strange at first sight, as the dimensionality for
transport could be different. However, first, the relatively
high current measured in the devices indicates a rather thick
filament, possibly enabling 3D “bulk” transport. Second, if
we consider the case of a conductive filament of a
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FIG. 3. (a) Resistivity as a function of temperature for TaO, films with x = 1-1.5. The inset shows the room temperature resistivity as a function of x for the
TaOy films with x = 1-1.5, a sputtered Ta film and literature values for Ta,Os from Ref. 24. (b) Temperature dependence of the resistivity for the TaOy film
with x = 1 with the results of the least squares fits to the data, evidencing two temperature ranges with different temperature dependences of the resistivity. The

insets show the data in the linearized plots.
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homogeneous material with the nanometric dimensions usu-
ally considered, we could have 1D transport, as it is some-
times discussed.”” This could indeed cause problems in the
comparison with the possible 2D transport in the case of
homogeneous TaO, films. However, the TaO, system is
reported to have only two stable solid phases: Ta(O) solid
solution and TazO5.26 This would then mean that the TaO,
films are a mixture of metallic Ta(O) and insulating Ta,Os.
This is similar to the case of granular metals, where the
dimensionality is given by the spatial distribution of the
metallic grains.””*® As we did not intentionally induce a
lower dimensionality of the distribution of the Ta grains dur-
ing the sputtering of the TaO, thin films and the electroform-
ing of the devices, we could have a 3D array of small
metallic particles. X-ray diffraction measurements on the
TaO, films (see supplementary material) show evidence of
the existence of Ta in the disordered f-Ta phase,”’ and the
broadening of the reflection peaks compared to a Ta film
could indicate smaller crystallites in the TaO, films. 100 nm
thick TaO, films with x =1 exhibit the same behavior dis-
played in Fig. 3(b) for 20nm films, thus excluding both a
dimensionality difference between both films and a relevant
contribution from surface effects.

The temperature dependence of the LRS in Ta,05-based
ReRAM devices was previously ascribed to nearest-neighbor
hopping at higher temperatures (100-300K)'%'*'* and
variable-range hopping at lower temperatures (down to
SK).IO’12 However, these mechanisms are not suitable to
explain the behavior in the whole temperature range from
2K to 300K (see supplementary material), and the respec-
tive fittings yield physically unreasonable parameters.

The /T dependence of the conductivity that we fitted in
the temperature range from 50K to 300K is commonly
observed for the conduction in disordered metals, also
known as dirty metals.”*>" This stems from a quantum cor-
rection to the conductivity given by the Boltzmann transport
equation due to electron-electron interference, the so-called
Al’tshuler-Aronov effect.’® This correction is given by

A = A, T, (1)

where A,_. is a factor dependent on the electron diffusion
and on the strength of the screening between electrons. Such
a behavior is also observed when there is a percolation path
between granules of disordered metals.”” However, the
observed /T dependence could also arise from a different
transport mechanism. Huth er al.** report a similar power
law dependence of the conductivity for the case of W-based
granular metals in the metallic regime. These authors men-
tion the possibility of having a coherent tunneling percola-
tion path, based on the theory by Beloborodov er al.** This
mechanism can be, above a certain critical temperature,
independent of the dimensionality of the granular metal.

The resistivity dependence of the form exp (1/v/T),
which we fitted for temperatures below 50 K, is characteristic
of Efros-Shklovskii variable range hopping, where a strong
Coulomb interaction between the charge carriers leads to a
resistivity of the form®”

p= poexp(\/m ) )

Appl. Phys. Lett. 112, 213504 (2018)

with p, and Ty being constants. The same temperature
dependence is also observed for granular metals in the insu-
lating regime, i.e., below the percolation threshold.*’

Finally, if we take the resistivity measured in the TaO,
films with x ~ 1 and calculate the resistance for a cylindrical
filament with a typical diameter of 10nm (Ref. 5) and a
length of 5nm, we obtain a resistance of 1.5kQ. This resis-
tance fits in the measured resistance interval for the LRS,
which further corroborates the assumption that the current in
the LRS is controlled by the bulk conduction in the filament.

In summary, we have presented clear correlations
between the electrical transport in conductive filaments in
Ta,0s-based ReRAM devices in the low-resistance state and
the in-plane transport in substoichiometric TaOy thin films
with x ~ 1 in the temperature range spanning from 2K to
300 K. The temperature dependence of the conductivity can
be divided into two regimes fitted by two different functions:
at T=50K, the conductivity follows a VT dependence,
while at T< 50K, it obeys an exp(—1/y/T) law. This also
indicates that the dimensionality of conduction is similar in
both systems. This could originate from the relatively thick
conductive filaments associated with the operation of the
ReRAM devices at currents up to 2mA, possibly enabling
3D-like transport. Another reason could be the discussed
similarity with the transport mechanisms observed in granu-
lar metals, where the dimensionality is determined by the
spatial distribution of the metallic granules. The correlations
obtained for both regimes provide strong evidence that the
physical mechanisms responsible for the conduction in both
cases are the same. This suggests a close similarity between
the material properties of the conductive filaments in the
devices and of the substoichiometric TaO, films. This find-
ing motivates further detailed analytical studies on substoi-
chiometric TaOy films, as they may provide a much needed
insight into the composition and structure of the conductive
filaments in the Ta,O5 ReRAM devices.

See supplementary material for more details on sample
fabrication, measurement procedures, and additional sup-
porting data.
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