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Redox-based resistive random access memories (ReRAMs) are promising candidate devices for new
memory and computing paradigms. However, the fundamental mechanisms that rule the conduction in
these devices are still heavily debated. The present work focuses on studying one model for the conduction,
the quantum point contact (QPC), and specifically a single-subband approximation (SSA) to this model.
With this intent, Pt(20 nm)/Ta(15 nm)Ta2O5(5 nm)/Pt(20 nm) resistive switching devices are fabricated
and electrically characterized by measuring current-voltage (I -V) curves in both resistance states. The
QPC model has been found to be hard to apply, as the starting parameters have a strong influence on the
fitting results. On the other hand, the SSA has proved its ability to provide good fits to the data and to do so
better than other typical conduction mechanisms considered. However, its physical basis is criticized and
it is concluded that in the devices studied, multiple subbands likely contribute to the conduction, in direct
opposition to the assumptions made in such an approximation. A reinterpretation of the parameters of the
SSA is proposed, to reconcile the increased performance with greater physical accuracy. Beyond that, the
main challenges and difficulties regarding the application of the QPC to the case of valence-change-based
ReRAM are discussed.
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I. INTRODUCTION

Resistive switching (RS) devices display a nonvolatile
reversible change in their two-terminal electrical resistance
when subject to a strong electric field. Devices with this
property naturally lend themselves to the development of
memory technologies, called redox-based resistive random
access memories, or ReRAMs [1]. These can be applied as
storage-class memories (SCMs), bridging the gap between
the affordability of flash memories and the low latency
of dynamic RAMs (DRAMs) [2]. RS devices can also be
applied as synaptic elements in neuromorphic circuits that
promise faster and more efficient computing [3]. These fea-
tures make the resistive switching phenomenon an active
field of study. RS devices are normally composed of a
metal-insulator-metal structure and usually present two
states of resistance, an off high-resistance state (HRS) and
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an on low-resistance state (LRS). The transitions between
these two states are called “SET” (high-to-low resis-
tance) and “RESET” (low-to-high resistance). Conduction
in these devices is typically filamentary in nature, with a
conductive filament (CF) being formed or disrupted to turn
the device on or off, respectively [1]. In metal-oxide–based
RS devices, where the insulator layer is a transition-metal
oxide and neither of the two metals is highly electro-
chemically active, the RS is normally modeled by the
valence-change mechanism (VCM). According to the lat-
ter [1,4], after the electroforming step, an incomplete CF
called a plug is formed between the two electrodes. This
CF is interrupted at the interface with one of the electrodes,
leaving a region called the disk, which acts as a barrier to
electronic transmission. The electric-field-assisted migra-
tion of oxygen-related defects to or from the disk switches
the cell on or off. While most of the models for VCM
switching consider CFs composed of oxygen vacancies
[5–8], there are also experimental observations that argue
in favor of having metallic compounds in the CF, espe-
cially in Ta2O5-based structures [9–15]. However, the
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filaments have been reported to be of nanometric dimen-
sions [16]; thus, a direct study of their composition or
structure can be a challenge. The analysis of the main con-
duction mechanisms present can be a way to overcome
this barrier and provide valuable insight. We focus on the
quantum-point-contact (QPC) model of conduction and a
single-subband approximation (SSA) to this model. The
QPC model [17–19] considers that the CF contains a con-
striction that, at its narrowest point, is smaller than the
electron mean-free path. This leads to a transverse quan-
tization of the electron energy. Around the bottleneck, the
potential along the axis of the filament for the nth quan-
tized level can be seen as the band bottom of an nth
conductive channel, here referred to as subband. These
subband bottoms act as barriers to conduction. Through the
Landauer-Büttiker formalism [20,21], one can express the
current across the constriction as

I = G0

e

∫ +∞

−∞
T (E) [ fC (E) − fA (E)] dE. (1)

Here, G0 = 2e2/h is the conductance quantum, fC and fA
are the Fermi-Dirac distribution functions for the cathode
and anode, respectively, and T is the transmission probabil-
ity [22,23]. The latter is a total contribution of all subbands
and can be expressed as

T (E) =
∑

n

Tn

=
∑

n

(
1 + exp

{
−E − [

�ωy (n + 1) + eV0
]

�ωx/2π

})−1

,

(2)

where eV0 is the potential energy at the bottleneck and ωx
and ωy are frequencies related to the curvature of the poten-
tial, and thus of the shape of the constriction, along the
axis of the filament and the transverse direction, respec-
tively [24,25]. As one can see, the transmission of each
individual subband varies from 0 to 1, meaning that the
total transmission across the CF can be greater than that of
any individual subband.

One can use the variables α to express the curvature of
all subbands (which depends on the constriction length)
and �n to express the corresponding barrier height of the
nth subband:

α = 2π

�ωx
, (3)

�n = �ωy (n + 1/2) + eV0. (4)

If one inserts these equations into Eq. (1) and assumes no
smearing of the Fermi function, one obtains the following

expression for the electrical current:

I = G0

e

∑
n

[
eV + α−1

× ln
(

1 + exp{α [�n − βeV]}
1 + exp{α [�n + (1 − β) eV)}

)]
. (5)

Here, β determines the location of the constriction, such
that the Fermi level of the cathode is βeV above the Fermi
level at the constriction and the Fermi level of the anode is
(1 − β) eV below this point.

(a)

(c)

(b)

FIG. 1. (a),(b) Possible configurations of the conductive fila-
ment in the Pt/Ta/Ta2O5/Pt devices experimentally investigated
in this work, showing the possible constriction at the Ta2O5-Pt
interface for the HRS and LRS, respectively. Below the stack
schematics, diagrams are shown of the corresponding analogous
evolution of the constriction width between the HRS and the
LRS. (c) The simplified energy (E) diagram of the resulting
barrier for both states considering the SSA to the QPC model,
highlighting the difference in the barrier height �. V is the
total applied voltage, while Vconst = V − IR is the voltage drop
across the constriction, with I the current and R the series resis-
tance (which accounts for the resistance of the electrodes, wires,
contacts, and the plug of the filament).
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Some researchers [26–28] have considered an approxi-
mation to the QPC model where only the first subband con-
tributes to the conduction, which is called the SSA. This is
equivalent to stating that the energetic distance between
subbands, �ωy , is large enough so that the transmission
through subbands beyond the first one is close to zero.
One then considers that the conduction can occur over N
parallel channels, such as different filaments or oxygen-
vacancy paths. A single barrier height � is assumed, and
the expression for the current can be reduced to

I = G0

e
N

[
eV + 1

α
ln

(
1 + exp{α [� − βeV]}

1 + exp{α [� + (1 − β) eV]}
)]

.

(6)

Figure 1(c) displays a simplified band diagram of the
resulting barrier at the constriction, while Figs. 1(a)
and 1(b) schematically show a possible configuration of
the constriction in the Pt/Ta/Ta2O5/Pt devices in the HRS
and the LRS, respectively.

II. EXPERIMENTAL DETAILS

Several 10 × 10 μm2 cross-point devices are investi-
gated. The actual metal-insulator-metal (M -I -M ) resis-
tive switching structure consists of Pt/Ta/Ta2O5/Pt stacks.
Figure 2 depicts the studied structure schematically. The
Ta electrode in particular is meant to work as a scaveng-
ing layer, absorbing some oxygen from the oxide layer and
creating additional oxygen vacancies [29]. The details of
the sample preparation and geometry have been described
elsewhere [30].

The electrical characterization is performed using a
Keithley 2611A source meter. The cells are formed at
room temperature with current-compliance (CC) values of
50 μA, 100 μA, 200 μA, and 1 mA, which are then used
for the subsequent switching. Low CC values are used
to study the case where the HRS and LRS overlap and

FIG. 2. A schematic representation of the ReRAM cells stud-
ied. A circuit diagram including the series resistance RL and the
source meter is also included.

whether the conduction mechanisms tested are consistent
in this regime of operation. In order to avoid a hard break-
down in the samples, higher values are not employed. The
samples are subjected to current-voltage (I -V) sweeps at
a rate of about 0.3 V/s at room temperature. The voltage
goes down to −1.5 V for the RESET operation. For the
SET operation, the voltage is swept up to V = VSET + 0.25
V, where VSET is the voltage at which the CC is reached;
this adaptive upper limit allows greater flexibility in setting
the sweep parameters, without inducing unnecessary stress
on the samples. For the representative data used in the anal-
ysis described here, a total of 1250 cycles are measured for
each CC value in a single resistive switching device.

Other devices from the same batch are tested to confirm
the goodness of fit obtained with the SSA of the QPC but
an extensive statistical analysis of the interdevice variabil-
ity on the fitting parameters of the SSA is not conducted.
From the results obtained, it seems that the cycle-to-cycle
variability in a particular device, due to the stochasticity of
the switching phenomenon, is already comparable with the
variability between different devices and overshadows the
conclusions that could be drawn from such an analysis.

III. RESULTS AND DISCUSSION

A. Resistive switching evaluation

Figure 3(a) shows the “intrinsic” switching of the device
for the four CC values used. To display this “intrinsic”
switching, the voltage drop across the metallic electrodes
and wires, which act as a series resistance, is accounted
for [31]. This process results in an apparent negative slope
of the curve “during” the SET operation; this is merely a
result of the way in which the data are displayed, as there
are no data points in that interval of the curve (the line
only aids in following the progression of the data), given
the abrupt nature of the SET process. Bipolar RS can be
observed in all cases. The Ta scavenging layer is expected
to form an Ohmic contact with the plug, while the Pt bot-
tom electrode should be where the disk is located [4,32].
Thus, one assumes that it is at this interface that the volt-
age drop across the device takes place. This means that the
asymmetry parameter β takes the value of 1, which allows
the removal of one variable from Eqs. (5) and (6).

The HRS and LRS statistics are depicted in Fig. 3(b).
These are defined as the resistance values at 0.1 V for
both device states. It can be seen that the mean value of
the resistance in the HRS does not change significantly
with increasing CC, experiencing only a slight decrease.
All four distributions of the resistance in the HRS over-
lap significantly. On the other hand, the resistance in the
LRS depends directly on the applied CC, as this is the limit
on the current during the SET process. Its variability also
tends to decrease with increasing CC. For CC < 200 μA,
it can be seen that the two resistance-state distributions
begin to overlap. This is an indication that conduction in
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FIG. 3. (a) I -V sweeps during 1250 cycles for each CC value, highlighting a representative cycle for each set of curves. (b) The
histogram of RHRS and RLRS for the 1250 I -V sweeps per CC value.

the HRS and LRS for low CC could be explained by the
same conduction mechanisms.

B. Comparison of conduction models

The QPC and its SSA are initially applied via Newton’s
method for optimization [33]. However, we arrive at the
conclusion that tight control over the starting parameters is
needed, especially for the original model, to converge to
a suitable solution. This makes this fitting method unsuit-
able for the volume of data that has to be analyzed. The
fitting is then tried using a Gauss-Newton algorithm [33]
and a Levenberg-Marquardt algorithm [33], with multiple
heuristics developed for the regularization weight. For the
details of the numerical methods, see Sec. S1 of the Sup-
plemental Material [34]. It has been found that, for the
SSA, this last approach is capable of producing adequate-
quality fits, with a high degree of freedom regarding the
initial fitting parameters. However, the original model can-
not achieve such results for the whole data set with any of
the methods used. Thus, the SSA is used to compare the
QPC with other, more conventional, models.

The other conduction mechanisms considered are as
follows: trap-assisted tunneling (TAT), Fowler-Nordheim
(F-N) tunneling, Schottky emission, power-law expres-
sions (Ohmic conduction, nearest-neighbor hopping, and
variable-range hopping), Simmons modified Schottky
emission (SMSE), and Poole-Frenkel (P-F) emission [35].
The respective mathematical expressions are linearized
and linear fits to the experimental data in the linearized
plots are conducted for both device states and all values of
CC used. The I -V data used in the fitting procedure com-
prise the whole voltage range before the SET or RESET

events. See the Supplemental Material [34] for the mathe-
matical expressions used for the different models (Sec. S2)
and for exemplary plots displaying the results of the fitting
of the data to different conduction mechanisms (Fig. S1).
The obtained coefficient-of-determination (R2) statistics
are depicted in Fig. 4. This coefficient is defined as

R2 = 1 − RSS

SYY
, (7)

FIG. 4. (a) The R2 statistics for all values of CC, separated
by the device resistance state and model used for fitting. The
lines denote the 5%–95% range of the distribution and the boxes
25%–75%, and the black square is the mean value.
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where RSS is the residual sum of squares and SYY is the data
variance for each fitting procedure [36].

Therefore, the plot in Fig. 4 shows the quality of the
fit to the I -V data collected using the different conduction
mechanisms, for the whole voltage range before SET or
RESET events, for the entire set (1250 cycles) of all the
different LRSs and HRSs.

The TAT and F-N tunneling are deemed to offer poor fit-
ting quality for both device states. The Schottky emission
and power-law expressions for the HRS offer poor predic-
tive power, rapidly diverging from the experimental data
as the voltage increases. Power-law expressions (including
Ohmic behavior) result in good overall fits for the LRS,
except for the lower values of CC, where this state exhibits
a higher nonlinearity. P-F emission and SMSE provide
good quality of fit for both device states. However, one
can take the slope of the linearized curve, A, and obtain the
relative permittivity of the device,

√
εr, via

r
√

εr = 1
A

e
kT

√
e

dπε0
, (8)

where T is the temperature, k is the Boltzmann constant,
d is the oxide thickness, e is the electron charge, ε0 is the
vacuum permittivity, and r is a compensation factor so that
1 ≤ r ≤ 2 [37].

From the available literature on tantalum oxide [38–48],
the expected value for the relative permittivity is in the
range 20 ≤ εr ≤ 40, so that 4.47 ≤ r

√
εr ≤ 12.64. The

fitting parameters for the 5%–95% range are 12.93 ≤
r
√

εr ≤ 31.92 and 20.18 ≤ r
√

εr ≤ 254.10 for the HRS
and LRS, respectively. Note that d = 5 nm is used but,
as per the VCM model, this value should be smaller. The
oxide barrier should be only the disk and the length of
the plug should not be accounted for here. This correction
would even further increase the obtained values of r

√
εr.

In this case, one must question whether the P-F emis-
sion and SMSE models, devised for conduction in highly
insulating mediums, can still be regarded as the domi-
nating conduction mechanism: it may be the case that
the mathematical formula is merely providing an ade-
quate phenomenological model [49]. In particular, for the
LRS, one encounters the limit where εr → +∞ and the
P-F equation converges to a power-law expression. This
does not rule out the P-F emission or the SMSE as the
main conduction mechanism in the HRS but it highlights
the importance of searching for a model that provides
both a good fit to the experimental data and a plausible
physics-based explanation for the conduction.

The QPC, implemented with the SSA, shows the lowest
mean value of 1 − R2, thus being the model that offers the
best quality of fit to both the HRS and the LRS from the set
of mechanisms considered. One important reason for the
good quality of fit to the LRS is the capability of fitting not
only linear but also nonlinear I -V characteristics. Roldán

et al. have also shown, although with a different numerical
analysis and for HfOx-based devices, that P-F and F-N tun-
neling cannot explain the measured I -V curves, while the
QPC reproduces the experimental behavior [50].

C. Validity of the SSA

The SSA hinges on the assumption that only the first
subband contributes to the conduction. This assertion is
tested by simulating the transmission for the first five sub-
bands (as the contribution of higher values of n is very
small) and the resulting total transmission (the conduc-
tance of the CF). The results, taken for different combi-
nations of α and �n, are displayed in Fig. 5.

As expected, when the energetic distance between sub-
bands �n is large, as seen in Figs. 5(a) and 5(b), the
transmission can be considered to be mainly due to the
first subband alone. Here, the approximation holds true.
For wider barriers (high α), as seen in Fig. 5(c), if the
applied voltage is high enough, one should observe dis-
crete levels in the conductance, similarly to what is seen
in two-dimensional electron-gas devices [51]. However, if
the constriction is longer and the resulting energy barri-
ers are thinner, one encounters the scenario represented in
Fig. 5(d). Here, the approximation is no longer valid, as
many subbands have a significant contribution to the trans-
mission. Therefore, an issue arises, as one can emulate the
total transmission by taking the curve for the first subband
alone and adding an external multiplication factor:

T =
∑

n

1
1 + exp [α(�n − E)]

≈ N
1 + exp [α(�1 − E)]

.

(9)

(a)

(c)

(b)

(d)

High
High Fn High Fn

High

Low Fn
Low Fn

Low

Low

FIG. 5. The transmission for the first five subbands (black
curves) and the total resulting transmission (red curves). Four
combinations of α (related to the length of the constriction) and
�n (related to the width of the constriction) are considered.
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This is equivalent to considering that the conduction
occurs through multiple parallel paths, the interpretation
given to the parameter N in the SSA [28]. Thus, one can
see that the SSA should yield a good quality of fit in cases
where it should not be applied: the value of N will be
higher than expected, as an effective contribution of the
neglected subbands is included in it. One should expect
that the barrier height � will also be higher, while α, being
constant for all subbands (as it is not directly involved in
the energy quantization at the constriction), will also be
constant for the total transmission curve. This suggests that
great care needs to be taken when interpreting the results
of the SSA, as a loss of physical accuracy may occur.

D. Single-subband-approximation results

Figure 6(a) shows the parameter N of the SSA fit versus
the conductance measured at 0.1 V, normalized by the con-
ductance quantum G0. The two appear not to be strongly
correlated in the HRS. In the LRS it can be seen that, at
higher conductance values, the results tend to N = G/G0,
where the transmission of the first subband is equal to 1.
Figure 6(b) shows the parameters α and � resulting from
the application of the models, plotted versus each other.
The color scale represents the transmission, as given by
Eq. (9) once normalized by N , for an applied voltage of
0.1 V. The lines denote regions with the same transmission
value. It can be seen that the product α� appears to be con-
stant. This result can be recovered from Eq. (9) in the limit
when E → 0.

For higher values of CC, the I -V characteristics tend to
be highly linear in the LRS [Fig. 3(a)]. In some papers, the
filament is said to display metallic conduction, while in
others, evidence for very Ta-rich filaments is reported via
detailed microscopic and spectroscopic techniques [11,13,
14,52,53]. In this state, the SSA displays an advantage over
the original model. In the latter, with the disappearance
of the subband energy barriers that are expected in the
LRS, the current tends to infinity:

I → G0

e

∑
n=1

eV −−−−→
n→+∞ +∞. (10)

This results from the consideration of an infinite number
of possible subbands in the model. In reality, conduc-
tion stops being ballistic in nature, as scattering effects
become increasingly important and eventually dominate
the conduction in the filament.

On the other hand, considering the SSA, the current
tends to a finite limit value:

I → NG0V. (11)

This is the expression for a linear resistor with R =
(NG0)

−1. This shows that the SSA returns a good qual-
ity of fit, even in the case where it is physically unfeasible

T

(a)

(b)

 F  F
 F F

FIG. 6. (a) The values of N resulting from the application of
the SSA, plotted versus the normalized conductance measured at
0.1 V. (b) The values of � versus α resulting from the applica-
tion of the SSA, with a color scale representing the normalized
transmission at 0.1 V.

to consider it. Consequently, the SSA can be used to sim-
ulate the response of the device quite accurately but care
must be taken when attempting a physical interpretation
of the results. Namely, the negative barrier-height val-
ues obtained from the fit mean that the barrier no longer
presents a significant obstacle to conduction, as it lies
below the quasi-Fermi level at the active electrode side,
as shown for the LRS case in the scheme of Fig. 1(c).

Additionally, the SSA returns good results for more non-
linear LRS curves, which is predominantly the case for
lower CC values. Even for a CC of 50 μA, where the con-
ductance values in both device states overlap strongly, one
can find distinctions in the parameters. It can be seen in
Fig. 6(a) that the HRS tends to return higher values of N .
In Fig. 6(b), it is visible that the HRS curves form a clus-
ter at the top-left region of the graph, displaying higher
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values of � and lower values of α than the LRS curves
with similar conductance at 0.1 V. This indicates that the
SSA is sensitive to small changes in the device behavior.
More interestingly, it can provide a common explanation
for the conduction in both device states. Starting with very
low values of CC, the LRS is merely the result of a small
softening in the constriction. As the conductance increases,
the device behaves more linearly, with a decreasing �

and increasing α indicating a reduction of the potential
barrier.

Looking back at Fig. 6, it can be seen that, even for
the lowest conductance values in the HRS, N tends to be
greater than 1. This is true even for a higher CC of 1 mA,
where N decreases more strongly with decreasing G/G0.
For these less-conductive states, α and � also tend not to
display particularly high values, both being in the range of
those proposed in Fig. 5(d). The conductance is also more
strongly correlated with � than with α. These observations
all point to the scenario presented in Fig. 5(d), where it is
deemed that the SSA is invalid.

To reap the computational advantages that the SSA
displays over the original model, one is thus forced to rein-
terpret the resulting parameters. As previously discussed,
N should be looked at as an effective measure of the num-
ber of subbands that contribute to the conduction and �

as an effective barrier height of these subbands. It is pos-
sible to infer the original variables ωy and V0 based on the
results. High values of N indicate that the contribution of
multiple subbands beyond the first, and thus the energy
difference between them, related to ωy , should be small.
A higher or lower � should then be related to their dis-
tance to the Fermi level, V0, but the value of � would
also be influenced by more subbands of higher energy
contributing to the conduction and thus to N . However,
this is a less satisfactory way to model the conduction, as
the new parameters N and � cannot be directly linked
to the original properties of the physical system under
study.

The SSA to the QPC should thus be looked at as a sim-
plification of the original problem. The summation over
multiple subbands is reduced to an overall effective contri-
bution, facilitating its application but hindering its direct
interpretation. Still, it allows us to make some analysis
of the system, even if more qualitative, and it provides
a good phenomenological model of the switching in the
types of devices studied. Its use instead of the original
model, or other more conventional models of conduction,
will depend on the objectives of the analysis at hand.

E. Validity of the QPC model in the framework of
VCM-based ReRAM

As discussed before, the SSA to the QPC model can
provide an accurate fit of the I -V data of Pt/Ta/Ta2O5/Pt
ReRAM devices. These devices exhibit characteristics

typical of VCM-based resistive switching. However, there
are certain characteristics of this kind of switching that do
not seem to be compatible with the framework of the QPC
model.

One such characteristic is the asymmetry in the I -V
curves regarding the polarity of the applied voltage. Such
asymmetry occurs normally in the HRS, or the LRS with
high resistance (and also typically a more nonlinear I -V
characteristic). This has been observed for similar ReRAM
stacks based on TaOx [7,32] but also for bilayer config-
urations [54]. Even though the asymmetry is not strong,
for most of the cases it cannot be explained solely by the
QPC method, as the transmission through the constriction
is not polarity dependent. However, a possible origin of
the observed asymmetries could be the interchange of oxy-
gen species between the oxide layer and the Pt electrode,
which is shown to impose a second resistive switching loop
with opposite polarity in TiN/Ta2O5/Pt ReRAM devices
[55]. This second (volatile) loop leads to an increase of the
HRS resistance before the SET event, thus giving an asym-
metry in the HRS I -V characteristics. The different work
functions of the metal electrodes could also induce a small
asymmetry.

Another characteristic of the VCM-type switching that
is hard to envision through the QPC model is the bipo-
lar behavior, i.e., SET occurring for a certain polarity of
the applied voltage, while RESET occurs for the oppo-
site polarity. If the SET or RESET operations are linked
to the enlargement and shrinkage of a constriction, there
is no reasonable explanation for the choice of the polar-
ity for these changes in the constriction width. This can be
largely overcome if one considers the case, as in the VCM
model, of the modulation of the oxygen-vacancy content in
the disk, as shown in Fig. 7. The HRS is linked to a lower
concentration of oxygen vacancies in the disk region, as
shown in Fig. 7(a). On the other hand, and following the
same logic, the LRS is associated with a higher concentra-
tion of oxygen vacancies in the disk, as in Fig. 7(b). The
lower concentration of vacancies in the HRS case possi-
bly allows for fewer and isolated conduction paths through
these vacancies, while in the LRS there is a higher number
of possible conduction paths. This could be understood as
the modulation of a constriction, as the higher number of
conduction paths in the LRS could easily form a thicker
conduction path, when compared to the fewer paths in the
HRS. This interpretation should remain valid even if the
conduction paths are not due to the presence of oxygen
vacancies but, instead, of Ta granules, as our previous stud-
ies seem to point out [15]. Ta cations have been pointed
out as mobile species in the Ta2O5 layer [56]. On the other
hand, electron-microscopy studies in TiN/TaOx/TiN struc-
tures show that the Soret diffusion of Ta could be the main
driving force responsible for the formation of the filament
[13,14]. This Soret diffusion occurs radially, i.e., perpen-
dicularly to the filament. They also show the formation
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(a) (b)

FIG. 7. A schematic depicting the possible reinterpretation of the constriction as conduction paths. (a) A lower concentration of the
mobile species in the disk region would lead to a narrower constriction in the HRS. (b) A higher concentration of the mobile species
in the disk region would lead to a less pronounced constriction or no constriction at all in LRS. The small circles represent the mobile
species responsible for the modulation of the conductivity of the disk, e.g., oxygen vacancies or tantalum cations.

of the gap at one of the TaOx-TiN interfaces (which one
depends on the polarity of the forming voltage) and the
existence of a subfilamentary path around the gap region
(where there is crystallization of Ta2O5). This path is much
narrower than the main part of the filament (the plug).
Also, the conduction paths do not need to be physical, i.e.,
a connected path of a certain compound, as they could pos-
sibly be understood as a series of tunneling events between
nonphysically connected conducting granules.

These alternative explanations could also be more com-
patible with the probable large current densities in the
constriction region for the current values observed in the
I -V characteristics in Fig. 3. For example, a current of
1 mA through a constriction region with a 50-nm-radius
circular cross section would lead to a current density of
approximately 107 A/cm2. In the particular devices used
for this work, the exact size of the conductive filaments is
still an unsolved question, as no direct evidence for the
dimensions of the conducting region in the oxide layer
is obtained so far. The possible big impact of large cur-
rent densities in the switching material could contradict
some of the assumptions assumed when applying the QPC
formalism.

On the other hand, the mathematical formalism behind
the QPC, the Landauer-Büttiker formalism, involving the
transmission between two “conduction reservoirs,” is in
fact more general, i.e., not necessarily involving a con-
striction. Funck et al. [57] have used a similar formalism
in SrTiO3-based ReRAM and ascribed the transport to
tunneling through the Schottky barrier at the Pt-SrTiO3
interface and band conduction in SrTiO3. However, the
switching is quite different than the one observed in the
Pt/Ta/Ta2O5/Pt devices used in this work. Still, this points
out that the compatibility of the QPC model with the exper-
imental I -V data of ReRAM devices can be used with a
different interpretation and not solely relying on a quantum
constriction.

IV. CONCLUSIONS

Stable resistive switching typical of valence-change sys-
tems is obtained in Pt/Ta/Ta2O5/Pt samples and the mea-
sured I -V characteristics in the HRS and LRS are analyzed
in the framework of the QPC model of conduction. The
SSA is found to be more robust than the original QPC
model and easier to apply in an automated fashion due to a
weaker dependence on the starting guess. Both in the LRS
and the HRS, the SSA to the QPC model provides a bet-
ter fit than the other conduction mechanisms considered
(Poole-Frenkel emission, Schottky emission, and Ohmic
conduction, to list but a few).

The evolution of the SSA parameters when applied
to the experimental data matches expectations, showing
a lowering and widening of the energy barrier with an
increasing filament conductance. It is found that, for higher
conductance, the physical basis of the SSA no longer holds
true but the mathematical model proves robust and capa-
ble of fitting such situations. Therefore, the first-subband
approximation should be looked at as a simplification of
the contribution of the multiple subbands. This allows a
more reliable and efficient application of the QPC model
to the experimental data but the loss in physical accuracy
must be overcome by means of a more careful interpre-
tation of the results and a closer focus on the qualitative
rather than the quantitative analysis.

Beyond these problems, the general QPC approach faces
challenges in explaining some typical characteristics of
the resistive switching commonly accounted for via the
valence-change mechanism. The simplistic view of a con-
striction with a change in its width does not seem to cope
with some experimental observations. A reinterpretation
of the physical meaning of the constriction in the con-
text of the VCM could be helpful in this case. We argue
that the change in the concentration of the mobile species
in the disk region can influence the number of conduc-
tion paths through the disk, where a low concentration of
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these species leads to a lower number of these paths, which
should be equivalent to a narrower constriction. Apart from
that, the mathematical formalism behind the QPC is rather
general and can be interpreted in different ways.

In summary, we show that the QPC model with the
single-subband approximation can fit the I -V characteris-
tics of the ReRAM devices, especially in the HRS, being
thus quite useful. Care must be taken, however, in the inter-
pretation of the fitting parameters and in the conclusions to
be drawn from the results.
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