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Exploring Conductance Quantization Effects in
Electroformed Filaments for Their Potential Application to a
Resistance Standard

Jordi Suñé,* Fernando Aguirre, Mireia Bargalló González, Francesca Campabadal,
and Enrique Miranda

The ballistic conduction through narrow constrictions connecting charge
reservoirs exhibits conductance quantization effects. Since the quantum of
conductance G0 = 2e2∕h is only related to fundamental constants of nature,
these effects might allow the implementation of a standard of resistance,
fulfilling the requirements of the 2019 revised International System of Units.
Moreover, this standard would be able to work at room temperature and
without a magnetic field, thus allowing its on-chip implementation. In this
work, the authors propose that breakdown filaments in thin oxide layers
might be useful to this purpose. In particular, conductance quantization
effects in nanolaminate Al2O3/HfO2 dielectrics are reported and the role of
intrinsic values of conductance and extrinsic parasitic elements are analyzed.
The fact that breakdown filaments are irreversible is an advantage due to their
expected stability and to the lack of cycle-to-cycle variations (as compared to
resistive switching devices). Although the reported sample-to-sample
variations are still too large for a real application, there is room for improving
the controlover breakdown filaments through material design and
electroforming conditions. Provided that this control is achieved, an on-chip
implementation of a resistance standard for the realization of self-calibrating
electrical systems and equipment with zero-chain traceability would be
possible.
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1. Introduction

According to the Landauer approach to
electron transport, the ballistic conduction
through narrow constrictions connecting
two external charge reservoirs, exhibits con-
ductance quantization effects.[1] This con-
figuration is often referred to as a quantum
point contact (QPC). Conductance quanti-
zation comes from the fact that the width of
the constriction is comparable to the wave-
length of the electrons so that there is en-
ergy quantization in the direction transver-
sal to the electron transport. If the constric-
tion is very narrow, only a small number
of the quasi-1D modes (or channels) con-
tribute to the conduction. This number is
roughly determined by the ratio of the con-
striction width to the electron wavelength,
and the conductance is given by

G = 2e2

h

N∑
1

𝜏n (1)

where N is the number of channels and 𝜏n
their individual transmission coefficients,
which are related to backscattering. In the

limit of transmission coefficient equal to 1 for all the transport
modes,G = NG0, whereG0 = 2e2∕h is the quantum of conduc-
tance which only depends on fundamental constants, e being the
electron charge and h the Planck constant. The number 2 arises
from assuming spin degeneracy. Assuming that there is no en-
ergy quantization in the reservoirs, a redistribution of the current
among the current-carryingmodes at the reservoir/conductor in-
terfaces must occur. This naturally results in the existence of a
contact resistance related to an energy funneling effect, though
the ballistic conductor itself has zero resistance.[2]

Conductance quantization was first experimentally demon-
strated by modulating the width of a 2D electron gas in a semi-
conductor with a split-gate structure close to the absolute zero
of temperature. In these experiments, conductance appeared
to be quantized in integer multiples of G0, as predicted by
theory.[3,4] The Fermi wavelength in a semiconductor is rather
large since the occupied/unoccupied states are very close to the
minimum/maximum of the conduction/valence band. On the
contrary, the Fermi wavelength in a metal is of the same order of
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magnitude as the atomic separation (about 0.5 nm) so that con-
ductance quantization only occurs in a filament of atomic dimen-
sions. In addition, since the confining potential well is much nar-
rower in filamentary QPCs, the transverse energy level spacing is
considerably larger than in semiconductors so that conductance
quantization can be observed even at room temperature. On the
contrary, conductance quantization in semiconductors can only
be observed at cryogenic temperatures. Several techniques have
been used to reveal conductance quantization in metallic QPCs
including mechanically controllable break-junctions and scan-
ning tunneling microscope (STM) retraction experiments.[5,6]

Furthermore, combining STM with high-resolution transmis-
sion electron microscopy, has allowed relating the electrical re-
sults to the atomic configuration of the filament. In particular, it
was shown that one chain of single Cu atoms contributed with
G0 to the measured conductance and two parallel chains with
2G0.

[7] This is a very relevant observation because in the case of
filamentary QPCs there is always the uncertainty of whether dis-
crete conductance jumps are strictly due to conductance quanti-
zation or to geometrical changes in the atomic structure of the
filament. Also worth mentioning is the use of electrochemical
etching/deposition methods which have shown enough control
over the size of a metal wire to achieve predetermined levels of
quantized conductance.[8]

Interestingly, in recent years, conductance quantization effects
have also been reported in conducting filaments (CFs) created
during the breakdown (BD) of thin gate oxides in metal-oxide–
semiconductor (MOS) devices [9] as well as in resistive switch-
ing (RS) devices.[10–16] In both cases, the devices are simple ca-
pacitor structures with an oxide and two metal (or semiconduc-
tor) electrodes which are electrically stressed to form a conduct-
ing filament of atomic-size dimensions. Depending on whether
one of the electrodes is an electrochemically active metal (Cu or
Ag, for example) the filament is formed by metal atoms or oxy-
gen vacancies.[10,17] The main difference between BD and RS fil-
aments is that the former are irreversible whereas the latter can
be partially dissolved and reconstructed by the application of elec-
tric fields of (usually) opposite polarity. In this work, we deal with
conductance quantization effects in BD filaments, a subject that
has received very little attention in the literature.[9,18,19]

As stated above, in the type of devices we consider in this work,
the conductance jumps correspond to structural modifications
of the filamentary pathway caused by ion motion which subse-
quently affects electron injection. These are electro-ionic effects
which cause the conductance to show hysteretic effects. In fact,
when the voltage is increased, the atomic structure of the CF is
modified and, when voltage is reduced back to zero, the device
shows a different I(V) characteristic. For this reason, observation
of quantum steps in the conduction characteristics of RS or BD
filaments should be more appropriately considered to be in the
quantum regime rather than in the quantized regime.[20] How-
ever, the fact is that filaments with a width of few atoms also show
a conductance quantized in multiples of G0.
Memristive devices promise applications such as high-density

multi-state resistive random access memories and the imple-
mentation of almost analog weights (synapses) in neuromor-
phic neural networks. Moreover, since the quantum of conduc-
tanceG0 = 2e2∕h is only related to physical constants that are as-
sumed to have a fixed value in the revised international system of

units (SI), conductance quantization in atomic-scale CFs might
be exploited for the realization of a quantum-based resistance
standard.[21] It is likely that this realization would not achieve the
accuracy of the conventional resistance standard which is based
on the quantum-Hall–effect. However, it has other advantages
such as its capability of operating at room temperature, harsh en-
vironments, and without the application of a magnetic field. Due
to these properties and the compatibility with CMOS technology,
these QPC devices might allow the on-chip implementation of a
resistance standard required for the realization of self-calibrating
electrical systems and equipment with zero-chain traceability . In
this work, we explore QPC effects in irreversible BD filaments
and analyze their electrical properties with an eye toward the
implementation of this kind of standard. In particular, we con-
sider MOS structures with three different dielectric layers: HfO2,
Al2O3, and a nanolaminate insulator which combines ultrathin
layers of these two oxides.
In the past decade, different ultrathin insulator layers have

been explored to replace SiO2 gate oxides in order to cotinue
downscaling CMOS devices. Nanolaminates of these oxides have
also been considered and, in particular, HfO2/Al2O3 structures
have attracted great interest because of their excellent character-
istics such as chemical and thermal stability, high BD field, low
leakage, and high dielectric constant.[22–25] Al2O3 has a large band
gap of ≈8.8 eV, not very large relative permittivity (𝜅 ≈ 9), high
BD field and it is known to be a good barrier to ionic transport.
On the other hand, HfO2 has a rather a high relative permittivity
(𝜅 ≈ 20 − 25) but higher leakage (bandgap ≈5.5 eV) and signifi-
cantly lower BD voltage. It has been demonstrated that nanolam-
inates of these materials have intermediate values of the dielec-
tric constant, leakage current, and BD strength, thus allowing to
tune the properties of the stacked insulator to what is required for
different applications.[22,26] Since we are interested in increasing
the control of the CF formation to ensure that it has stable QPC
properties, and knowing that the oxygen diffusion (and drift) con-
trols the dynamics of CF formation, two key figures of merit
are the oxygen diffusion frequency prefactor, DO, and the ther-
mal activation energy, Ea. Although many different values have
been reported in the literature depending on the microstructure
of the oxide (crystalline, amorphous, bulk, thin-layer,…), typical
values for Al2O3 are DO ≈10−14 cm2 s−1 and Ea ≈ 1.3 eV,[27] and
for HfO2, DO ≈10−8–10−4 cm2 s−1 and Ea ≈ 0.52 eV.[28] Since D0
is much smaller and Ea is significantly larger in Al2O3, its oxy-
gen diffusion coefficient, given by D = D0 exp(−Ea∕KBT), is ex-
pected to be several orders of magnitude smaller than that cor-
responding to HfO2. In fact, alumina is well-known to have a
very low oxygen self-diffusion coefficient and has been used as an
efficient oxygen barrier in the microelectronics industry. Thus,
Al2O3 layers are expected to act as oxygen diffusion barriers in
any Al2O3/HfO2 stack combination as those considered in this
work.
Engineering the oxide layer requires a deep understanding

of the kinetics of nanoionic effects for a proper selection of
the involved materials. Unfortunately, proper design rules relat-
ing material properties and operation conditions to the observa-
tion of quantized conductance effects are still missing. However,
there have been attempts to control the shape of the CFs and
QPC conductance levels by modifying the material structure, de-
vice design, processing conditions, electroforming process, and
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Figure 1. Breakdown characteristics of single-layer and nanolaminate dielectrics. a) Cumulative breakdown distributions in the Weibull plot. The results
correspond RVS with ramp rate of 0.27 V s−1. b) Evolution of conductance during CVS at −7.7 V of three samples with Al2O3 dielectric. c) Evolution of
conductance during CVS at −4 V of several samples of HfO2. d) Evolution of conductance in several HfO2/Al2O3 nanolaminate samples stressed under
CVS conditions at −6,8 (black curves) and −7 V (red curves).

electrical stress methods. For example, Aga et al. introduced a
Ti barrier layer in their Cu/Ti/HfO2/TiN structures and reduced
the stress voltage ramp rate to control the Cu+ reaction/diffusion
processes involved in the SET/RESET transitions.[29] Moreover,
with a forming process at high temperature they were able to
control up to 64 levels (6 bits) of G0.

[30] Mahata et al. incorpo-
rated a layer of Pt nano particles in the middle of a HfAlOx film
and claimed an enhanced control of the QPC filament due to
the increased electrical field in the middle of the dielectric.[31]

Xue justified the control of conductance during the RESET pro-
cess because of the negative current feedback and used an ITO
electrode to control diffusion and reaction dynamics of oxygen
vacancies.[32] Bilayer dielectrics andmetal barrier layers have also
been used to improve the device design in the QPC limit. In par-
ticular, Lim et al. demonstrated improved control of QPC con-
ductance levels in an ECM cell by moving from Cu/Cu2S/W to
Cu/HfO2/Cu2S/W (oxide bilayer) and to Cu/HfO2/Ta/Cu2S/W
(barrier layer plus oxide bilayer).[33] Following a similar strategy
we will consider HfO2/Al2O3 nanolaminate structures to control
the electrical properties of QPC in BD filaments.

2. Results

In this paper, we study the breakdown properties of HfO2,
Al2O3, and Al2O3/HfO2/Al2O3/HfO2/Al2O3 nanolaminate insu-

lators (inset of Figure 1a) fabricated on a silicon wafer and
with Al top/bottom electrodes (Experimental Section). The thick-
ness of the dielectric is ≈ 10 nm in the three cases. In previous
works, a complete electrical characterization of these insulator
stacks was performed, including the measurement and analysis
of the current–voltage, I(V), and the capacitance–voltage, C(V),
characteristics.[26,34]

In this work we are mainly concerned with the BD of the lay-
ers and we have performed both ramped voltage stresses (RVS)
and constant voltage stresses (CVS). The cumulative BD distri-
butions, F(V), obtained under a RVS with ramp rate of 0.27 V
s−1 are compared in the Weibull plot, that is, by representing
Ln(−Ln(1 − F)) versus V (Figure 1a). Notice that the nanolami-
nate dielectric strength is, as expected, higher than that of HfO2
and smaller than (but closer to) that of Al2O3. The results of HfO2
and Al2O3 were fitted to the usual Weibull distribution while the
statistical distribution of the nanolaminate is nicely reproduced
by combining the distributions of the two single oxide layers ac-
cording to an analytical model for defect percolation of multiple-
layer gate stacks.[35,36]

It is well-known that slow ramp rates allow a better control of
the size of CFs and the observation of QPC effects. Hence, CVS
is expected to allow even a better control and we have focused
on this type of stress. Lower stress voltages are expected to favor
narrow filaments and the formation of QPCs. However, voltage
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cannot be too low because the time to BD increases exponentially
when the voltage is reduced. Thus, the stress voltage for each type
of dielectric was chosen according to their dielectric strength, as
determined by the RVS experiments. The evolution of the nor-
malized conductance (G∕G0) during these CVS experiments are
shown in Figure 1 for the three types of insulators. Conductance
at each I(V) measurement point was calculated by dividing the
measured current by the stress voltage. The post breakdown I(V)
is essentially linear so that the conductance is roughly indepen-
dent of voltage.
The single-layer Al2O3 insulator was stressed under VG =

−7.7 V . The evolution of conductance shows some large dis-
crete jumps which correspond to changes of up to ≈ 50 G0 and
also significant continuous evolutions ofG between these jumps
(Figure 1b). Thus, in this insulator, the BD events are rather un-
controllable and no clear QPC effects are observed. In HfO2-
based devices stressed under VG = −4 V, the signature of pre-
ferred atomic-sized constrictions with conductance of the order
of G0 is found (Figure 1c). A significant number of devices reach
a conductance level G = 1.3 G0 ± 0.02 G0, which is rather sta-
ble and shows small variations from sample to sample (about
±1.5%). However, not all the devices reach this level, and many
intermediate conductance jumps in the sub-G0 regime are often
found. Thus, because of large device-to-device variations, these
devices are not useful for a resistance standard application. Fi-
nally, the structures with a nanolaminate dielectric have been
stressed under four different gate voltages (-6.5;−6.8;−7.0, −7.2,
and −7.4 V). In this case, the evolution of the current shows a
series of very repeatable conductance levels of the order (though
smaller) of 2G0 in all the devices (Figure 1d). This is a clear signa-
ture of QPC behavior. These results suggest that the shape of the
CFs is modified in the nanolaminate dielectric and that it allows
a much better control of its constriction size.
It has been well established that when a MOS structure is sub-

jected to electrical stress, defects (traps) are generated in the ox-
ide. These defects can be oxygen vacancies which drift from the
cathode electrode under the action of the electric field, and which
pile up to form conductive regions within the insulator. When
a path of vacancies percolates and connects both electrodes, a
BD filament is created. This is the assumption of the percolation
model, which is by far the most widely accepted picture for the
BD statistics.[37,38] If the most constrictive part of the formed CF
has atomic-size dimensions, then it behaves as a QPC.[9,18,19]

In this paper, we mainly focus on the distribution of conduc-
tance levels after the BD jumps, while the distribution of the
time to successive BD events was carefully examined in previ-
ous works.[39,40] In these previous analysis, it was demonstrated
that the time-dependent clustering model (TDCM) is needed
to explain the deviations from the Weibull model in the high
percentile region of the first BD distribution.[41] Moreover, this
was shown to be due to variability in the background current of
the devices (probably related to insulator thickness variations).
It was also demonstrated that the successive BD distributions
could be nicely fitted with the TDCM up to approximately the
tenth event.[39] The disagreement between model and experi-
ment for larger number of events was attributed to time corre-
lations which can be positive or negative.[42–44] The absence of
correlation means that the rate of BD path generation during
stress does not depend on the BD time and/or spatial location

of previously opened BD filaments. However, it is difficult to ex-
clude these effects when multiple events occur in a single device
and when one of the electrodes is a semiconductor. In particular,
a negative correlation is expected to occur if the current associ-
ated with each BD filament is large enough to reduce the oxide
voltage due to series resistance effects. On the other hand, rea-
sons for positive correlations also exist, such as the propagation
of the BD filament to nearby regions, as it has been experimen-
tally observed,[45] due to the local modification of the oxide mi-
crostructure in the surroundings of the CF.[46] The reduction of
the insulator electric field due to the voltage drop in the series re-
sistance reduces the rate of generation of newCFs and, hence, the
time to successive BD events. This causes a negative time correla-
tion which was introduced into the TDCM using the E-model of
BD acceleration.[47] The joint consideration of clustering and cor-
relation effects allowed to nicely model the successive BD statis-
tics up to the 20th event and beyond.[40] Full understanding of
the successive time to BD statistics confirms that we are dealing
with the generation of CFs in different locations of each sample,
that is, different defect percolation paths (filaments). Moreover,
the appearance of negative correlations suggests the importance
of considering parasitic elements such as the series resistance.
Let us now focus on the analysis of the conductance jumps

and levels reported in Al2O3/HfO2 nanolaminates (Figure 1d).
Wewill analyze the results (Figure 2a) which correspond to a CVS
experiment performed at −7 V on 40 samples.
Direct inspection of the data shown in Figure 2a reveals that

there is a series of levels with conductance values at integer mul-
tiples of ≈ 2G0 (actually slightly below smaller than this value,
as we will discuss below). Several physics-based explanations for
the actual value of G will be given but, in any case, these results
strongly suggest conductance quantization or, at least, conduc-
tion through filaments of atomic-size dimensions showing quan-
tum effects. If we consider the statistics of all the conductance
readings in a single sample, we find a distribution of conduc-
tance peaks as shown in Figure 2b. The peaks are narrower than
0.05 G0, almost equally spaced (at least the first 4–5 peaks, as
shown in the inset) and with a separation of ≈ 1.7 G0. About 60
conductance levels are reported, which correspond to the succes-
sive formation of an equivalent number of filaments. Notice that
the height of the peaks does not correspond to the prevalence of
the different conductance levels or to their intrinsic stability. On
the contrary, they are related to the number of measurements
between successive BD events because each level is interrupted
by the occurrence of a new BD event. If we consider the whole
ensemble of measurements (all measured conductance points
in 40 samples), the histogram of conductance is the one shown
in Figure 2c. Although rather large sample-to-sample variations
are observed, the first four peaks do not overlap with each other
and are clearly distinguishable. The mean of the first conduc-
tance level (see the inset of Figure 2c) is 1.67 G0 and its stan-
dard deviation ≈ 0.1 G0. Higher levels show a larger dispersion
of results (higher standard deviation). This is because the con-
ductance of the nth level is the sum of conductance of n filaments

in parallel and this increases the variance since 𝜎2G(n) =
n∑
1
𝜎2Gi

with 𝜎G(n) and 𝜎Gi being the standard deviations of the total con-
ductance for n filaments and that of each individual filament.
Again, the height of the peaks is only related to the time elapsed
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Figure 2. Data and analysis of conductance levels corresponding to multiple BD events in a HfO2/Al2O3 nanolaminate dielectric. a) Raw data: evolution
of conductance (normalized to G0) during a CVS performed at −7 V on 40 samples; b) Histogram of conductance for a single sample considering
all the current readings during the stress. Peaks reveal the quantized levels observed in (a). Inset shows the detail of the first peaks; c) Histogram of
conductance (all readings) considering all the stressed samples. The inset shows the details of the first conductance level. The peak width is mainly
due to device-to-device variations; d) Equivalent circuits used to analyze the data considering parasitic resistances, level degeneracy, and transmission
coefficients, as defined in the text. The differences between both alternative circuits are discussed in the text as well.

between the successive BD events. Since this time decreases with
the number of events, n, and 𝜎G(n) increases, higher order peaks
are less pronounced and tend to overlap.
To further analyze the obtained results and to consider the pos-

sible application of these QPCs for the realization of an on-chip
resistance standard, we need to evaluate the parasitic elements
which affect the measured conductance, Gexp.

[21] First, it is ev-
ident that we cannot a priori ignore the existence of an exter-
nal series resistance, RS, which reduces Gexp. This resistance is
in series with the overall parallel combination of QPC filaments
and, in our case, it can be particularly significant because one
of the electrodes is silicon (i.e., higher resistance than a metal).
On the other hand, each QPC path might also be affected by a
local parasitic series resistance, which has been often taken into
account to describe the shift of the conductance peaks to lower
values of conductance.[48] When we consider the shape of the fil-
ament that bridges the electrodes though the whole insulating
layer (≈10 nm) we need to take into account that the actual con-
striction where conductance quantization takes place is a very
short region of atomic-size dimensions (likely smaller than 1 nm)
in which transport is essentially ballistic (only elastic scattering
taking place). Transport in the rest of the filament is expected to
be essentially diffusive and should be consider as a part of the ex-

ternal charge reservoirs in the Landauer–Datta approach. These
access regions are still very narrow so that they certainly add a
resistance in series with the filament. Note that this resistance
is not the global series resistance of the device but must be con-
sidered as a separate parasitic element for each filament. Unfor-
tunately, this parasitic resistance cannot be decoupled from the
transmission coefficient of the quantum modes in the QPC.[48]

Finally, a resistance parallel to all the QPC paths, RB, must also
be considered, which represents the leakage conduction through
the bulk of the oxide without BD paths. Given these consider-
ations, we can choose between two different though equivalent
electrical circuits (Figure 2d).
These circuits represent two alternative descriptions of the

non-ideality of the QPC paths. In circuit d1, all the parasitic
effects within the QPC path are incorporated through the par-
asitic resistance, Rp. The transmission coefficient is supposed
to be equal to one (purely ballistic transport), as suggested by
Milano.[21] In both circuits, g represents the number of modes
contributing to the conductance of the QPC. In our case, we
have assumed g = 2 because a number of modes smaller than
two cannot explain that the experimental conductance is larger
than G0. A detailed discussion about this issue will be presented
after analyzing the experimental results. In circuit d2, no local
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resistance is considered, and all the non-idealities are incorpo-
rated through the parameter 𝛼 = gT , where T is an equivalent
transmission coefficient which represents both the actual trans-
mission of the QPC channels and the effects of the local access
resistance. Using a circuit combining both Rp and 𝛼 (i.e., sepa-
rating backscattering and series resistance effects) might seem
more realistic. However, this only complicates the picture, and it
is completely useless because, being these two elements in a se-
rial configuration without an accessible internal node, these ef-
fects cannot be discriminated by electrical measurements. Our
arbitrary choice is to use circuit d1, so that we will deal with the
determination of three parameters, RS, RB, and 𝛼. In any case,
once 𝛼 is obtained, Rp, the parameter of the alternative circuit
d1, can be directly calculated as Rp = (g − 𝛼)∕(𝛼gG0).
Let us now extract the parameters of circuit d2 from the ex-

periments on Al2O3/HfO2 nanolaminates reported in Figure 2.
The bulk resistance RB can be directly extracted from the initial
current–voltage characteristic (i.e., before the first BD event). The
pre-BD I(V) curve is strongly non-linear but we have measured
RB at the stress voltage in order to be consistent with all the other
resistances extracted for the CFs. The distribution of RB obtained
for the whole set of samples is shown in Figure 3a. The mean
value of RB is 𝜇B = 8.7 × 106 and the standard deviation 𝜎B =
1.9 × 106 . These values are significantly higher than the CF
resistance, which is of the order of (nG0)

−1 = (12.9∕n) K. In the
worst-case scenario, which corresponds to n = 1, the error in-
troduced by RB would be ≈1.5%. Although rather small, this un-
certainty has to be taken into account when designing structures
with the higher accuracy needed for a resistance standard.
Having determined RB and its dispersion, let us now focus on

the extraction of 𝛼 and RS. A first-order estimation of RS can be
obtained by the resistance measured at the end of the stress of
each sample. In this limit, the conductance associated to all the
conducting filaments is very large (typically ≈100 G0) and the to-
tal resistance is expected to be mainly controlled by Rs. Thus,
ignoring the resistance of the QPC filaments, we obtain an up-
per limit for Rs with mean 𝜇Rs = 123 Ω and standard deviation
𝜎Rs = 29 Ω.
A more realistic procedure is to use Equation (2) for the simul-

taneous extraction of Rs and 𝛼 by fitting Rexp versus 1∕n using the
least-square method. Given that

Rexp = Rs + 1
n𝛼G0

(2)

we can extract 𝛼 from the slope and Rs from the y-intercept. An
example of the method is given in Figure 3b. In this way, 𝛼 can
be determined quite accurately. Nevertheless, themethod is quite
deficient for Rs (the y-intercept can even take negative values in
some samples). To avoid this problem, we determineRS by fitting
the evolution ofGexp versus the number of events,once 𝛼 has been
determined. In the case of zero series resistance, the ideal evo-
lution of conductance should be given by Gideal = n𝛼G0 and the
magnitude of the conductance jumps would be independent of n,
that is, ΔGideal (n → n + 1) = 𝛼G0.On the other hand, if Rs ≠ 0,
the experimental conductance is given by

Gexp =
n𝛼G0

1 + Rsn𝛼G0
(3)

and the expected experimental magnitude of the conductance
jumps is

ΔGexp (n → n + 1) =
𝛼G0

1 + Rs𝛼G0

(
1 + 2n + n (n + 1)Rs𝛼G0

) (4)

Keeping the value extracted for 𝛼, we fit Gexpversus n data to
obtain a much more accurate value of Rs. In this way, the model
nicely fits the experimental data (Figure 3c).
The distribution of 𝛼 (Figure 3d) has a mean value 𝜇𝛼 = 1.67

and standard deviation 𝜎𝛼 = 0.13. Considering ±𝜎𝛼 as the stan-
dard error, the accuracy related to sample-to-sample variations
is ≈15%. Notice that the distribution of 𝛼 and also the standard
deviation are very similar to those obtained for the first conduc-
tance level, so that we can conclude that 𝛼 determines the ex-
perimental conductance and its variations, at least for the first
level. The distribution of the extracted series resistance is quite
wide (Figure 3e). It has a mean value 𝜇Rs = 80 Ω and standard
deviation 𝜎Rs = 53 . Considering ±𝜎Rs as the standard error, this
means that the error of the extracted Rs is of the order of more
than 100%. However, the inset of Figure 3c shows that the series
resistance has a very limited impact on the value of the measured
conductance for the very first levels. For the first level, Gideal =
1.67 G0 and the experimental conductance calculated from Equa-
tion (3) isGexp = 1.65 G0. Moreover, considering resistances cor-
responding to ±𝜎Rs yields 1.64 G0 < Gexp < 1.66 G0. This means
that for the first level, the error in Gexp due to Rs is only ≈ 2%.
On the other hand, looking at the details of the first discrete

Gexp levels (all the levels show a similar behavior), we realize that
there is a conductance transient starting after each conductance
jump (Figure 3f). This type of conductance transient has also
been observed in the SET and RESET processes of RS devices.[49]

During this transient,Gexp decreases with time toward saturation
until it is suddenly interrupted by the occurrence of the subse-
quent BD event. The evolution of the experimental conductance
is nicelymodeledwith two exponentials termswith different time
scales.

Gexp (t) = Gfinal + ΔG1exp
(
− t
𝜏1

)
+ ΔG2exp

(
− t
𝜏2

)
(5)

The fastest evolution has a typical characteristic time 𝜏1 ≈ 1 s
and the slowest one, 𝜏2 ≈ 10 s.We speculate that thesemight cor-
respond to two processes involving discharging effects and the
reconfiguration of the atomic structure of the QPC, respectively.
The total change of conductance during the transient is ≈ 0.2 G0
and it does not depend on its initial value, as revealed by the
fact that there is an almost perfect correlation between the initial
and final values of conductance along its transient evolution, as
shown in the inset of Figure 3f. This conductance change, how-
ever, is already considered in the determination of the statistics of
𝛼, which is obtained using all conductance readings during the
experiments. In any case, these transients establish a lower dis-
persion limit which does not depend on sample-to-sample vari-
ations. However, this should not be a problem for the resistance
standard because the conductance would saturate after few min-
utes. Notice that in the practical implementation of the resistance
standard, the occurrence of the second event would play no role
since the stress should finish after the generation of the first BD

Adv. Quantum Technol. 2023, 6, 2300048 2300048 (6 of 12) © 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 3. a) Histogram of the background resistance, RB. b) Experimental resistance versus the inverse of the number of events for a single sample.
Linear fit allows to extract 𝛼 and RS. c) Experimental conductance versus the number of events. Model (black line) is shown to fit the results (dots)
and the dashed blue line corresponds to the ideal experimental conductance (i.e., without series resistance). The inset shows the detail for the first
five events, showing that the impact of the series resistance is rather negligible for these events. d) Histogram of the extracted values of 𝛼 for all the
samples. e) Histogram of RS for all samples, using the two methods explained in the text. f) Conductance transient after the first conductance jump in
one sample. The red line is a fit of the data to Equation (5). The inset shows the correlation between initial and final conductance for the first BD event
of all the samples (red line is a guide to the eye and has slope equal to one).

event and the reading of conductance would take place at a very
low voltage, where no other BD event can be generated.
Further insight about the observed QPC phenomena can be

obtained from the analysis of the statistics of current jumps be-
tween the conductance levels. Moreover, this can serve as a check
of consistency for the proposed equivalent circuit model. Here,

we consider the distribution of all the jumps (n ≈ 120) in a sin-
gle sample. The value of the conductance jumps as a function
of the event number, n, is shown in Figure 4a. In an ideal de-
vice with Rs = 0 Ω, the jumps should be independent of n and
equal to 𝛼G0. However, themagnitude of the experimental jumps
tends to decrease with n. If we account for the effect of Rs using

Adv. Quantum Technol. 2023, 6, 2300048 2300048 (7 of 12) © 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 4. a) Magnitude of the measured conductance jumps as a function of n in one particular sample. Blue line corresponds to the constriction
conductance jumps calculated from Equation (4), that is, taking the series resistance into account. Green line and dots correspond to experimental
and theoretical double jumps, respectively. The inset shows the evolution of conductance during the stress that generates the jumps in the considered
sample. b) Histogram of conductance jumps after correcting for the effect of the series resistance.

Equation (4), we see that the model nicely matches the experi-
mental data (blue line in Figure 4a). It is also remarkable that
there are larger conductance jumps (green points) which corre-
spond to the creation of several CFs (or wider ones) at the same
time. The green line corresponds to the model prediction for two
concurrent jumps.
In Figure 4b, we report the histogram of conductance jumps

after correcting themeasured conductance for the effect of the se-
ries resistance. This correction is made by inverting Equation (4)
to calculate Gideal(n) = Gexp(n)∕[1 − Rs Gexp(n)] and the related
jumps asΔGideal (n → n + 1) = Gideal (n + 1) −Gideal(n). As stated
above, these jumps should ideally be equal to 𝛼G0. However,
the distribution shows two different peaks. One with an aver-
age conductance of 1.75G0 (𝛼 = 1.75 in this sample) and the
second centered around the double of this value, that is, 3.5G0.
The width of these two peaks is wider than that of the distri-
bution of 𝛼. This is because when considering the jumps, only
one reading is considered for each event while all conductance
points are considered for the statistics of the conductance levels.
Thus, levels which are quite improbable from the point of view
of the conductance distribution have the same weight in the dis-
tribution of jumps. The presence of the second peak indicates
that, consistently with Figure 4a, in some cases two CFs (or a
wider one) are formed within a very short time. This indicates
that there are some propagation effects as previously reported in
the literature.[45]

3. Discussion

In this section, we will discuss i) possible physics-based expla-
nations for the measured conductance levels (i.e., the value of 𝛼
and its variations) and ii) the implications of our results for the
application of this type of QPC to a resistance standard.
Several physical phenomena can provide an explanation for

the observed 1.67G0 conductance level, but all of them certainly
involve several transmission modes because this conductance is
larger than G0. We have previously defined 𝛼 ≡ gT , where T is
the transmission coefficient and g the number of 1D subbands

contributing to conduction. Notice that, for simplicity, we have
assumed that the transmission coefficient is the same for all
the modes. T is the probability that an electron is transmitted
from the left to right reservoir and vice versa, and it is related to
backscattering from quasi-bound states arising from impurities,
charge traps, non-adiabatic confining potential barrier, electron–
electron interactions, etc. On the other hand, g can be related to
different phenomena. In principle, if the transversal energy split-
ting is large enough, only those levels with minimum transver-
sal energy (degenerate levels) will fall below the Fermi energy
and contribute to the conduction. Notice that we have always as-
sumed spin degeneracy ( gs = 2), which is implicit in consider-
ing G0 as the quantization unit. Otherwise, conductance quan-
tization should be given in terms of G0∕2 and the conductance
levels should appear at half-integer multiples of G0. Let us now
consider the different factors that can influence the value of g. As
stated above, in our samples, g must be larger than two but, as
we will see, not necessarily equal to two.
First, we have to take into account that the Landauer trans-

port model itself is a bit naïve at the atomic scale. In fact, both
theoretical calculations and experimental results suggest that
the measured conductance, at least for G ≥ G0, corresponds to
the superposition of different eigenchannels associated to the
valence atomic orbitals with transmission coefficient equal to
or smaller than one.[48] Conductance measurements alone are
not able to reveal the decomposition of conducting modes but
other detailed experiments can deal with this subject, at least
qualitatively.[48] What is undoubtful is that in the case G ≥ G0,
the number of atomic channels must be larger than one. In pre-
vious publications, combined tight-binding calculations and ex-
periments allowed to determine the number of eigenvalues con-
tributing to the conduction in one-atommetal QPCs for a variety
of materials.[50] However, since the transmission coefficient as-
sociated with these atomic orbitals is not necessarily 1, arbitrary
values of 𝛼 can be found.
Another aspect to consider is the fact the atomic-scale (geo-

metrical) configuration of the CF bottleneck can determine the
number of conducting modes, g. Since few atoms are involved

Adv. Quantum Technol. 2023, 6, 2300048 2300048 (8 of 12) © 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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in the filament constriction, a change in their number or their
spatial arrangement can give rise to changes in g. As mentioned
above, Ohnishi et al. combined conductance measurements and
HRTEM imaging to demonstrate that a single gold atom chain
yields a conductance of G0 while 2G0 was observed for a two-
atom wide filament constriction.[7] Also emphasizing the role of
the microscopic arrangement of atoms in the constriction, Kr-
ishnan used first-principles density functional theory (DFT) sim-
ulations to elucidate the impact of silver-based atomic-scale con-
figurations on the conductance states of a QPC.[51] Their calcu-
lations and experiments showed that a two-atom chains are ex-
pected to exhibitG = G0 while four and five-atom chains should
exhibit conductance values slightly lower than 2G0. Their simu-
lations showed that the transport modes are related to the struc-
tural/geometrical characteristics of a contact involving one or
more atoms. Since in our experiments the formation of CFs is
caused by electrical stress, the process is rather uncontrolled,
and the structure of the filaments can be different from sam-
ple to sample and from event to event in a single device. This
can certainly explain, not only the non-integer values of conduc-
tance peaks but also the rather large variations of conductance.
The peak observed at 1.67G0 might correspond to a preferred
atomic-scale configuration of the constriction. The observation
of propagation effects (double jumps) might also correspond to
the formation of a constriction involving more atoms at the very
same location, that is, to a wider CF.
Another possible explanation for the observation ofGexp ≈ 2G0

is valley degeneracy. If the band structure has gv minima in the
longitudinal direction of transport one should expect conduc-
tance quantization in units of gvgsG0∕2 with gvand gs being the
valley and spin degeneracies, respectively. This is a phenomenon
that has been clearly observed in the case of split-gate induced
semiconductor constrictions which are wide enough to keep the
crystalline band structure.[52–54] Eventually, the most conclusive
work about this issue is that of Bagraef, who evaluated the effect
of the contributions of the different band valleys to conductance
quantization in silicon nanowires defined by a three-gate struc-
ture but this has also been shown in othermaterials where values
of g equal to 4e2∕h and 8e2∕h were reported.[35,36,48,52,55–59] In the
case of our structures, we are dealing with “disordered” atomic-
size constrictions without a clearly defined band structure so that
the very concept of valley degeneracy might not apply. Thus, we
do not expect that valley degeneracy is the reason for the observed
≈ 2G0 conductance unit in our experiments.
Another issue to consider is that the voltage drop can be asym-

metric at both sides of the constriction.[60,61] Taking into account
this injection asymmetry, it was demonstrated that the I–V char-
acteristic of a QPC is given by

I = G0

(
𝛽

→

N + (1 − 𝛽)
←

N

)
V (6)

where N⃗ and
←

N are the number of right- and left-going conduc-
tion modes, respectively.[61] This is a consequence of the specific
energy location of the top of the confinement potential barrier at
the QPC constriction with respect to the quasi-fermi levels at the
reservoirs. For symmetrical potential drops at the two ends of the
constriction (𝛽 = 1∕2 ), Equation (6) reduces to I = G0 NV , with

N = (
→

N +
←

N)∕2, thus coinciding with the Landauer limit given

by Equation (1). However, if N⃗ and
←

N are even numbers (and
still for 𝛽 = 1∕2 ) we find integer multiples of G0 while for odd
numbers of injecting channels, half-integer multiples of G0 are
predicted. These half-integer peaks have been widely reported,
particularly in Valence Change Memory (VCM) devices, though
they can also be explained by broken spin degeneracy, as previ-
ously discussed. In any case, when the applied voltage is large as
in our stress experiments, the left-going modes are expected to

be
←

N= 0 so that the conductance would be G = 𝛽N⃗G0. Accord-
ing to this interpretation, depending on the value of 𝛽, different
multiples ofG0 can be obtained. Notice that this could justify our
results, G ≈ 1.67G0, if we assume N⃗ = 4 and 𝛽 = 0.84, in the
absence of backscattering (i.e., for T = 1). Thus, in view of this
analysis, a value of Gexp smaller than G0 could also be attributed
to the asymmetric distribution of the potential at the constric-
tion/reservoir interfaces rather than to the reduction of the elec-
tron transmission related to backscattering.
Let us now consider the properties of oxygen vacancy paths,

which are most likely the kind of CFs in our devices. As stated
in the introduction, these paths are assumed to be responsible
for filamentary resistive switching in VCM structures, and con-
ductance quantization with integer and half-integer multiples of
G0 has been experimentally demonstrated in the literature. From
first principles calculations, the transport properties of oxygen va-
cancy chains were studied in metal/monoclinic-HfO2/metal and
metal/amorphous-HfO2/metal structures.[62] Using a Green’s
function formalism coupled with a DFT code, the conductance of
filaments of different widths (varying number of atomic chains of
vacancies in a single CF) was studied. It was shown that even the
narrowest filaments (one-vacancy paths) can sustain conductive
channels. For a one-vacancy chain, the conductance of crystalline
HfO2 was found to be≈ G0 while in the amorphousmaterial, the
conductance levels are significantly lower than this value even for
two and three-vacancies wide paths, thus suggesting that T < 1 is
related to microscopic disorder. Since we are dealing with amor-
phous oxides, and considering that at least we have two conduct-
ing channels, this would eventually justify the observation of con-
ductance values smaller than 2G0.
Another question which is relevant to our study is why con-

ductance quantization ismuch better controlled in the nanolami-
nates than in the separate single-layer dielectrics. In this regard, it
seems that combining layers with very important differences re-
garding the transport of oxygen ions allows to shape the CF and to
control its electrical behavior. In particular, the fact that Al2O3 acts
as a diffusion barrier might allow reducing the filament growth
rate and hence favoring the creation of smaller (atomic size) fila-
ments delivering reliable quantum transport properties.
As for the possible application of these QPCs for an on-chip

resistance standard, we have to be able to trace back the mea-
sured resistance to the conductance quantum, which only de-
pends on the fundamental constants, e and h. However, we have
seen that there are non-idealities which affect the value of the
measured conductance such as parasitic resistances (RS, RB, and
RP), asymmetric voltage drops at the QPC interfaces (𝛽), and the
transmission coefficient (T). If these values were constant in all
the samples, we should be able to correct the measurements and
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trace them back toG0. The problem, however, is that all these pa-
rameters have inherent sample-to-sample variations that, in turn,
cause variations in Gexp. In our samples, we have seen that the
corrections related to RS and RB are significantly smaller (≈ 2%)
than those associated with the parameter 𝛼 (≈ 15%). The effects
of T , 𝛽, and RP are effectively considered within the value of
𝛼 and it impossible to separate the individual contribution of
these parameters to the total error. This is because all these pa-
rameters correspond to phenomena affecting the conductance of
the CF itself, which is influenced by asymmetric voltage drops,
backscattering, coupling of the quasi-1Dmodes to the reservoirs,
and local series resistances. Using a circuit terminology, we can
say that this is like having circuit elements connected in se-
ries in which the internal nodes are inaccessible. Ultimately, the
device-to-device variability of conductance is related to the intrin-
sic stochasticity of atomic rearrangements during the formation
of the CFs and this is likely the most difficult challenge to build
up a reliable conductance standard.
Compared to other systems, to our knowledge, the best results

regarding the control of quantized conductance in RS devices are
those reported by the group of Hwang.[30] They reported up to 64
separate conductance levels considering cycle-to-cycle variations.
However, they acknowledged that device-to-device variations due
to changes in the number of atoms in the QPC constrictions
are an important challenge. In this regard our results for single
devices are similar regarding the control of the CF properties.
In particular, we have demonstrated the creation of more than
60 BD filaments (in single devices) with non-overlapping con-
ductance peaks and a conductance dispersion of less than 0.1G0
(Figure 2b) in spite of the conductance transients previously re-
ported in Figure 3f. Thus, from a resistance standard point of
view, our results for a single device are comparable to those of
Hwang.[30] As far as device-to-device variations are concerned, a
fair comparison is not possible since they did not report any re-
sults.
Another important requirement for the resistance standard ap-

plication is to have sufficient filament stability to measure the
conductance for the calibration processes. In the case of using RS
devices, the filament would be reformed (SET) before each con-
ductance measurement. Since measurement takes a short time,
only a limited retention of the low resistance state is required,
contrary to what happens for nonvolatile memory or neuromor-
phic applications. In the case of using BD paths (as considered
in this paper), retention is indeed an important figure of merit
since the CF should always keep the same value of conductance
during the whole life of the circuit. In this regard, it is impor-
tant to remark that in our experiments we have not found any
reverse event even when applying a voltage of opposite polarity.
Thismeans that we are indeed dealing with irreversible filaments
that are one-time programmable. Althoughwe have not evaluated
low-voltage retention explicitly, no other BD event is expected to
occur if we create the first CF at a high voltage and then mea-
sure the conductance (every time that is needed for calibration)
at a much lower voltage (the read voltage). Notice that the break-
down field is of the order of 8 MV cm−1 as shown in Figure 1a.
A systematic study of the evolution of conductance at low volt-
age is certainly required (conductance drift, fluctuations, random
telegraph noise, etc.). However, as far as the occurrence of sub-
sequent BD events we must remark that the voltage acceleration

of BD is known to be highly non-linear. Using CVS at different
voltages, we have demonstrated that the well-known E-model for
voltage acceleration nicely fits the BD data for the nanolaminate
samples.[47] This model states that the voltage dependence of the
characteristic time to BD (TBD) is given by TBD = TBD0 exp(−𝛾V).
For our samples, we have determined that the voltage accelera-
tion factor is 𝛾 = 4.8 V−1 and hence, given that TBD ≈ 35 s at
−7 V, the time to breakdown at a read voltage of 0.2 V would be
≈ 1015s. Of course, this is a rough extrapolation, but it provides
unquestionable evidence that the first conductance level is not
expected to be disrupted by another BD event at low measuring
voltages.
Another possible issue for the resistance standard application

are propagation effects. Indeed, we have observed that higher-
order BD events are prone to show propagation effects (double
jumps). Although in our measurements these effects have not
been observed for the first filament formation, they cannot be
discarded because the considered statistical sample size is rela-
tively small. Further study of the stability and control of the first
BD event is certainly required.
In any case, having a fixed value of conductance (not depend-

ing on RS cycle-to cycle variations) would be a great advantage of
using BD filaments (instead of RS devices) for an on-chip resis-
tance standard, provided that sample to sample variations could
be controlled by an appropriate choice of the insulator and the
electroforming process.

4. Conclusions

We have presented clear evidence of quantized conductance lev-
els in QPCs created by irreversible BD events in nanolami-
nate Al2O3/HfO2 structures. We have suggested to use these
effects for the novel application of an on-chip resistance stan-
dard. Among the application requirements, we have focused on
stochasticity (due to atomic-scale variations of the CF in different
devices) and on the impact of parasitic resistances. Since this ap-
plication only requires one conductance level, we have focused
on the first one, which is centered at Gexp ≈ 1.67 G0. We have
discussed different phenomena which can give rise to conduc-
tance peaks at non-integer multiples of G0, and we have stated
that at least two conducting modes are required to explain our
results. We have concluded that the most likely reasons why
the measured conductance is smaller than 2G0 are backscatter-
ing (T < 1), and/or asymmetric voltage drops (𝛽 ≠ 0.5) at the
QPC/reservoir interfaces. Moreover, we have discussed the role
of the local access series resistance to the QPC constriction.
On the basis of the previous results, we have proposed to ap-

ply conductance quantization in irreversible BD filaments for the
implementation of an on-chip resistance standard. At this point,
however, sample-to-sample variations (≈15%) are still too large
for this application. Notice that the accuracy of off-the-shelf re-
sistances can be as high as 0.01% and that the quantum Hall re-
sistance standard has an uncertainty of only ≈ 10−9.[59] Neverthe-
less, although our results are yet far from the required accuracy,
they are comparable to (or better than) those obtained with any
resistive switching device so far. Appropriate control by insula-
tor design and electrical stress methods are expected to allow a
better control of the shape of the filament and hence reduce the
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sample-to-sample variations as required for the resistance stan-
dard application.
In conclusion, from the results presented in this paper, it fol-

lows that it is worthwhile exploring the possible implementation
of an on-chip resistance standard based on oxide BD events show-
ing QPC effects.[21]

5. Experimental Section
Device Fabrication: Three types of dielectric layers were deposited by

atomic-layer deposition on a p+-Si (100) wafer with resistivity of 0.1–1.4
Ω cm. HfO2 and Al2O3 single layers of ≈ 10 nm and a 5-layer nanolam-
inate stack (Al2O3/HfO2/Al2O3/HfO2/Al2O3) of roughly the same total
thickness (≈2 nm each layer). Note that in all cases an ultrathin layer
was expected to be formed at the Si interface, the so-called native ox-
ide. Al electrodes were deposited on top of the insulator and to con-
tact the back of the Si wafer to form large-area (6.4 × 103, 1.44 × 103,
3.24 × 104, and 9.6 × 105 μm2) devices. Full details of the fabrication pro-
cess can be found in a previous publication.[26] Although the as-deposited
nanolaminate layers show well-defined and sharp interfaces for each film,
as shown by high-resolution electron microscopy, if a high-temperature
post-deposition annealing is performed, this ordered structure vanishes.
The resulting “mixed” dielectric had intermediate properties with respect
to those of the constituting materials. In this work, the interest was re-
lated to engineering the shape of BD conducting filaments in the atomic-
size limit and to this goal, an ordered structure of the nanolaminate is
needed. Thus, all the presented results corresponded to the as-deposited
dielectrics, that is, without any post-deposition treatment.

Measurements: All electrical measurements were performed with an
Agilent 4156C Semiconductor Parameter Analyzer. The bottom contact
was grounded, and a negative voltage was applied to the gate contact
to ensure injection from the top electrode. Injection from the substrate
would require inverting the substrate (Si wafer is p-type). For these mea-
surements, the largest area samples (9.6 × 105 𝜇m2) which facilitate the
observation of successive BD events in a reasonable time under the appli-
cation of relatively small gate voltages were chosen.
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