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Abstract:

A multivariate analysis of the parameters that characterize the reset process
in RRAMs has been performed. The different correlations obtained can help
to shed light on the current components that contribute in the Low Resistance
State (LRS) of the technology considered. In addition, a screening method
for the Quantum Point Contact (QPC) current component is presented. For
this purpose the second derivative of the current has been obtained using a
novel numerical method which allows determining the QPC model
parameters. Once the procedure is completed, a whole RS series of thousands
of curves is studied by means of a genetic algorithm. The extracted QPC
parameter distributions are characterized in depth to get information about
the filamentary pathways associated with LRS in the low voltage conduction

regime.

Index Terms—Resistive switching memory, RRAM, Quantum Point Contact
Model, Conductive filaments, Parameter extraction.



I.-INTRODUCTION

Resistive Random Access Memory (RRAM) shows outstanding features to be
considered a promising alternative technology for non-volatile memory
applications [1]. Among the wide set of characteristics reported in the
literature, the following can be accounted for: good scalability, low power,
fast speed, the possibility of fabrication in the form of 3D memory stacks and

compatibility with the BEOL of CMOS processes [1-14].

The viability of RRAMs has been proved at the device level and also in the
integrated circuit arena as reported in Refs. [15-17]. The advantages of this
technology with respect to Flash devices lie on remarkable improvements in
the reading/writing speed, endurance, operation power, etc. Nevertheless,
several hurdles have to be overcome to incorporate RRAMs into the
industrialization lines, e.g.: the poor control of the switching uniformity and
the lack of standardized compact models for circuit simulation. The stochastic
nature of the switching features implies variations in the forming, set and
reset voltages and in the resistance distributions [2, 11, 13, 18], both in the
Low Resistance State (LRS) and in the High Resistance State (HRS). Great
research efforts are needed to clarify the mechanisms behind the physics of
Resistive Switching (RS) and consequently behind the device variability. In
terms of modelling for circuit simulation, there is also a long way to go: the
introduction and acceptance by the scientific community of general compact
models and clear parameter extraction algorithms, inclusion of these models
into commercial circuit simulators, the consolidation of a publication corpus
to offer alternatives to include the different physical effects that show up in

RRAM operation for the technologies under study nowadays [2, 13, 14]... In



this manuscript we deepen into the latest issue in line with previous papers

in the literature [18-21].

In particular, a screening method for detecting if a current component,
capable of being described by the QPC model [22, 23], is contributing to the
current of a certain RRAM device is presented. Furthermore, once the QPC
fingerprints have been detected, a method to extract the model parameters
is proposed. To do so, we employed Ni/HfO2/Si devices. These RRAMs have
been fabricated using the ALD technique [24] and were simulated and
physically described in Ref. [25, 26]. The devices show a non-linear I-V
relationship in LRS. The QPC model [22, 25, 27] was proposed in addition to
an ohmic component to describe the charge transport in this operation
regime. It was found that it worked well from the modelling viewpoint and
helped to explain the device behaviour for different operations regimes [25,
27] and temperatures [26]. In RRAM devices showing non-linear I-V curves
at low voltages in the LRS, different mechanisms can be thought to be
responsible for this non-linearity; e. g., Schottky barriers, hopping conduction
in an irregular contact between the filament tip and the electrode, presence
of a nanometric constriction in the CF tip to be described by the QPC model,
etc. The simultaneous contribution of several of these mechanisms is likely
and consequently difficult to unveil under standard current measurements.
That is why a numerical method to detect the presence of a current
component (one linked to the QPC model in our case) is of utmost

convenience.

Since the QPC model has been employed to describe the conduction both in

the LRS and HRS [23], the proposed procedure might be used for both



operation regimes; however, for the devices under study here we will only
focus on the I-V curves in the LRS at low voltages. In the HRS, since there
are no favoured conduction paths, different current mechanisms can take
place depending on the dielectric nature, the electric field range and
temperature [28, 29]. Taking into consideration all these issues, we find the
application of our method extremely complicated. On the contrary, the LRS
has been characterized in depth previously [25, 26] and a QPC component is
recognizable; so, for the sake of simplicity, we will concentrate our analysis

on this component here.

This new approach not only will allow the model parameters extraction but
also will help us to deepen into the tunnelling barrier features behind the QPC
current component. As it will be shown, we have obtained the QPC model
parameters for all the curves in a long series of RS cycles by means of a
genetic algorithm. The results will allow the analysis of device variability from
a different perspective and the connection between important parameters
such as the reset voltage, and others that can be extracted with this
technique such as Vn_reset introduced in Ref. [27]. For this purpose a

multivariate statistical analysis has been considered.

The fabricated devices and measurement process are described in Section II,
the numerical procedure in Section III and the main results and discussion in

Section IV. Finally, the conclusions are given in Section V.



II.-DEVICE DESCRIPTION AND MEASUREMENT

The devices measured were unipolar Ni/HfO2/Si-based resistive RAMs. The
RRAMs were fabricated on (100) n-type CZ silicon wafers with resistivity
(0.007-0.013) @ cm using a field-isolated process. Atomic layer deposition at
225°C using tetrakis (Dimethylamido)-hafnium (TDMAH) and H20 as
precursors was employed to deposit 20nm-thick HfO:2 layers. The top Ni
electrode with a 200nm thickness was deposited by magnetron sputtering
[24]. A GPIB-controlled HP-4155B semiconductor parameter analyser was
used to measure different long series of RS cycles under ramped voltage
stress. The Si substrate was grounded and a negative voltage was applied to

the Ni electrode.



III.-NUMERICAL METHOD

The numerical procedure developed here is based on the calculation of the
second derivative of the experimental I-V curves. In a previous work [27],
we showed that a new parameter can be defined employing the first current
derivative (see Fig. 1a). The current derivative shows a maximum and, the
corresponding voltage was named threshold reset voltage Vtn_reset. It was
found that this parameter is correlated with the reset voltage; as highlighted
there, Vrn_reset can be used to estimate to some extent the reset voltage
without the need of getting into the operation region where the self-
accelerated processes that lead to the conductive filament rupture take place

[27].

We introduce now the analysis of the current second derivative (Fig. 1b). See
that two maxima show up in this curve. The corresponding voltages were
termed V2dmax1l and V2dmax2. After a massive calculation for a complete
series of more than 2800 experimental RS cycles, it was found that 80% of
the second derivative curves showed two maxima for the voltage range
employed. The rest usually showed only one maximum and in a few cases
three maxima were observed. As explained in Ref. [27], two conduction
mechanisms in series (ohmic conduction and QPC based) are involved. Their
different weights in each RS cycle, in addition to the stochastic mechanisms
linked to the CF formation and rupture, can lead to the situations analysed

here.
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Figure 1: a) Experimental current versus applied voltage in the RRAMs under study and first
derivative of the current versus voltage for two reset curves in a long series of RS. Second
derivative of the experimental current versus voltage (symbols) for the two reset curves shown
in a); the analytically calculated QPC modelled current second derivative (solid lines) is also
shown. The parameters under analysis in this manuscript are shown for clarity: Vreset, V1h_reset,
V2dmax1, V2dmax2.

In Ref. [27] it was found that at low voltages the resistance component linked
to the QPC model, i. e., to a quantum tunnelling conduction regime was the
most important component. The current in the QPC model is given by Eqg. 1

[22].

2eN 1 1+ eXp{a[(D — PeVerg ]}

| =——<eVz +—Ln

h

(24

1+ exp{a[CD +(1—,B)eVCTR ]}

(1)



The Landauer’s formalism for 1D quantum conductors and the zero-
temperature limit were employed in the deduction of Eq. 1 [22, 30]. The
following parameters are used in Eq. 1: ®, the confinement potential barrier
height measured with respect to the equilibrium Fermi level; « describes the
curvature of the potential barrier in the longitudinal direction; Vcrr is the
voltage which is assumed to drop at both ends of the CF constriction (a
fraction of B and (1-B) at each extreme [22]); e is the elementary electron
charge and N is the number of active channels in the CF (assuming multi-

filamentary contribution) [22, 30].

For the devices described in Section II, the ohmic conduction contribution at
low voltages is negligible [25, 27]. Therefore, most of the external voltage
drops at the ends of the CF constriction described by the QPC model so that
Vrram=Vcerr. Hence, it is reasonable to expect that the device current and its
first and second derivatives can be described accurately by the QPC model in
this operation regime. We have calculated the second derivative of two of the
experimental reset curves in a long RS series, see the curves plotted in
symbols in Fig. 1b. The numerical derivative was performed by means of a
Weighted Essentially Non Oscillatory (W.E.N.O.) one-dimensional procedure
[31, 32]. In this manner, we took advantage of the essentially non-oscillatory
nature of the corresponding polynomial interpolation for the calculation. In
this approach, a higher accuracy order can be obtained in smooth regions of
the data with this procedure [31, 32]. The use of an advanced algorithm
based on this technique greatly reduces the numerical oscillations and

improves the results of the application of the usual finite differences



techniques, especially when the presence of noise in the data cannot be
disregarded (see for example [33]). In relation to this issue, an improvement
in the noise treatment was included with respect to the algorithm employed
in Ref. [27].

The corresponding analytical second derivative was calculated from Eq. 1.
See that the QPC parameters can be tuned to reproduce the low voltage
section of the experimental current second derivative around V2dmax1 as
shown in Fig. 1b. The presence of the first maximum in the experimental
current second derivative and the possibility to fit the curve with the QPC
modelled current second derivative suggests that among different transport
mechanisms, a QPC-based one is involved. The non-linear I-V relationship at
low voltage also supports this assumption [25]. The shape of the current
second derivative at low voltages, and most important, the value of V2dmax1
can be employed to obtain information related to the physical features of the
transport through the CF constriction modeled by the QPC model. As shown
in Fig. 2, were the role played by the different QPC model parameters can be
seen in the analytically calculated current second derivative. The position of
the curve maximum (V2dmax1) is linked to the parameters B and ®. The
steepness of the curve at the maximum sides is connected to the «

parameter.
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Figure 2: Second derivative of the QPC modeled current described in Eq. 1. The curve shapes
for different model parameter values, in the voltage range where they are usually found [22],
can be observed. The position of the curve maximum (V2dmax1) is linked to parameters  and
®. The steepness of the curve at the maximum sides is connected to the « parameter.

It is worth assessing now whether different conduction mechanisms in
dielectrics are able or not to reproduce the experimental results. In particular,
it is essential to analyse the voltage dependence of these mechanisms and
their derivatives. To do so, we have focused the attention on the Poole-

Frenkel (PF) and Fowler-Nordheim (FN) components in Fig. 3.
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Figure 3: Second derivative of the current versus voltage for two different dielectric
conduction mechanisms: Poole-Frenkel and Fowler-Nordheim (red lines). An experimental
current curve corresponding to a set cycle has been employed as a reference to obtain the
best fit for both current mechanisms, to determine the fitting constants, considering the
electric field dependencies of the PF and FN current analytical expressions (see the inset). The
experimental current second derivative for the reset curve corresponding to the set curve in
the inset has also been plotted in black line for comparison.

We employed a set cycle to obtain the best possible fit for both current
components in order to determine their main parameters. Later on, the
second derivative was calculated. The current second derivative of the FN
presents tree terms, two of them negligible for the constants previously
found, the third (the one with the higher value) shows a constant behavior
for the voltage range plotted in Fig. 3, see the red curves. The order of
magnitude of the current second derivative is much lower than those shown

in previous figures and that in black line in Figure 3, since a set cycle has
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been employed for the fitting and the current magnitude is much lower than
in the reset case.

Apart from PF and FN mechanisms, others could be considered, in particular
Schottky emission. In that case, if the electron mean free path is lower than
the Schottky barrier width, Simmons modified equation can be employed
[29]. Under this assumption an expression analytically similar to the PF
current is obtained, except for some differences in the constants. Therefore,
a similar second derivative can be expected. In relation to the Space Charge
Limited Conduction (SCLC), the ohmic region (low voltages) and the later
region (at higher voltages) where Child’s square law [29] can be applied will
not produce a second derivative comparable to what we showed in Fig. 1b.
For ionic conduction, nearest neighbor hopping as well as variable-range
hopping no comparable second derivatives are expected since the current

analytic dependence on the electric field is linear.

In the devices under study here, at low voltage, as commented below, the
ohmic conduction contribution is negligible [25, 27]. This feature can be
extended with respect to the considerations connected with the series
resistance, although it has been proved that for other devices it could be of
importance [23].

The origin of V2dmax2 could be linked to the overlapping of the conduction
regimes described by the QPC and ohmic models. In addition, other
conduction channels describable by the QPC model might be also important
at higher voltages and could contribute to the existence of V2dmax2 in the

experimental data.
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IV.-RESULTS AND DISCUSSION

A.-Correlations

We have performed the first and second numerical derivatives for more than
2800 reset curves of a continuous RS series. The four parameters shown in

Fig. 1 have been obtained and they were represented in Figs. 4 and 5.
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Figure 4: V1 _reset Versus Veeset fOr the devices under study. Data relative to a normalized
histogram are shown in a color map. The calculation of the numerical derivatives has been
enhanced with respect to Ref. [27]. The dash-dot line shows a linear regression fit with the
following parameters m=0.8475, n=-0.0357 V.

A correlation between Vrh_reset and Vreset Was reported in [27], this correlation
is not very clear in connection with V2dmax1, V2dmax2 and Vreset @S can be
seen in Figure 5. To shed light on this issue, a multivariate analysis of
correlation is needed and is presented below. In doing so, the correlation

between Vrh_reset and Vreset has been revisited within this statistical approach.
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It is well known that in the multivariate analysis of statistics [34] we must be

aware of the dangers inherent to the interpretation of cross-correlations. In

this respect, some of the variables (the parameters under study here) could

be confounding variables that, in some sense, explain the relationship

between reset voltage and each one of the others parameters (Vth reset,

V2dmax1l, V2dmax2). Taking this fact into consideration, computing and

interpreting partial correlations for each pair of variables by controlling the

others (statistically keeping them constant) is necessary. Summarizing the

results obtained for the parameters for each cycle in the long RS series that

we are considering, the partial correlations ordered by magnitude in the

parameters under analysis are given in Table I.

Parameter Parameter Correlation
V2dmax1 V2dmax?2 0.826
VReset VTh_reset 0.655
VReset V2dmax?2 0.452
VReset V2dmax1 -0.408
VTh_reset V2dmax2 0.206
VTh_reset V2dmax1 0.045

Table I. Partial correlations between the different parameters considered in our analysis.
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The only partial correlation that keeps the same value than the single
correlation is the one between V2dmax1 and V2dmax2 parameters. The other
correlations decrease and even change sign when calculating the partial
correlations. Therefore, we can conclude that V2dmax1l and V2dmax2 are
confounding variables that partly explain the correlation between other
variables. Vreset and Vth_reset are also correlated (this was previously observed
[27]). In addition, the correlations between Vreset and the maxima of the
current second derivative (V2dmaxl, V2dmax2) are much smaller but
statistically significant. Let us observe that the partial correlation between
Vreset and V2dmax1 is negative contrary to the associated single correlation
that indicated positive correlation.

Assuming that V2dmax1 is linked to the current QPC modeled component, it
is, however, not clear the connection of V2dmax2 with other current
components, although we note that it is correlated with V2dmax1. Taking into
account that this maximum shows up at higher voltages, a certain link to the
ohmic current component is expected; that is why, these two variables, could
explain partially the connection between Vreset and Vth_reset. In this manuscript
we will focus on V2dmax1 and the information that can be extracted from the

QPC model.

B.-QPC model parameter extraction

See that in Figs. 1b and 2, apart from the fact that a QPC current component
is detected, information related to the model parameters can be extracted.
We have designed a fitting procedure where the Euclidean distance of the
experimental and QPC current second derivative curves in the interval

[V2dmax1-0.2V, V2dmax1+0.2V] (when it is possible) is minimized along

16



with the Euclidean distance of the experimental and QPC currents in the
interval [0, V2dmax1]. For the two cycles represented in Fig. 1, the fitting is
shown in solid lines in Fig 1b.

The fitting process was reproduced for each curve in a complete RS series
with more than 2800 cycles. The QPC model parameters were obtained or
calculated accordingly to a Genetic Algorithm (GA) [35]. We employed a GA
for this purpose because we are dealing with a non-polynomial optimization
problem and because of the appropriateness of this approach for fitting
constants searching problems like ours. In our particular case, the best
possible fit is selected for obtaining the QPC model parameters for each reset
cycle in complex spaces, achieving good results in a reasonable run time [36].
The GA was implemented using a real-valued encoding [35], that is, each
chromosome was coded as an array of 4 floating point values, each one
representing a QPC parameter. We chose a stochastic uniform selection
operator, along with crossover and mutation operators using constraint
dependence (that is, avoiding the creation of an invalid offstpring). The
crossover operator specifies how the genetic algorithm combines two
individuals, or parents, to form a crossover child for the next generation. The
constraint dependent crossover operator creates children that are the
weighted arithmetic mean of two parents. Mutation operators specify how the
genetic algorithm makes small random changes in the individuals in the
population to create mutation offsprings, generally adding or subtracting a
small value. Mutation provides genetic diversity and enables the genetic
algorithm to search a broader space. The constraint dependent mutation
operator chooses a direction (this direction will correspond to an addition or

substraction) and step length that satisfies bounds and linear constraints. The

17



constraints are upper and lower values for each parameter (i.e., p between 0
and 1, « between 0.1 eV'! and 15 eV}, N between 1 and 100 and ® between
0.25 eV and 3 eV). In (1), ® can also be negative leading to nonlinear
quantization. There is no limitation to the lower value of ®; in this respect, if
it is too negative (top of the barrier below the equilibrium Fermi level) it does
not play any role. A population size of 500 chromosomes and 400 maximum

generations were employed. The results are plotted in Figs. 6 and 7.
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Figure 6: QPC model parameters versus cycle number for the devices under study. The
calculation was performed by means of a genetic algorithm [35, 36].

See that the N parameter (number of channels) is below 25 for most cycles,
Here we assume that the channels are identical, this implies similar barrier
height and shape, as well as the rest of features characterized by the QPC

model parameters. In addition, the barrier height (measured from the Fermi
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level) is low, around 0.5 eV in most cycles. The parameters « and 3 are more

spread out in a reasonable range of values [22].
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Figure 7: QPC model parameters versus V2dmax1 for the devices under study. The calculation
has been performed by means of a genetic algorithm described above.

If the parameters plotted in Fig. 6 are represented versus V2dmax1 (Fig. 7)
we can analyze them from another perspective. A value of V2dmax1=0.5V is
seen to be the most frequent and the corresponding parameters values
concentrate in a narrow interval around; in particular, N=25 and ®=0.5 eV,

B=0.85 parameters are predominant values.

The barrier thickness along the CF constriction can be calculated as shown in

Eq. 2 [22],

19



(2)

where m” is the electron effective mass, and h is Planck’s constant. For this
particular calculation, we take an effective mass associated with HfO> with a
value in between 0.11mo [37] and 0.44mo [38]. See Fig. 8b where ts was
plotted for the cycles considered here, the most frequent value is close to

1nm as can be seen.
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Figure 8: a) QPC model o« parameter versus ® parameter for the RS series considered. b)
Barrier thickness (calculated by means of Eq. 2) versus cycle number. The QPC parameters
have been obtained by means of a genetic algorithm applied to each curve in a whole RS
series.

It is worth pointing out that assuming that the device CFs are formed by Ni
atoms, for te= 1nm there are several Ni atoms in the constriction linked to the
potential barrier. There are, however, a few cases (see Fig. 8b) with

ts=~0.25nm which could correspond to a single atom constriction.

V.-CONCLUSIONS

A new screening method to detect the presence of a QPC modeled current
mechanism has been developed. The new method is based on the calculation
of the experimental current second derivative. The features of the second

20



derivative allow the detection of the QPC model fingerprints, the model
parameter extraction can be performed by minimizing the Euclidean distance
between the current and the current second derivative in comparison to the
analytical QPC model in the context of a genetic algorithm. The extracted
parameter distributions have been analyzed to characterize the device LRS
low voltage quantum transport regime. Finally, a multivariate statistical
analysis of the correlations between the reset voltage and other reset curve

characterization parameters has been performed.
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