This is the peer reviewd version of the followng article:

A Complete Statistical Investigation of RTN in HfO2-Based RRAM in High Resistive State / Puglisi,
Francesco Maria; Larcher, Luca; Padovani, Andrea; Pavan, Paolo. - In: IEEE TRANSACTIONS ON ELECTRON
DEVICES. - ISSN 0018-9383. - STAMPA. - 62:8(2015), pp. 2606-2613. [10.1109/TED.2015.2439812]

Terms of use:

The terms and conditions for the reuse of this version of the manuscript are specified in the publishing
policy. For all terms of use and more information see the publisher's website.

13/01/2025 00:57

(Article begins on next page)




> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1
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in HfO,-Based RRAM in High Resistive State
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Member, IEEE, Paolo Pavan, Senior Member, IEEE

Abstract—In this paper we investigate the Random Telegraph
Noise (RTN) in hafnium-oxide Resistive Random Access
Memories (RRAMs) in High Resistive State (HRS). The current
fluctuations are analyzed by decomposing the multi-level RTN
signal into two-level RTN traces using a Factorial Hidden
Markov Model (FHMM) approach, which allows extracting the
properties of the traps originating the RTN. The current
fluctuations, statistically analyzed on devices with different stack
reset at different voltages, are attributed to the activation and de-
activation of defects in the oxidized tip of the conductive filament,
assisting the TAT transport in HRS. The physical mechanisms
responsible for the defect activation are discussed. We find that
RTN current fluctuations can be due to either i) the coulomb
interaction between oxygen vacancies (normally assisting the
charge transport) and the electron charge trapped at interstitial
oxygen defects, or ii) the metastable defect configuration of
oxygen vacancies assisting the electron transport in HRS. A
consistent microscopic description of the phenomenon is
proposed, linking the material properties to the device
performance.

Index Terms—RTN, Variability, Cycling, RRAM, Noise.

I. INTRODUCTION

ESISTIVE random access memories (RRAMs) based on

transition metal oxides (TMO) are presently among the
most appealing emerging non-volatile memories (NVMs),
demonstrating reliable and fast switching, low-power
operation, and high-density [1-4]. RRAMs switching relies on
the formation and partial oxidation of a conductive filament
(CF) during set and reset operations, respectively [5]. The CF
formation drives the device in low-resistance state (LRS)
while its partial oxidation creates a dielectric barrier, which
determines the high-resistance state (HRS) [6]. LRS exhibits
quasi-ohmic behavior [5], while charge transport in HRS is
dominated by a multi-phonon trap-assisted tunneling (TAT)
process [7] via the O vacancy defects in the barrier. The
intrinsic randomness of the physical mechanisms of the reset
and set operations results in cycling variability of both HRS

Manuscript received January 2014.

F. M. Puglisi and P. Pavan are with Dipartimento di Ingegneria “Enzo
Ferrari”, Universita di Modena e Reggio Emilia, Via P. Vivarelli 10 int. 1,
41125, Modena (MO) - Italy (email: francescomaria.puglisi@unimore.it;
phone: +39-059-2056324).

A. Padovani and L. Larcher are with Dipartimento di Scienze e Metodi
dell’Ingegneria, Universita di Modena e Reggio Emilia, Via Amendola 2,
42122, Reggio Emilia (RE) - Italy.

and LRS resistances, which should be included in compact
models for variability-aware design of RRAM-based circuits
[8-10]. Another intrinsic variability source affecting the
RRAM behavior during reading is the Random Telegraph
Noise (RTN) [11-19]. The current value measured during
reading operation shows sudden sharp fluctuations, critical in
HRS and less hazardous in LRS. The RTN disturb represents
today one of the most significant limitations for the full
exploitation of RRAM technology. It may indeed reduce the
readout margin of the device and cause read failures. Papers
by a number of research groups have investigated RTN in
HfO,-based RRAM. Unfortunately, only few addressed the
complex multi-level RTN characteristics [11], and in most
cases the measurement interpretation did not account for the
TAT [14-16], which dominates the charge transport in HRS. A
truthful description of RTN has to analyze multi-level RTN in
the framework of the TAT model. In this work, we explore
RTN features in HRS through an extensive noise
characterization of RRAM devices with different stack
compositions. Statistical properties of traps contributing to the
multi-level RTN are retrieved by analyzing RTN through the
FHMM method [17, 18]. Results suggest that the activation
and de-activation of O vacancies defects supporting TAT, due
to either the Coulomb blockade effect or the metastable defect
switching, are responsible for RTN.

This paper is organized as follows. The description of the
devices and measurements is given in Section II. The RTN
fluctuations analysis is introduced in Section III. The results of
noise analysis in terms of dependence on the reset voltage and
correlation with the cycling variability are discussed in
Section IV. In Section V, the physical mechanisms responsible
for RTN are discussed. Statistical considerations linking the
structural properties of the device to the RTN features are
drawn in Section VI. Conclusions follow.

II. DEVICES AND EXPERIMENTS

Measurements are performed on TiN/Ti/HfO,/TiN RRAM
devices with different areas (from 50x50 to 200x200 nm?),
and Ti (5 and 6 nm) and HfO, (4.2 and 5 nm) thicknesses. The
Ti layer stacked on top of the hafnium oxide acts as an oxygen
exchange layer, determining the oxygen deficiency in the
HfO, film, crucial for RRAM operations and switching [5]. A
preliminary forming operation is performed by imposing a
current compliance [=50pA. After forming, which sets the
device to LRS, one hundred complete DC switching cycles
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Figure 1. Experimental I-V curves measured at consecutive switching cycles
on a TiN/Ti/HfOx/TiN for Ic=50pA and Vgeser=1.2V, displaying cycle-to-
cycle Iyrs and Iigs variability. Also the reset voltage, Vreser, (i.e. the
maximum absolute value of the voltage during the reset sweep) and the read
voltage, Vreap, are highlighted. In the inset, an example of a simple (two-
level) RTN, related to a single trap. The different current levels are due to the
different states (active/unactive) of a trap within the barrier. Statistical
parameters of a single two-level RTN fluctuation are shown (Al tc, Tg).

(set-reset-read) are performed. I-V curves during switching
cycles are measured using the Agilent 4155B semiconductor
parameter analyzer, Fig. 1, which is used to bias the device
when monitoring the RTN current fluctuations, and to collect
RTN data as well. Measurements did not show any area
dependence, confirming the localized nature of charge
transport (not shown). The RTN is measured in RRAM
devices cycled using different reset voltages. At every set/reset
cycle, the current-time traces are acquired at different read
voltages by collecting 10k samples. Noise data are processed
through the statistical FHMM method [17, 18], which allows
decomposing the multi-level fluctuations into a superposition
of two-level signals, each attributed to the activity of an
individual defect. This allows characterizing every defect
contributing to the multilevel RTN [17, 18]. In this work we
focus on the analysis of RTN in HRS, which shows wider
normalized fluctuations than LRS [11].

III. ANALYSIS OF RTN IN THE HRS CURRENT

The reset operation is believed to be due to the re-oxidation
of the bottom tip of the CF, induced by the oxygen ions
diffusion and recombination with the O vacancies [6, 20-23].
This leads to the creation of a dielectric barrier, responsible for
the relatively low current observed in HRS. Increasing reset
voltage results in the formation of a thicker barrier, which
leads to an exponentially higher resistance, Ryrg [20-23].

The HRS current, Iygs, is thus due to the electron TAT
through the O vacancies (not recombined during the reset
operation) in the dielectric barrier [5, 7]. The HRS current is
controlled by both barrier thickness, tg, and the density of the
defects within the barrier, which are calculated from the static
-V data using the compact model in [20, 21].

Currently, the physical mechanism responsible for RTN
current fluctuations is still unclear. Nevertheless, there are
evidences indicating that RTN results from the activation and
de-activation of defects assisting the TAT charge transport in
the barrier, as we will show later. The defects contributing to
RTN are characterized through an FHMM analysis, which we
proposed as an effective tool to overcome the limitations of

HMM when dealing with multi-level RTN [17, 18]. The
FHMM approach allows decomposing the multi-level RTN
into independent two-level fluctuations, each corresponding to
the activity, i.e., activation and de-activation, of an individual
defect. This allows deriving the statistical distribution of the
RTN current fluctuations (Al), and the capture (1) and
emission times (1), see the inset in Fig. 1.

IV. RTN DEPENDENCE ON THE RESET VOLTAGE AND
CORRELATION WITH CYCLING VARIABILITY

In this Section, we present and discuss the results derived
from the statistical analysis of the RTN fluctuations of the
HRS current. In particular, we will focus on both the
dependence of RTN characteristics on the reset voltage and
their correlation with the cycling variability.

A. RTN Dependence on the Reset Voltage

In order to investigate the effect of the reset voltage on the
RTN current fluctuations, we evaluated the RTN noise
characteristics (Al, Al/l, 1., ) on RRAM devices reset at
different voltages, Figs. 2 and 3. As expected, Al is log-
normally distributed due to the normal variations of the barrier
thickness. These are originated by the intrinsic randomness of
both diffusion and recombination of the oxygen ions with
oxygen vacancy defects during reset. The AI distribution
rigidly shifts with increasing Vygsgr since the average Iygs
current lowers due to the increase of the barrier thickness.
Thus, the amplitude of the average current fluctuation
exponentially reduces with increasing reset voltage, Fig. 2c,
reflecting the tunnel probability decrease due to the larger
barrier thickness. Interestingly, the normalized Al/l
distribution (I is the average current) is unaffected by the reset
voltage, Fig. 2b, thus indicating a strong statistical correlation
between I and Al This is consistent with the idea that the
current Iyrg is given by the trap-assisted tunneling through a
relatively small number of defects in the barrier. This excludes
charge trapping at the interfacial defects between the CF and
the surrounding oxide (which is expected to be responsible for
RTN current fluctuations in LRS) as the reason for the
observed RTN fluctuations in HRS. The current driven by a
single defect, Al is thus expected to reduce proportionally to
the average current. The Al distribution shifts rigidly toward
higher current levels with the temperature, Fig. 2d,
consistently with the strong temperature dependence of the
TAT charge transport. Conversely, the Al/I distribution, Fig.
2e, is unaffected by temperature, as both I and Al are governed
by the same temperature dependence. The effect of the local
temperature increase in the dielectric barrier due to the Joule
heating is neglected because of the very low electric field
applied in reading conditions. So, the internal temperature in
the barrier is the same of the environmental one. The
resolution of the AI/I distributions in Figs. 2b,e is limited by
the instrumentation sensitivity, which reduces when measuring
small current fluctuations on top of a large average current.

The lognormal behavior of the Al distributions is accurately
reproduced by the statistical simulations of the HRS current
variations performed through the MDLab package [24], Fig.
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Figure 2. (a) Experimental (upper left plot, symbols) and simulated (lines) Al
probability distributions for different Vggsgr. The constant slope of the Al
distribution indicates that the defect distribution in the barrier is uniform and
its density is unaffected by Vgeser. (b) Experimental AI/I probability
distributions (upper right plot, symbols) for different Vrgser. The resolution
limit of the parameter analyzer, introducing distortions from a pure lognormal
trend, is highlighted. (c) The average value of each Al distribution is plotted
vs. Vreser (circles), along with exponential fitting (solid line). Measurement
conditions and sample info are also reported. d) Experimental Al and e) Al/I
probability distributions for a device read at different temperatures.

2a. The HRS current is due to the contributions driven by
individual oxygen vacancies, Vo, supporting the electron
TAT, which is the dominant charge transport mechanism in
the re-oxidized CF tip (dielectric barrier) [5, 7, 11, 13, 20]. We
simulated the average HRS current by considering a uniform
distribution of Vo defects within the dielectric barrier [5]. The
cross-section (=3-5nm’ when I-=50pA and the CF resistivity
pcr=10kQ-nm [5]) and the thickness of the barrier are
calculated from I-V curves through the compact model in [20,

21]. The defect density considered in these simulations,
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Figure 3. Experimental (symbols) and simulated (lines) capture (black) and
emission (red) times probability distributions for different Vggser (different
symbol shape), showing good agreement. The details of the experiment are
reported in the figure.
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Figure 4. (a) Experimental Al (left plot) and (b) tc/te ratio (right plot)
probability distributions for different Vygspr. Lognormal trend (dashed line)
is also reported for the t¢/tx ratio. The device is a TiN/Ti/HfO,/TiN RRAM
with a 5nm Ti layer and a 4.2 nm HfO, layer, as reported in the figure.
N=2-10"'cm?, is consistent with the value independently
calculated for RRAM in [25]. The distribution of RTN current
fluctuations is simulated by calculating the current variation
due to the de-activation of one Vo defect at a time. For full
statistics, simulations are repeated for a number of realizations
of the random distribution of Vo within the barrier. Figure 3
shows the 1., distributions as extracted with the FHMM
algorithm from RTN traces measured on RRAM devices reset
at different voltages, i.e. Vrgspr=1.2V and 1.6V. Regardless
the reset voltage, 1. and 1. show a log-normal distribution
which is correctly reproduced by TAT simulations considering
the same defect density used in Al simulations - the details of
the simulations are described in the Section V. Although the
reset voltage affects the distribution of the current fluctuation
Al, see Fig. 2a, the effect on the RTN capture and emission
times is negligible, and the 1/t ratio distribution, Fig. 4,
exhibits a lognormal behavior independent from the reset
conditions.

B. RTN correlation with cycling variability

Since the RTN fluctuations are measured at consecutive
set/reset cycles, one could wonder about the correlation
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between the RTN results and the cycling variability, whose
effect should not be confused with the RTN one. The cycling
variability originates from the intrinsic randomness of the
reset process, which affects the properties of the CF in the
HRS (i.e. the thickness and the defect distribution in the
oxidized CF tip), leading to the Iyrs variability, Fig. 1. In
order to study the statistical correlation between RTN and the
Iyrs cycling variability, we analyzed the RTN current
fluctuations (in reading conditions) and Ijrs (or, equivalently,
Ryrs) at 100 consecutive switching cycles. Figure 5 shows a
scatter plot of the HRS resistance and the overall RTN current
fluctuations (calculated as the difference between the
maximum and the minimum value of the current in the RTN
trace) extracted from raw noise data at each cycle with
Vreser=1.5V. Different fluctuation amplitudes are found for
similar HRS resistance values, indicating that the Ryjg
variations during cycling are not directly correlated to the
RTN current fluctuations, Fig. 5. Likewise, the same trend is
found by decomposing (using the FHMM technique) the
overall multi-level RTN trace in multiple two-level
fluctuations, which are associated with the activity of
individual traps, Fig. 6. No point-to-point relations are found
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Figure 7. Simulated AI (thin lines and symbols, left) and average HRS current
Iirs (thick lines, right) distributions over cycling considering a random defects
distribution within the dielectric barrier. Green circles/line correspond to a
fixed barrier thickness = 1nm. If barrier thickness variations are introduced
(red triangles/line = 30% variation and blue squares/line = 50% variation)
average HRS current and Al show a wider distribution.

between the HRS current and the amplitudes of the individual
two-level current fluctuations, Al. It is worth noticing that the
number of defects detected by the FHMM algorithm at each
cycle shows some random variations. Also the cumulative
current fluctuation, calculated by summing up the amplitude
of every individual two-level fluctuations detected through the
FHMM, shows some statistical variations, indicating that there
is no point-to-point relation between the current fluctuation
amplitudes and the average current. This indicates that two
distinct physical mechanisms are responsible for Iyrs and
RTN fluctuations. Indeed, the HRS current variability is
mainly due to the variations of the barrier thickness and the
redistribution of the TAT-supporting defects over cycling.
Conversely, the RTN current fluctuations are due to the
random activation and de-activation of the TAT supporting
defects within the barrier. However, barrier thickness
variations and the redistribution of the TAT-supporting defects
over cycling have a statistical effect on the RTN fluctuations,
as confirmed by Monte-Carlo simulations in Fig. 7.

V. PHYSICAL MECHANISM RESPONSIBLE FOR RTN IN HRS

In order to clarify the nature of the defects and processes
involved in RTN, we analyzed the effect of the read voltage,
Vieap, on the RTN characteristics extracted through the
FHMM algorithm. Here, no switching is performed between
consecutive reading operations to prevent any change in both
the defect distribution and the thickness of the oxidized CF tip.

Figure 8a shows the average values of Al and Al/l
distributions: Al increases with the read voltage, whereas Al/l
remains constant, confirming that Al is due to the activation
and de-activation of individual defects supporting the TAT
current. The Al increase with Vggap is due to the higher
tunneling and relaxation probabilities. The average RTN
capture time raises exponentially, Fig. 8b, whereas the
emission time is not affected by Vrgap. In order to understand
these trends we have to speculate about the microscopic
mechanisms responsible for the activation and de-activation of
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the O vacancy defects supporting TAT [11-13]. This could be

due to:
1. a reversible change of the properties of TAT
defects due to switching between “slow” atomic

configurations, possibly involving metastable
states [26];
ii. charge trapping at slow defects located in the

proximity of the TAT ones, which could inhibit the
electron transport due to the Coulomb blockade
effect [27].

Both above mechanisms involve a charge trapping process,
which can be described in the framework of the multi-phonon
TAT theory. To simplify the analysis, we adopted the compact
model presented in [28], where the main parameters are
represented by the thermal ionization, Er, and the relaxation,
Egrgr, energies of the defects, which are typically associated
with their specific atomic configuration and with the
interaction between electrons and phonons [29].

v = coNge i) CLHF) (1)
T, = CONVe(tB;—CXT)e(%) 2)
[EREL - (ET = @p + qVreap 3;_;)]2 3)
- 4ERg,
F, = ot )

Here 1, is the capture (emission) time, ¢, the defect capture
cross-section, N, the density of states in the source
(destination) electrode, xt the trap distance from the injecting
electrode, Et the trap ionization energy, Egrgp the relaxation
energy, tp the barrier thickness, A.. the tunneling constant for
the capture (emission) process, k the Boltzmann constant, T
the absolute temperature, ¢ the energy offset at the
electrode/oxide interface, Vrpap the read voltage. In the
framework of this simple compact model, the capture and
emission times are calculated by neglecting the back-emission
to the injecting electrode. This does not affect the result
accuracy, as the Vo defects mostly contributing to the TAT
current lie in the middle of the barrier [7] (including the back-
emission results in no significant difference in the calculated
T.e). Indeed, this compact description allows correctly
reproducing the experimental trends of capture and emission
times vs. read voltage shown in Fig. 8b. The 1. raise with
increasing Vggap is mainly due to the higher energy released
by electrons to the lattice at every capture event. Regarding
this point, it is important to highlight that t. may either
increase or decrease with the read voltage, depending on the
energy misalignment between the electrons and the defect. If
the ground state of the defect has a thermal ionization energy
higher (lower) than the Fermi level, E; < @5 (Er > ¢p), T
increases (reduces) with the voltage , according to eqn. (1,3).
Conversely, the constant trend shown by 7. is due to the fact
that the electron emission occurs preferentially from the
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Figure 8.(a) Experimental Al (left y-axis, blue circles) and AUI (right y-axis,
red squares) average values for different Vggap. Al scales with the average
current I. (b) Experimental capture (left y-axis, blue circles) and emission
(right y-axis, red squares) times average values for different Vrgap. Capture
time exponentially depends on the read voltage while emission time shows no
dependency, in agreement with the TAT model.
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Figure 9. (a) Schematic of the device in HRS. (b,c) The representation of two
mechanisms possibly responsible for the RTN. The barrier thickness and the
trap location are highlighted. (b) Charge trapping at a slow defect (in green,
probably the O interstitial) may induce a Coulomb blockade effect on a close
O vacancy, normally assisting the TAT transport. (¢) O vacancy activation
and de-activation through metastable state configurations of the O vacancy.
(d) Schematic illustration of the Coulomb blockade. The charge trapping at
the slow defect in the proximity of the O vacancy changes the potential and
the energy alignment of the O vacancy, altering the associated TAT current.
(e) Generalized coordination diagram illustrating the O vacancy model with
metastable states. The TAT current involves the charge transition between the
neutral and the positive metastable state. The RTN is generated by the
relaxation of the positive metastable state into a stable configuration. This
process temporarily inhibits the TAT transport and causes RTN.

ground state of the trap, hence the relaxation probability is not
affected by changes in the applied voltage [7]. To reproduce
both average trends, Fig. 8b, and the statistical distributions of
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capture and emission times, Fig. 6, the relaxation energy has
been considered as a fitting parameter, as the value calculated
(Ergi=1.2eV) for positively charged O vacancy defects [29-
31] leads to very fast capture and emission events (responsible
for the TAT current) in the nanoseconds to picoseconds range.
Instead, the capture and emission times observed in RTN
fluctuations are orders of magnitude larger, Fig. 3. This rules
out the hypothesis that charge trapping at positively charged
oxygen vacancies may be responsible for RTN [30]. The
relaxation energy extracted from the capture and emission
times simulations in Fig. 3, Egrg=1.8-2.7¢V, is indeed larger
than that of O vacancies assisting the TAT [7], probably
indicating that a different atomic species or arrangement is
responsible for RTN [29]. In this respect, a possible candidate
is given by the neutral interstitial oxygen, an electrically active
defect in HfO, showing similar thermal ionization and
relaxation energy values to the one extracted from RTN
simulations [31]. This would support the hypothesis ii) that the
charge trapping at neutral oxygen interstitial prevents an O
vacancy in its close proximity to effectively support the TAT
transport due to the Coulomb blockade effect, as sketched in
Fig. 9b,d. Despite simulations considering trapping at nearby
interstitial oxygen [31] (NT,ImoX:5'10200m_3) were shown to
accurately reproduce the experimental RTN current
fluctuations [32], further studies are needed to assess the
microscopic characteristics of such defects, i.e., their thermal
ionization and relaxation energies.

On the other hand, also the existence of metastable states
has still to be assessed for O vacancy defects in HfO, [26].
Metastable states correspond to different electron cloud
arrangements around the atoms surrounding the defect. Their
properties were calculated for £’ centers in SiO, using ab-

initio calculations [26]. Similar techniques could be applied to
HfO,, but further studies are required to reach unambiguous
conclusions. Nevertheless, this assumption represents another
possible physical mechanism for RTN in RRAM devices. In
this framework, the transition of the O vacancy defect from a
metastable (i.e. fast) to a stable (i.e. slow) state configuration
can de-activate the charge transport through the defect (and
vice versa), thus explaining the RTN current fluctuations.
When the defect is in its metastable configuration, the
captured electron will be promptly emitted: the time constant
of the process is thus very small, and the electron trapping and
emission contribute to the leakage current. Conversely, when
the defect is in its stable configuration, the capture and
emission times are much longer, and therefore the defect is not
able to further assist charge transport, Fig. 9c,e.

VI. CONSIDERATIONS

The interpretation of the RTN data extracted through the
FHMM analysis allows gaining useful insights into both the
physical processes and the defect species involved in RTN.

It is important to underline that defects contributing to
detectable RTN current fluctuations have to be aligned with
the Fermi level. Capture and emission times should indeed be
comparable to allow the detection of both raising and falling
edges of the current fluctuations (i.e. very dissimilar values of
capture and emission times will impede the detection).
Furthermore, such defects are required to be located in a given
portion of the barrier, which also depends on the barrier
thickness. This is shown in the band diagram plot depicted in
Fig. 10, which maps the portion of the dielectric band-gap that
can be inspected using noise measurements. Interestingly, a
thicker barrier results in a relatively larger portion of the
barrier hosting defects which may contribute to RTN. The
total number of defects is thus expected to increase with
Vreser, as well as the “statistical complexity” of the RTN
signal, when statistically observed over multiple switching
cycles. The statistical complexity is evaluated through a figure
of merit named “effective number of traps” (ENOT). ENOT is
calculated by averaging the effective number of defects
contributing to RTN detected at consecutive set-reset cycles
through the FHMM algorithm [33-35]. The barrier thickness at
each cycle is extracted from I-V data using the compact model
in [20, 21]. Despite no point-to-point correlation exists
between HRS resistance (i.e. barrier thickness) variations and
RTN current fluctuations, Fig. 6, a linear correlation is found
between the ENOT and the barrier thickness, as more defects
are expected to contribute to RTN, Fig. 11. The same trend is
observed in devices with different stacks reset at different
voltages. The linear relation between the average barrier
thickness and the ENOT follows a sort of universal law, which
indicates that the defect density in the barrier does not depend
on the stack composition and the reset voltage [25, 36]. Most
probably it is a property of the material at a given sub-
stoichiometry level. This result, consistent with the results of
the simulations in Fig. 10, indicates that understanding the
physical properties of the material is crucial for controlling
noise behavior and variability in RRAM devices [37-41].
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Possibly, materials with low fractional oxygen content and/or
high lattice “flexibility” (the capability to rearrange the lattice
upon some defects creation) may constitute a preferential
choice to limit the concentration of defects involved in RTN.
Nevertheless, a detailed analysis must be performed on any
material to fully identify the defects responsible for RTN.

VIL

In this paper we presented the results of a complete
statistical characterization of multi-level RTN in HfO, RRAM
devices in HRS. The statistical properties of the RTN current
fluctuations have been analyzed through the FHMM
technique. This allows decomposing the multi-level RTN
fluctuations into many two-level signals, each associated with
an individual defect in the oxidized tip of the CF. A consistent
picture of the RTN fluctuations in HRS in the framework of
the TAT theory has been proposed. RTN is attributed to the
activation and de-activation of TAT-supporting O vacancy
defects. These processes can be due to either the presence of
metastable state configurations for the O vacancy defects or
the Coulomb interaction with the charge trapped at defects of
different nature. Results point to the interstitial oxygen as a
possible candidate. The uncorrelated nature of cycling
variability and RTN has been identified and explained.
Moreover, a systematical analysis of I-V data considering
cycling variability and RTN in devices with different stack
configurations allowed confirming the statistical link between
noise behavior and the dielectric barrier properties.

CONCLUSION
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