
Nanotechnology

PAPER

Unipolar resistive switching behavior in
Al2O3/HfO2 multilayer dielectric stacks: fabrication,
characterization and simulation
To cite this article: M Maestro-Izquierdo et al 2020 Nanotechnology 31 135202

 

View the article online for updates and enhancements.

Recent citations
Numerical Study of Graphene Heat
Spreaders for a THz Quantum Diode
Based on a G-MGIM Junction
E. Moreno et al

-

This content was downloaded from IP address 132.174.250.76 on 06/07/2020 at 18:50

https://doi.org/10.1088/1361-6528/ab5f9a
http://dx.doi.org/10.1007/s10765-020-02659-y
http://dx.doi.org/10.1007/s10765-020-02659-y
http://dx.doi.org/10.1007/s10765-020-02659-y
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsswhfFkhU2CXQxaQ2kkKCf-UHDMgqDIkpFHUuaLerjJ-cW1wwo27srUrDvRIwYwKeBGUanMgoFaz-qu03CADnf3SW2rLxgBdX-urVYjZWFSWSEWfuleF-smuOMpWaa9XEen6pPs7CAIpWgPjjy-EsiYma_R0SSKmkXTtGFQEcS9c7DzkMFDm9kx5TL870HSidwk_X4VDh0BlcwOa1CDniCsx69R2f0iWX9ViNMyOoR896_JqTjo&sig=Cg0ArKJSzJV6bD17ntK-&adurl=http://iopscience.org/books


Unipolar resistive switching behavior in
Al2O3/HfO2 multilayer dielectric stacks:
fabrication, characterization and simulation

M Maestro-Izquierdo1 , M B Gonzalez1 , F Jimenez-Molinos2 ,
E Moreno3, J B Roldan2 and F Campabadal1

1 Institut de Microelectrònica de Barcelona, IMB-CNM, CSIC, Carrer dels Til·lers s/n, Campus UAB.
E-08193 Bellaterra, Spain
2Departamento de Electrónica y Tecnología de Computadores, Universidad de Granada, Facultad de
Ciencias. Avenida Fuentenueva s/n, E-18071 Granada, Spain
3Departamento de Ingeniería Eléctrica, Universidad de Chile, Avenida Tupper 2007, Santiago de Chile,
Chile

E-mail: marcos.maestro@csic.es

Received 5 July 2019, revised 31 October 2019
Accepted for publication 6 December 2019
Published 9 January 2020

Abstract
In this work, the impact of different HfO2/Al2O3-based multilayer dielectric stack (DS)
configurations on the electrical characteristics and on the resistive switching (RS) performance of
Ni/Insulator/Silicon devices has been systematically investigated. Significant differences are
observed in the electrical characteristics of the fabricated bilayer, trilayer and pentalayer stacks
compared to a single HfO2 layer of the same physical thickness. The RS analysis has shown
similar low resistance state currents and set voltages for all the DS combinations whereas
currents at the high resistance state and reset voltages depend on the DS. The shift of the reset
voltage to lower values for HfO2 and Al2O3/HfO2/Al2O3 cases is explained by the results from
thermal simulations that reveal that these differences could be associated to the different
temperature distributions at the narrowest part of the conductive filament immediately before the
thermally triggered reset process occurs.

Supplementary material for this article is available online

Keywords: ALD, HfO2, Al2O3, resistive switching, multilayer dielectric stacks, thermal
simulations, nanolaminates

(Some figures may appear in colour only in the online journal)

1. Introduction

Devices based on the resistive switching (RS) phenomenon
are currently being investigated for applications such as non-
volatile resistive random access memories [1], synapses in
neuromorphic computing [2, 3] or physical unclonable
functions for security applications [4, 5]. Among the possible
alternatives, RS devices based on HfO2 have shown fast
switching times, high endurance, low energy consumptions,
CMOS compatibility, and an excellent capability to modulate
their electrical resistance [3, 6]. In addition, several works
[7–14] have shown the advantage of using HfO2/Al2O3 stack

combinations in RS devices to enhance their electrical prop-
erties. For instance, Azzaz et al [7], have published the
improvement of the device endurance and data retention when
a thin layer of Al2O3 is added to a single HfO2 layer. Yu et al
[8], have demonstrated an improved multilevel capability of
HfOx/AlOx bilayer stacks under DC and AC conditions.
Furthermore, Al2O3/HfO2/Al2O3 trilayer stacks have been
reported to have excellent RS performances with low para-
meter dispersion [9] and an improved multilevel cell opera-
tion by controlling reset stop voltages and good switching
characteristics under AC condition [10]. Besides that, other
groups have demonstrated RS behavior and performance
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improvements in HfO2/Al2O3 multilayers employing more
than three layers. Among them, Tzeng et al [11] have
reported both positive and negative unipolar RS behavior of
HfO2/Al2O3-based multilayers observing differences in
switching and stability characteristics between the two
operation modes. In addition, Huang et al [12] implemented
HfO2/Al2O3 multilayer stacks in RRAM arrays showing an
improved tail-bit retention compared to single layer
HfO2RRAM.

This work is focused on unipolar RS devices with Ni as
metal electrode where the high temperature on the reset
process due to joule heating is the most predominant cause for
the rupture of the conductive filament (CF) [15]. Notice that
Ni migration in the dielectric, facilitates the formation of
metallic filaments, which is thermally and voltage induced
[16]. In [13], Tran et al reported in unipolar Ni-based RRAM
devices a reduced switching variability and an increased
resistance ratio between two states when using a HfOx/AlOy

bilayer stack compared to a single HfOx layer. The order of a
HfO2/Al2O3 bilayer, however, was reported to have no
impact on Ni-based RRAM characteristics [14].

Although some studies have dealt with the RS behavior
in HfO2/Al2O3 multilayer dielectric stacks (DS), no perfor-
mance comparisons in an extended set of several multilayer
stack configurations have been reported, being difficult to
isolate the contribution of the DS on the device performance
from the contribution of the other processing steps in the
fabrication process. Thus, in this work, unipolar RS devices
with Ni top electrode and bilayer, trilayer and multilayer
(pentalayer) DS combining and alternating HfO2/Al2O3 lay-
ers have been fabricated and systematically characterized to
study in depth the impact of different dielectric configurations
on the electrical characteristics and on the RS performance. In
addition, the experimental results are combined with physical
simulation to further understand the role of the DS on the
device performance. To this end, the capacitance–voltage and
current–voltage characteristics have been first measured and
analyzed. Then, a RS assessment of all DS has been carried
out, including the analysis of the cycle-to-cycle variability.
Finally, combining the experimental RS results and analysis
together with thermal simulations of the devices, the thermal
response of the fabricated structures has been studied. In this
respect, a comprehensive investigation on the thermal beha-
vior is done making use of a simulation tool that solves the
3D heat equation in a detailed manner.

2. Device fabrication

The fabricated metal–insulator–semiconductor (MIS) devices
are field-oxide isolated Ni/insulator/Si-n+ square structures
with active areas ranging from 480×480 to 5×5μm2. A
cross sectional view is shown in figure 1. The devices were
fabricated on highly doped n-type (100) Czochralski silicon
wafers with a resistivity in the range (0.007–0.013) Ω cm.
After a standard wafer cleaning, a 200 nm thick SiO2 layer
was grown by means of a wet thermal oxidation process at
1100 °C. This field oxide was patterned by photolithography

and wet etching. Prior to insulator deposition, a cleaning in
H2O2/H2SO4 and a dip in HF(5%) were done. The oxide
layers were grown at 225 °C by atomic layer deposition
(ALD) in a Cambridge NanoTech Savannah 200 system. The
precursors used were trimethylaluminium, (TMA) and H2O
for Al2O3, and tetrakis(dimethylamido)-hafnium (TDMAH)
and H2O for HfO2. N2 was employed as carrier and purge gas.
Al2O3 and HfO2 layers were combined to build bilayer, tri-
layer and pentalayer DS all of them with a total physical
thickness of 20 nm. Samples with a 20 nm thick HfO2 layer
were also fabricated for comparison purposes. Figure 2 shows
the studied DS combinations referred to as DS1 to DS6. The
top metal electrode of the fabricated devices consists of a 200
nm thick Ni layer deposited by magnetron sputtering and
patterned by a lift-off process.

The ALD technique provides excellent thickness control
and uniformity. The oxide thickness can be obtained by
adjusting the number of ALD cycles [17] to grow a HfO2

layer of 20, 10, 5 or 4 nm, the ALD consisted in 210, 105, 55
and 36 ALD cycles. Analogously, 91, 45 and 36 ALD cycles
were used to grow Al2O3 layers of 10, 5 and 4 nm, respec-
tively. An example of the ALD reactor pressure in the
deposition process carried out to obtain the trilayer DS (5
nm-Al2O3/10 nm-HfO2/5 nm-Al2O3) is shown in figure 3.

TEM inspections of 20 nm thick HfO2 layers indicate that
they are polycrystalline [18], while ALD grown Al2O3 films
are amorphous.

3. Impact of the multilayer stack on the electrical
characteristics and dielectric reliability

A first electrical characterization of the fabricated MIS devi-
ces was performed through the measurement and analysis of
the high-frequency capacitance–voltage (C–V ) character-
istics. In order to obtain reliable capacitance measurements,
devices with an area of 480×480μm2 were used. The C–V
measurements were carried out at 100 kHz signal frequency
by sweeping the voltage from inversion to accumulation
using an HP4192A impedance analyzer in parallel config-
uration. Figure 4 shows representative C–V characteristics of
the studied DS. From the experimental C–V curves, the
equivalent oxide thickness (EOT), defined as the required
thickness of a silicon dioxide film to achieve the same
capacitance density as the high-k material [19], was extracted
for the different DS from the following equation:

e
=C

k
A
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, 1kmax,high

0 SiO2 ( )-

where Cmax is the maximum capacitance measured at the
accumulation region, ε0 the vacuum permittivity, kSiO2 the
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Figure 1. Optical image of (a) the top view of a fabricated MIS device and (b) zoom of the active area. (c) Schematic cross section of the
device along the white line indicated in (b).

Figure 2. Fabricated HfO2 and HfO2/Al2O3-based dielectric stacks (DS) combinations labeled from DS1 to DS6.

Figure 3. Reactor pressure of the atomic layer deposition (ALD)
process for the 5 nm-Al2O3/10 nm-HfO2/5 nm-Al2O3 trilayer stack.

Figure 4. C–V characteristics at 100 kHz for the different dielectric
stack combinations. Device area is 480×480μm2.

3
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In figure 5(a), where the obtained values for EOT are
depicted for the different stacks, it is shown that the inclusion
of Al2O3 in a multilayer stack leads to larger EOT values
compared to a single HfO2 layer. Considering equation (2),
this result is in accordance with the lower dielectric constant
of Al2O3 (∼9) compared to HfO2 (∼25). Notice that all the
stacks have a physical thickness of 20 nm. In addition, in the
case of multilayer stacks, similar EOT values were obtained
for the different combinations; the smallest one corresponds
to the pentalayer stack (DS6 split). This result is due to the
fact that, in this case, the thickness ratio t tHfO Al O2 2 3

is 3/2,
while in the other cases the ratio is 1.

In addition, from the experimental C–V curves, the flat
band voltage (VFB) was determined from the flat band capa-
citance (CFB) and considering the series connection of the
oxide capacitance (Cox) and the flat band semiconductor
capacitance. CFB [20] is then given by:

=
+

e

C
A

, 3
A

C

LFB

sox

D
( )

where LD is the Debye length, εs is the silicon dielectric
constant and A the device area. The extracted VFB values,
shown in figure 5(b), indicate that for those DS with an Al2O3

layer adjacent to the silicon substrate (DS3: HfO2/Al2O3 and
D6: Al2O3/HfO2/Al2O3) VFB is positive whereas for those
with a HfO2 layer deposited on the silicon substrate VFB is
negative. This result is consistent with the larger fixed
negative charge reported in Al2O3 layers compared to HfO2

[21]. This fixed negative charge in Al2O3 films can be
attributed to Al vacancies, O interstitials, and interstitial H,
because of the H containing ALD precursors TMA
(Al(CH3)3) and H2O [22]. In addition, the presence of fixed
negative charge in Al2O3 layer has also been reported to be
influenced by C-related impurities [23].

With respect to assessing the electrical conduction
through the different DS, current–voltage (I–V ) measure-
ments were performed using an HP4155 semiconductor
parameter analyzer on pristine devices with an area of
15×15μm2. The voltage was applied to the Ni top elec-
trode, while the Si substrate was grounded. Voltage sweeps

were applied from 0 V up to the occurrence of the dielectric
breakdown for both polarities. Since these type of devices
need to be subjected to a forming process before the RS
phenomenon is observed, the obtained I–V characteristics are
representative of the forming behavior of the studied devices
in both polarities. Figures 6(a) and 7(a) show typical I–V
curves for each DS under substrate (positive bias) and gate
(negative bias) injection regimes, respectively. Under sub-
strate injection (figure 6(a)), devices with a single HfO2 layer
exhibit larger currents than multilayer stacks at voltages
values below ∼7 V (figure 6(a)). This fact could be related to
the lower conduction band offset (barrier height) between the
silicon substrate and the insulator layer in the case of HfO2

(∼1.4 eV) case than in Al2O3 (∼2.5 eV) [24]. For larger
voltages (>7 V), the HfO2/Al2O3 stack presents the largest
current while Al2O3/HfO2 and HfO2/Al2O3/HfO2 stacks
show the smallest. This difference is in accordance with the
work carried out in [14], where the dielectric conduction in
Al2O3/HfO2 and HfO2/Al2O3 bilayer stacks was compared.
Under gate injection (figure 7(a)), no dielectric conduction is
observed in any stack for voltage values below |−7 V|.
However, at larger voltages, higher current values are
observed for the trilayer cases in comparison to the other
multilayer stacks.

Comparing the current behavior at large voltages (∼|
8 V|) independently of the injection regime, stacks with
Al2O3 adjacent to the injecting electrode show larger current
than those having HfO2. The explanation of such a result is
given by the analysis of the band diagram carried out for
every multilayered stack. In the case of the Al2O3 layer
located next to the injecting electrode and the device posi-
tively or negatively biased, electrons only find an Al2O3

barrier with triangular shape and once overcome no further
barrier is found and, therefore, larger conduction is possible.
However, when HfO2 is the adjacent layer, electrons
encounter two barriers the first due to the HfO2 layer and the
second to the contiguous Al2O3 layer, since Al2O3 has a
larger bandgap (8.7 eV) than HfO2 (5.7 eV). Notice that this
double HfO2/Al2O3 barrier can be double triangular shaped
or even a combination of a trapezoidal and a triangular shape

Figure 5. Extracted (a) equivalent oxide thickness (EOT) and (b) flat band voltage (VFB) parameters from the high-frequency C–V
characteristics.
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what makes the conduction more difficult and leads to a lower
current.

In order to evaluate the reliability of HfO2/Al2O3 mul-
tilayer stacks compared to a single HfO2 layer, the dielectric
breakdown has been studied. For this purpose, ramped I–V
characteristics of a set of more than 25 capacitors of each type
and for each polarity were measured and the breakdown
voltage (VBD) was recorded. Comparison of the obtained
results is carried out through the analysis of the Weibull
cumulative breakdown distributions (figures 6(b) and 7(b))
defined as:

a
= - -

b
F V

V
1 exp , 4BD

BD⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥( ) ∣ ∣ ( )

where α is the voltage at which 63.2% of the capacitors are
broken, and β is the Weibull slope, which indicates the width
of the distribution. The obtained α and β values are shown in
the inset table of figure 6(b) (positive polarity) and figure 7(b)
(negative polarity). It can be noticed that for both polarities

the lowest breakdown voltage corresponds to the single HfO2

layer compared to multi-layered dielectrics (figures 6(a) and
7(a)), resulting in a significantly smaller α parameter. In
addition, among the Al2O3/HfO2 stack combinations, both
trilayer stacks show the lowest α parameter under both
polarities, while the β parameter shows no clear trend.

The analysis of the electrical characteristics and dielectric
reliability in pristine devices have demonstrated the different
physical properties of the fabricated multilayered stacks.
These results confirm that prior to the forming process, the
insulator films show dissimilar capacitance and conduction
behavior.

4. Effect of the DS on the RS phenomenon

Having observed significant differences in the electrical
characteristics of the different stacks, RS behavior is next
studied in order to analyze the impact of the type of stack on

Figure 6. (a) Current–voltage characteristics for positive bias
(substrate injection) up to dielectric breakdown. (b) Weibull plot of
the cumulative breakdown distribution function F versus breakdown
voltage, VBD in V. The extracted shape (β) and scale (α) parameters
of the Weibull function for the different dielectric stacks are shown
in the inset table. Device area is 15×15μm2.

Figure 7. (a) Current–voltage characteristics for negative bias (top
electrode injection) up to dielectric breakdown. (b) Weibull plot of
the cumulative breakdown distribution function F versus |break-
down voltage| (VBD in V ). The extracted shape (β) and scale (α)
parameters of the Weibull function for the different dielectric stacks
are shown in the inset table. Device area is 15×15μm2.
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the RS performance. Previous works on Ni-based devices
with a single HfO2 layer [25–27] reported better RS perfor-
mance under negative unipolar conditions in comparison to
other polarity combinations. Under such conditions, by
applying negative voltage ramps, a metallic-like CF is formed
(set process) and disrupted (reset process) [28]. According to
[15, 27], the formation of the CF is due to metallic diffusion
through the oxide layer from the top electrode into the di-
electric, while the disruption of CF is known to be a temp-
erature-driven rupture of the filament [2, 29–31].

4.1. RS assessment

In order to study the negative unipolar RS performance of the
devices, as the first and necessary step, they were subjected to
a forming process under negative polarity with a current

limitation of 1 mA in order to form the CF but preventing the
hard and irreversible dielectric breakdown. In our previous
work [32], it was shown that the CF is most likely to be
created within the active area of the device rather than at the
edge. With the purpose of reducing the variability of the
switching process, devices with an area of 5×5μm2 were
used. Then, 2000 consecutive reset-set cycles were performed
applying negative voltage sweeps to drive the device to the
high resistance state (HRS) and to the low resistance state
(LRS), alternatively. It should be noted that in the set pro-
cesses a current limitation of 1 mA was imposed to prevent
hard breakdown whereas the reset process was performed
without current limitation. RS measurements were carried out
using a B1500 semiconductor parameter analyzer. As an

Figure 8. Experimental I–V curves for the forming process and 2000
cycles of negative unipolar RS for the Al2O3/HfO2/Al2O3 stack.
HRS, LRS, VFORMING, VSET and VRESET parameters are indicated.
Device area is 5×5μm2.

Figure 9. Experimental cumulative distribution functions of the HRS
and LRS currents, extracted at −0.5 V, corresponding to a set of
2000 RS cycles.

Figure 10. Experimental (a) set and (b) reset voltage cumulative
distribution functions obtained from 2000 RS cycles for each of the
different dielectric stacks.

Figure 11. Experimental cumulative distribution functions of the set
and reset currents obtained from 2000 RS cycles for each of the
different dielectric stacks.
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example, figure 8 shows the I–V curves of the forming step
and the 2000 RS cycles for the Al2O3/HfO2/Al2O3 DS,
where characteristic RS parameters such as voltages at which
forming, set and reset processes occur, VFORMING, VSET and
VRESET, respectively, and the currents at the HRS and LRS are
indicated.

To perform a statistical analysis, the aforementioned
parameters were extracted from the 2000 RS cycle measure-
ments for each DS. Figure 9 shows the experimental cumu-
lative distribution functions (CDF) of the HRS and LRS
current values, measured at −0.5 V. In the HRS case, the
CDF of HfO2 (red curve) and HfO2/Al2O3 (brown curve) are
shifted to slightly larger and lower current values, respec-
tively, in comparison with the other stacks whose CDFs are
overlapped. However, in the LRS case, no correlation
between the CDF curve and the DS is found. Focusing on
curve spreads, similar cycle-to-cycle variability is observed
for the different DS for both, HRS and LRS currents. How-
ever, larger variability is observed in HRS with respect to
LRS. This larger variability is attributed to the variation of the
gap distance in the filamentary path after each reset process.

Figure 10 shows CDFs of the extracted set and reset
voltages (VSET, VRESET). For both voltages, a similar varia-
bility is observed for the different DS combinations. How-
ever, whereas an overlapping of VSET CDF curves is
observed, two different clear trends can be noticed in the case
of the VRESET CDF curves. First, the HfO2 (red curve) and
Al2O3/HfO2/Al2O3 (soft blue curve) stacks show lower
values than the other stacks, with reset voltage distributions
shifted ∼−0.5 V. In addition, the CDFs of the current values
at VSET and VRESET, ISET and IRESET, respectively, are
depicted in figure 11. It is remarkable that CDF curves of
IRESET values clearly overlap for all DS while ISET CDF
curves slightly differ among each other, being the stack with a
single HfO2 (red curve) layer the one with the largest values
of ISET. Notice that for the single HfO2, the HRS current is
also slightly larger (see figure 9).

From this study, we can conclude that although the order
and number of layers of HfO2/Al2O3 multilayer stacks

strongly influences their electrical properties, in terms of RS
performance the main parameter that shows a clear depend-
ence between the different HfO2/Al2O3 multilayers stack
combinations is the reset voltage. In order to shed some light
on this issue thermal simulations are presented in the next
section.

4.2. Analysis of the temperature distributions along CF

Focusing on the results obtained in figure 10, where the reset
distribution of HfO2 and Al2O3/HfO2/Al2O3 stacks are
shifted ∼ −0.5 V from the rest of stacks, the impact of the DS
on the reset voltage is studied using a simulation tool that
solves the 3D heat equation [33–35]. This numerical proce-
dure is in line with other works related to the study of thermal
effects in RRAM devices [36–39]. Previously published
results [34], showed that Ni-based devices with a single layer
of aluminum oxide had higher reset voltages and lower
temperature distributions than a single HfO2 layer or
HfO2/Al2O3 bilayers. This result is linked to the higher
thermal conductivity in Al2O3 (kth=2.86Wm−1 K−1) with
respect to HfO2 (kth=1.0Wm−1 K−1). In the first case, the
lateral heat flux from the CF to the oxide is higher and in
order to achieve the temperature that triggers the reset pro-
cess, higher Joule heating effects are needed, therefore a
higher reset voltage is expected. In this work, devices with
trilayer DS Al2O3/HfO2/Al2O3 and HfO2/Al2O3/HfO2

(figure 10) have been studied in terms of temperature dis-
tributions. The devices have been analyzed at the LRS con-
sidering that Joule heating occurs in the metallic-like CF,
which is formed by Ni atom clusters and modeled with
cylindrical and truncated-cone shapes. The simulation tool is
described in detail in the supplementary material (available
online at stacks.iop.org/NANO/31/135202/mmedia) along
with the numerical implementation of the 3D heat equation
and the algorithm employed to solve it.

Simulations have been performed assuming a device
voltage of −1V and the current is modeled flowing through a
fully formed symmetric truncated-cone shaped CF. After the
simulations are performed, different temperature distributions

Figure 12. (a) Simulation domain of the device under study. The dielectric trilayer (Al2O3/HfO2/Al2O3) stack and electrodes are included;
the simulations were performed for the DS4 and DS5 structures. The four slices where the temperature distributions in the cross-sections are
considered for the analysis are also indicated. (b) Device structure with a symmetric truncated-cone-shaped CF, as used in the simulation
scheme.
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Figure 13. Temperature distribution along the vertical direction (Z axis, from the Si to the Ni electrodes) for the devices with Al2O3/HfO2/
Al2O3 (DS4, (a) contour plot, (b) 3D plot) and HfO2/Al2O3/HfO2 (DS5, (c) contour plot, (d) 3D plot) dielectric stacks. The cross-sections
were taken at the middle of the Y axis, corresponding to the position where the CF revolution axis is found. The electrode layers included in
the simulations are also shown (Z axis, Si electrode: 0<z<10 nm, and Ni electrode: 30 nm<z<40 nm). (e) Contour and (f) 3D plots of
the subtraction of the temperature distributions shown in (a)–(d).

8
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cross-sections in the 3D simulation domain for the devices
under study have been plotted (see the supplementary mat-
erial). Figure 12(a) shows a sketch of the simulated trilayer
DS Al2O3/HfO2/Al2O3 (in addition to the electrodes) that
constitutes the simulation domain (a similar domain is
employed in the DS5 case). The slices (cross-sections)
employed to study the temperature distributions are located at
the different positions figure 12(a). The electrodes are also
taken into consideration in the simulation (10 nm in each
electrode layer). The simulations were performed accounting
for symmetric CFs with their narrow part placed at the di-
electric central region (figure 12(b)). This reasoning was in
line with a previous study for devices with single and two
dielectrics layers [33, 34].

In figure 13, the temperature distributions along the
vertical simulation domain axis, from the Si electrode to the
Ni electrode, for Al2O3/HfO2/Al2O3 and HfO2/Al2O3/HfO2

devices are shown. It can be seen that the temperature for the
Al2O3/HfO2/Al2O3 is higher in the central dielectric region,
where the CF narrowing is found, as expected taking into
account the lower thermal conductivity of HfO2 with respect
to Al2O3. Contour and 3D plots are given in this figure (plots
(e) and (f) show the temperature difference distribution found
between the two types of devices under consideration). The
higher temperature in the Al2O3/HfO2/Al2O3 central di-
electric region suggests that the self-accelerated processes
linked to RS are triggered in these devices at lower voltages
since the structure is thermally more efficient to accumulate
the dissipated heat. See also temperatures close to 300 K in
the electrodes and in the regions far from the filament, where
heat dissipation takes place; this result is coherent from the
thermal viewpoint. The simulation results explain, therefore,
the experimental results shown above and confirm the influ-
ence of temperature on RS mechanisms. The different thermal
conduction properties of the materials employed in the DS
allow the modulation of the operation temperature within the
devices. In doing so, the control of essential operation para-
meters such as the reset voltage is achieved, facilitating the
fabrication of what it could be called thermally engineered
devices to lower the power consumption of circuits based on
these technologies.

5. Conclusions

MIS devices with bilayer, trilayer and pentalayer DS com-
bining and alternating HfO2/Al2O3 have been fabricated with
the aim of studying the impact of the different dielectric
configurations on electrical characteristics and the RS per-
formance. The results show larger EOT for HfO2/Al2O3

stacks compared to a single HfO2 layer, because of the lower
Al2O3 dielectric constant, and indicate the presence of larger
fixed negative charge in the Al2O3 layers. Moreover, a larger
breakdown strength under both polarities have been observed
for multilayer stacks compared to a single HfO2 layer. The
results from RS analysis have shown relevant dissimilarities
in VRESET parameters between the fabricated DS combina-
tions. VRESET is shifted ∼ −0.5 V for the case of single layer

HfO2 and Al2O3/HfO2/Al2O3 compared to the rest of the
stacks. In order to shed some light into this issue, thermal
simulations have been carried out considering that Joule
heating occurs in the metallic-like CF. The results reveal that
the differences in VRESET values among the stacks could be
associated to different temperature distributions at the nar-
rowest part of the CF obtained during the thermally triggered
reset process.
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