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e switching characteristics of
a multi-stacked HfO2/Al2O3/HfO2 RRAM structure
for neuromorphic and synaptic applications:
experimental and computational study†

Ejaz Ahmad Khera,a Chandreswar Mahata,b Muhammad Imran, c Niaz Ahmad Niaz,d

Fayyaz Hussain, *d R. M. Arif Khalil,*d Umbreen Rasheedd and SungjunKimb

Atomic Layer Deposition (ALD) was used for a tri-layer structure (HfO2/Al2O3/HfO2) at low temperature over

an Indium Tin Oxide (ITO) transparent electrode. First, the microstructure of the fabricated TaN/HfO2/

Al2O3/HfO2/ITO RRAM device was examined by the cross-sectional High-Resolution Transmission

Electron Microscopy (HRTEM). Then, Energy Dispersive X-ray Spectroscopy (EDS) was performed to

probe compositional mapping. The bipolar resistive switching mode of the device was confirmed

through SET/RESET characteristic plots for 100 cycles as a function of applied biasing voltage. An

endurance test was performed for 100 DC switching cycles @0.2 V wherein; data retention was found

up to 104 s. Moreover, for better insight into the charge conduction mechanism in tri-layer HfO2/Al2O3/

HfO2, based on oxygen vacancies (VOX), total density of states (TDOS), partial density of states (PDOS)

and isosurface three-dimensional charge density analysis was performed using WEIN2k and VASP

simulation packages under Perdew–Burke–Ernzerhof _Generalized Gradient approximation (PBE-GGA).

The experimental and theoretical outcomes can help in finding proper stacking of the active resistive

switching (RS) layer for resistive random-access memory (RRAM) applications.
1. Background

In the era of next-generation non-volatile storage devices,
resistive random-access memory devices have attracted the
attention of scientists. RRAM has become a promising storage
device due to its simple metal–semiconductor–metal physical
morphology,1 fast switching speed, low power consumption,
long data retention, and improved endurance. The simplest
structure metal–insulator–metal (MIM) of RRAM devices leads
to easy fabrication into a passive crossbar array even with nano
size.2,3 The key factors inuencing device performance are
choice of electrode material4,5 and resistive switching (RS) active
oxide layer.6–9 Conventionally, the top electrode is an active
metal like Ag,10 Cu11 and Ni12 etc. While the bottom electrode is
made up of an inert (non-reactive) metal like Pt, Pd etc.13 In the
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resistive switching devices, in the case of electrochemical
metallization mechanism (ECM), electrochemically active
metals such as Cu, Ag etc. Become oxidized depending on the
electric eld during electroforming as oxygen ions dri toward
the active electrode leaving vacancies behind. On the other
hand, inert (non-reactive) electrode contributes to the electrical
charge transport without any noticeable oxidation and has very
insignicant role in resistive switching performance.14,15

Most conventional dielectric metal oxides have been used so
far for RS (Resistive Switching) active layer like Al2O3,16 HfO2,17,18

SiO2,19 Nb2O5,20 TiO2(ref. 21) andWO3(ref. 22) etc. Due to simple
composition, RRAM devices with transition metal oxides as
active RS layer have been widely explored. However, non-
uniformity of switching states of transition metal oxide-based
cells limits its operation.

The phenomenon of resistive switching is based on forma-
tion and rupture of conducting laments (CFs)23 generated as
a result of the movement of oxygen atoms towards electrode
leaving behind oxygen vacancies (VOX) within the active RS layer.
This movement of oxygen atoms and formation of oxygen
vacancies (VOX) effectively alters the resistance state of the RS
layer between two electrodes, ultimately changing the
morphology of interfacial charge barrier.24 The presence of
oxygen vacancy and dopants causes clustering of more oxygen
vacancies in localized states, which give rise to the formation of
RSC Adv., 2022, 12, 11649–11656 | 11649
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conducting laments.25 The monolayer (Al2O3) based RRAM
devices have been reported to have random and uncontrolled
formation of conducting laments with larger biasing
voltage.26–28 So, the research community has focused on
synthesizing bi-layer and tri-layer RRAM devices to cope with
the randomness of formation of CFs. In recent years most
prominent bi-layer type RRAM structures found are HfO2/TiOx,
Al2O3/TiO2, Al2O3/Ta2O5, HfOx/HfO2 and TaOx/Al2O3 etc.29–32 In
these bi-layer type RRAM devices, usually oxygen vacancies have
been reported at the interface of two layers where formation of
oxygen vacancies due to movement of O-atoms towards
respective electrode causes variation in switching states i.e.,
from low resistance state (LRS) to high resistance state (HRS)
and vice versa.33 This movement of O-atoms and formation of
VOX between two layers also limit the magnitude of current
needed for switching and power consumption in RRAM devices.
Al2O3/HfO2/Al2O3 has been discussed by Wang et al. with
surprising switching performance.34 In their study, Wang and
his co-authors found a high concentration of oxygen vacancies
in HfO2 compared to the Al2O3 layer, which leads to the
migration of those oxygen vacancies from layer richer in VOX

towards layer decient in VOX. Quite coherent study has been
also presented by Lui et al. for Al2O3/HfO2/Al2O3 type RRAM
device.35

In the present study, we have an experimental and compu-
tational insight of the tri-layer structure of RRAM with Al2O3 as
a middle layer packed between two layers of HfO2.In experi-
mental section, vacancies are usually introduced during
synthesis of thin layered structures as no structure obtained
experimentally is a perfect one. In addition, when positive
biasing electric eld is applied to the top electrode keeping
bottom electrode ground, oxygen ions are extracted from the
adjacent oxide layer, which dri toward top electrode leaving
oxygen vacancies behind. These oxygen vacancies are capable of
arranging themselves in line pattern, and hence generate
conductive laments between top and bottom electrodes. That
is why, conduction phenomenon observed in the studied layer
structure is expected to be due to these oxygen vacancies. Many
researchers have reported earlier occurrence of Vox in Al2O3

layers.33–35 In this study, therefore, we have focused on theo-
retical conrmation about the role of Vox in Al2O3 and HfO2

structure. For this purpose, Vox are introduced in Al2O3 layer
near the Al2O3/HfO2 interface. It is anticipated that present
study will provide scientists suitable morphology about stack-
ing scheme of RS active layer for RRAM applications.
Fig. 1 Schematic of Ni/TaN/HfO2/Al2O3/HfO2/ITO RRAM device
structure with TaN top and ITO bottom electrodes.
2. Layer preparation and
computational details
2.1 Experimental details

Initially, the bottom electrode was taken as commercially
available�40 nm-thick Indium Tin Oxide (ITO)(sheet resistance
of �60 U sq�1) on SiO2 glass. Sequential ITO surface cleaning
procedure was adopted stepwise with acetone, isopropyl
alcohol, and deionized water along with ultrasonication for
5 min. Finally, it was dried using an N2 blow at room
11650 | RSC Adv., 2022, 12, 11649–11656
temperature. Cleaned ITO substrates were immediately trans-
ferred to the Atomic Layer Deposition (ALD) system for Al2O3

and HfO2 deposition at low substrate temperature. Tri-layer of
HfO2 (5.5 nm)/Al2O3 (1 nm)/HfO2 (5.5 nm) was deposited by
using the metal precursors of Tetrakis (ethylmethylamino)
hafnium (TEMAH) and trimethylaluminum (TMA) for HfO2 and
Al2O3 respectively. In this ALD technique, H2O was used as the
oxidant at a substrate temperature of 150 �C. Sputtered TaN was
used as a top electrode with Ni capping layer and electrodes
were formed by the lioff process to achieve an area of 100 �
100 mm2. Fig. 1 shows the schematics of the fabricated tri-layer
RRAM device. For electrical resistive switching (I–V) and pulse
measurements to characterize synaptic properties of the fabri-
cated device, Keithley 4200 SCS semiconductor parameter
analyzer, and 4225-PMU ultrafast current–voltage (I–V) pulse
module were used. All electrical measurements were done by
applying a voltage to the top TaN electrode while the ITO
bottom electrode (BE) was grounded.
2.2 Theoretical details

In addition, for theoretical analysis of charge conduction
mechanism using DOS and isosurface charge density results,
calculations were performed within the frame work of WEIN2k
simulation package36 and Vienna ab initio simulation package
(VASP)36,37 under Perdew–Burke–Ernzerhof Generalized
Gradient Approximation (PBE-GGA) method to solve Kohn
Sham DFT equations.38 Amongst various exchange correlation
functional, PBE-GGA is most convenient for semiconductor
systems. Moreover, it is a non-empirical functional with better
accuracy and low computational cost for various systems.36,38

The energy convergence test was performed using K-points
sampling where convergence was found within 0.1 meV for both
codes (WEIN2k, VASP) and cutoff energy was chosen to be
480 eV with 1000 K-points. In order to get the energy eigenvalue
convergence, the cutoff planewave parameter was selected as
KmaxxRMT ¼ 7.5 and Gaussian parameter (Gmax) was taken as
14Ry1/2. In order to have low computational cost, thin tri-layer
(HfO2/Al2O3/HfO2) was modeled holding supercell of 42 and
41 atoms with HfO2 (17-atoms/top and bottom layer) and Al2O3

(08/07-atoms) without and with VOX respectively. Whereas, bi-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The modeled structures of (a) HfO2/Al2O3/HfO2 (b) HfO2/Al2O3

+ Vox/HfO2 (c) HfO2–HfO2/Al2O3/HfO2–HfO2 and (d) HfO2–HfO2/
Al2O3 + Vox/HfO2–HfO2.
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stacked-layer (HfO2–HfO2/Al2O3/HfO2–HfO2) without and with
VOX was opted with supercell containing 76- and 75-atoms
respectively including 08/07-atoms of Al2O3 and 17-atoms for
each HfO2 layer. Experimentally, oxygen vacancies are auto-
matically introduced during thin layer structure preparation
and during electroforming process. While, theoretically we have
Fig. 3 Cross-sectional HRTEM images of tri-layer TaN/HfO2/Al2O3/HfO2

© 2022 The Author(s). Published by the Royal Society of Chemistry
introduced VOX at the Al2O3/HfO2 interface. Fig. 2 shows the
basic modeled layer structure and geometry optimization plots
are shown in Fig. S1.† It has been reported earlier by Umberto
et al. that choice of thin layer oxide causes controlled interfacial
driing of O-atoms and appearance of VOX.

39
3. Results and discussion
3.1 Experimental results

Fig. 3 shows the nanostructure of fabricated TaN/HfO2/Al2O3/
HfO2/ITO RRAM device examined by the cross-sectional High-
Resolution Transmission Electron Microscope (HRTEM). This
microscopic image conrms the total thickness of tri-layer
�12 nm coherent with the target thickness. For further conr-
mation of tri-layer structure HfO2/Al2O3/HfO2, Energy Disper-
sive X-ray Spectroscopy (EDS) was performed to justify the
elemental composition mapping with different colors, as shown
in Fig. 4. The EDS results conrm the tri-layer structure HfO2/
Al2O3/HfO2 without any signicant diffusion of any other
element. Also, the presence of humps depicts the interface-
diffusion between HfO2/Al2O3. During thin lm synthesis,
oxygen vacancies are formed, also during electroforming
process vacancies are also created due to applied biasing eld.
These Vox arrange themselves in line pattern to form conduction
laments. A similar nding has been described from isosurface
charge density with charge depletion and accumulation at the
layer interface as discussed in a later section.

Fig. 5 displays the SET and RESET characteristics for up to
100 cycles of TaN/HfO2/Al2O3/HfO2/ITO tri-layer RRAM device.
The current vs. voltage (I–V) plot shows bipolar resistive
switching wherein opposite polarity is needed at the top elec-
trode for SET and RESET processes.40 It is obvious from I–V plot
that rst RESET exhibits a larger current than other repeated
cycles, which might be a consequence of the discharging effect
/ITO RRAM structure. Clear individual layers are magnified on right side.

RSC Adv., 2022, 12, 11649–11656 | 11651
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Fig. 4 EDS atomic percentage line profiles of Ta, Hf, Al, O, In, and Sn for the cross-section of the device.

Fig. 5 Consecutive 100 SET/RESET bipolar resistive switching cycles
of Ni/TaN/HfO2/Al2O3/HfO2/ITO tri-layer RRAM device. Inset shows
the electroforming characteristics.

Fig. 6 Endurance characteristics of tri-layer RRAM device for 100
switching cycles at a read voltage of 0.2 V.

Fig. 7 Memory retention characteristics of HRS and LRS for 104 s with
a read voltage of 0.2 V for RRAM device.

11652 | RSC Adv., 2022, 12, 11649–11656
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of parasitic capacitance through the CFs.14 During RESET
process the application of opposite polarity biasing to top
electrode causes the rupturing of CFs that may be result of
recombination of oxygen vacancies and oxygen ions. In case of
tri-layer structure (HfO2/Al2O3/HfO2) as in present study, the
rupturing of CFs takes place at Al2O3/HfO2 interface only and
even aer RESET process entire lament is not ruptured. This
enhances the switching characteristics for multi-layer structure
as presented earlier by Zhang et al.41 During electroforming
process, the 10�5. A current compliance (Icc) was opted to
prevent the device switching failure in line with literature.42,43 It
has been earlier reported that during electroforming process
the oxygen vacancies shi towards the ITO electrode and create
CFs while, oxygen anions dri toward opposite (Top) elec-
trode.41,44 For better insight of shiing of VOX, theoretical
calculations have been performed wherein defect states (green
highlighted states) are found near the Fermi level inside
Valence Band (V.B), crossing Fermi level and extending deep
inside the Conduction Band (C.B) region of Total Density of
States (TDOS). Such states might result from interfacial charge
exchange between layers as discussed in later theoretical
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Calculated TDOS results without/with VOX for (a)tri-layer HfO2/
Al2O3/HfO2 and (b) bi-stacked tri-layer HfO2–HfO2/Al2O3/HfO2–HfO2

RRAM device where green highlighted ovals show defect states
consequence of recombination of VOX.

Fig. 9 The calculated PDOS results without/with VOX for (a) tri-layer
HfO2/Al2O3/HfO2 and (b) bi-stacked tri-layer HfO2–HfO2/Al2O3/
HfO2–HfO2 RRAM device.
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section. Moreover, charge diffusion and formation of CFs
during the electroforming process has been calculated using
three-dimensional isosurface charge density in theoretical
section.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The endurance characteristics for tri-layer RRAM device for
100 switching cycles at read voltage value of 0.2 V has been
performed as shown in Fig. 6. The HRS value is constant for 100
cycles, which refers to the stability of resistive switching corre-
sponding to the resistance between 10–100 kU. It is worth
noticing that decay in resistance is due to the deposition of
oxygen ions near the electrode during RESET process, which
reects insufficient recombination of oxygen vacancies.45 This
effect has been endorsed by the charge depletion pattern about
oxygen atoms as displayed in the computational section in
isosurface charge density plots. The gradual decrease in Low
Resistance State (LRS) aer initial cycles indicates broadening
of the width of CFs during RS mechanism.46

Fig. 7 presents the memory retention properties of HRS and
LRS for retention time of 104 s at read voltage of 0.2 V for RRAM
device. It is worth noticing that HRS/LRS remains constant
without any degradation for a time of 104 s, which suggests the
device's reliability with controlled conduction lament forma-
tion. The controlled CFs formation shows the uniform distri-
bution of oxygen vacancies and satisfactory data retention
comparable to the available literature.47 It is also noted that the
HRS values in Fig. 7 are lower than those in Fig. 6. Such types of
variations have been noticed in many RRAM devices such as Pt/
Ti/CeO2/Al/CeO2/Pt48 and particularly in devices with TaN as top
electrode like TaN/CeO2/Al/CeO2/Pt49 and TaN/CeO2/Ti/CeO2/
Pt50 devices. Such behavior causes variations in HRS/LRS ratio
from device to device. Device to device HRS/LRS ratio might also
vary due to the large area of RRAM device (i.e., 100 � 100 mm2).
During electroforming process, either single or multiple
conductive laments are formed between top and bottom
electrodes. In the SET and RESET processes of resistive
switching, these laments play vital role causing rise or fall of
resistance in the low and/or high resistance states. Such device-
to-device variation can be controlled by reducing the top elec-
trode area.
3.2 Computational results

3.2.1 Total and partial density of states. For better under-
standing of the charge conduction phenomenon and formation
of CFs, total density of states (TDOS), partial density of states
(PDOS) and three dimensional isosurface charge density
calculations have been performed using PBE-GGA approach.
The TDOS ndings using VASP package are shown in Fig. S2 in
ESI† where less energy states are found. Effect of Vox on
conductivity is clear from changing number of localized states
in V.B and C.B. We have also performed TDOS and PDOS
calculations under framework of WEIN2k code for better
insight of defect states. Fig. 8(a and b) depicts the TDOS results
for tri-layer (HfO2/Al2O3/HfO2) without and with VOX. In the
presence of VOX, some extra defect states (highlighted in green)
are found in V.B and C.B, while shiing of energy states across
the Fermi level endorse the interfacial charge diffusion as pre-
dicted in experimental ndings. It has been suggested earlier
that the occurrence of VOX paves the charge conduction path at
the interface of two dielectric layers.46 Moreover, diffusion of
charges (oxygen ions) at the interface causes electrical link (CFs)
RSC Adv., 2022, 12, 11649–11656 | 11653
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Fig. 10 For HfO2/Al2O3/HfO2 device, calculated (a) three-dimensional isosurface charge density plot, in which depletion and accumulation of
charges is represented by cyan and yellow colors respectively. Green, purple and red balls indicate Hf, Al and O atoms respectively. (b) Integrated
charge density verse distance plot. Rectangular highlighted light blue and purple colors represent HfO2 and Al2O3 layers. Whereas, light green
oval shape is indicating interfacial effect between HfO2 and Al2O3.
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between top and bottom electrodes and device shis to low
resistance state (ON-state).46 A continuous variation in switch-
ing states makes the device suitable also for future synaptic and
neuromorphic applications.51 Additionally, to check effect of
thickness of the RS active layer, we have theoretically studied
electronic characteristics of bi-stacked tri-layer i.e., HfO2–HfO2/
Al2O3/HfO2–HfO2. For bi-stacked tri-layer i.e., HfO2–HfO2/Al2O3/
HfO2–HfO2 less localized energy states are found above the
Fermi level in V.B and C.B as shown in Fig. 8(c). However, the
presence of VOX within this bi-stacked tri-layer (as depicted in
Fig. 8(d)) gives defect energy states deep inside the C.B far from
the Fermi level, which might be a consequence of presence of
more dielectric interfaces where bi-stacking of HfO2 extracts
Fig. 11 For bi-stacked HfO2–HfO2/Al2O3/HfO2–HfO2 device, calculated
and accumulation of charges is represented by cyan and yellow colors
respectively. (b) Integrated charge density verses distance plot. Rectangu
Al2O3 layers.

11654 | RSC Adv., 2022, 12, 11649–11656
more available VOX causing non-uniformity of charge conduc-
tion. Henceforth bi-stacked tri-layer (HfO2–HfO2/Al2O3/HfO2–

HfO2) is not suitable for fabrication of compatible RRAM
devices.

The partial density of states (PDOS) results for tri-layer device
without Vox as shown in Fig. 9(a) elaborate that valence band
and conduction band formation is a consequence of hybrid-
ization of Hf-5d and O-2p states. In the presence of VOX, as
displayed in Fig. 9(b), this hybridization seems to be stronger
because of extra available defect states as found in TDOS
results. The presence of these defect states in V.B and C.B
regions results from contribution of Hf-5d and O-2p electrons.
This gives rise to interfacial diffusion of Vox across the layers.
(a) three-dimensional isosurface charge density plot, where depletion
respectively. Green, purple and red balls indicate Hf, Al and O atoms
lar highlighted light blue and purple colors are representing HfO2 and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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These ndings unveil the fact that introducing VOX at the layer
interface assists in shiing of energy states across the Fermi
level and some defect states appear in V.B and C.B as well. This
might be a consequence of diffusion of VOX into Hf-oxide layer
where VOX concentration gets multiplied and ultimately
controls switching phenomenon. In case of bi-stacked tri-layer
i.e., HfO2–HfO2/Al2O3/HfO2–HfO2 without and with VOX, there
seems major involvement of Hf and O atoms with least contri-
bution of Al-atoms in the formation of V.B and C.B as repre-
sented in Fig. 9(c and d). However, here the energy states of
elements are found with less sharp peaks leading to minimal
charge conduction regions consistent with TDOS results.

3.2.2 Iso-surface charge density. For better understanding
of charge conduction mechanism, we have calculated three
dimensional isosurface charge density using VASP code.37 The
iso-surface charge density scheme for tri-layer system (HfO2/
Al2O3/HfO2), where charge accumulation is represented by
yellow color near (Hf atoms) while cyan color show charge
depletion around the atom (oxygen atoms). It has been observed
that Hf-atoms (colored green) accumulate the charges and
charge depletion appears about oxygen atoms (red colored
atoms). The accumulation and depletion of charges at the
interface of (HfO2/Al2O3/HfO2) give rise to an electrical link
between bottom HfO2 and central Al2O3 layer, leading to the
formation of CFs. Here CFs grows along positive c-direction of
three-dimensional symmetry. The formation of CFs plays
pivotal role in changing the switching state of devices i.e., it
transforms the device from HRS to LRS.46,47 It has been reported
earlier that VOX shiing occurs between layer rich in oxygen and
region with minimal oxygen atoms52–54 in line with our theo-
retical nding. In the present study, VOX diffusion from Al2O3 is
found towards HfO2 coherent with the previous study.55 The
interfacial diffusion of VOX between Al2O3 and HfO2 is suspected
to generate essential vacancy trap sites that further control the
switching mechanism in accordance with literature.56 Also,
formation of CFs along a particular dimension gives constant
HRS/LRS which ensures the data retention of the device as
observed from experimental ndings, as shown in Fig. 7. The
integrated charge density quantitatively calculates charge
depletion and accumulation as shown in Fig. 10(b) which better
estimates the size of CFs. The overall performance of RRAM and
synaptic devices is based on physical morphology/size of CFs.34

Fig. 11(a and b) indicates the isosurface three-dimensional and
integrated charge density for bi-stacked tri-layer (HfO2–HfO2/
Al2O3/HfO2–HfO2). In this case minimal charge depletion and
accumulation takes place so no symmetric CFs have been
observed. Also, such type of multilayer structure causes diffu-
sion of VOX and acceptance of O-ions between Hf-oxide layers
that behave as virtual electrodes57 without generating any elec-
trical link to top/bottom electrode. In both cases, no interfacial
charge diffusion takes place in the region between two blue
dashed lines consistent with qualitative isosurface charge
density. This is due to formation of CFs from one interface
making this side active for connecting active electrode. It is
worth noting that CFs are formed where Vox are introduced
theoretically (Fig. 2). Whereas, CFs will extend through other
interface when biased as explained by bipolar switching in
© 2022 The Author(s). Published by the Royal Society of Chemistry
experimental section. This theoretical nding could assist the
scientists to better estimate the thickness of active metal oxide
layer while synthesizing RRAM devices for neuromorphic
applications.
4. Summary

In the present work, tri-layer (HfO2/Al2O3/HfO2) is fabricated
using atomic layer deposition technique and bipolar switching
has been reported using I–V characteristics curves. The endur-
ance test has been performed for 100 switching cycles at read
voltage value of 0.2 V and at the 42nd cycle value uctuation is
found a little bit corresponding to the resistance between 10–
100 kU. The gradual decrease in low resistance state aer initial
cycles indicates the broadening of width of CFs during RS
mechanism. It is worth noticing, HRS/LRS remains constant
without any degradation for the time 104 s, which suggests the
device's reliability with controlled conduction lament forma-
tion. Theoretical ndings like TDOS and isosurface charge
density clearly report the formation of CFs assisted by interfa-
cial diffusion of charges and availability of VOX. Moreover, it has
been found that the tri-layer (HfO2/Al2O3/HfO2) structure is
most suitable compared to the bi-stacked tri-layer (HfO2–HfO2/
Al2O3/HfO2–HfO2) conguration. The aforementioned results
are suspected to be a source of motivation for scientists to
fabricate and better analyze the stack thickness of active layer
for RRAM/synaptic and neuromorphic applications.
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