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Abstract: Quantized conduction achieved in layered materials offers a wide range of applications in
electronics. A comprehensive analysis of electronic properties of Sr2ZrO4/TiN- and Sr2ZrO4/TaN-
layered heterostructure is carried out using plane wave-based first principles calculations. To un-
derstand the origin of quantized conduction, the role of oxygen vacancies (Vos) in 2D layered
Ruddleson–Popper perovskite (Sr2ZrO4) is analyzed using density of states, isosurface, and inte-
grated charge density plots. The origin of quantized states formed near the Fermi level is proposed in
terms of charge conduction layer formed at the interface. The comprehensive insight of Sr2ZrO4/TiN
and Sr2ZrO4/TaN heterostructure interface is provided by shedding light on the charge redistribution
from charge density and Bader charge analysis. Meanwhile, work function is calculated for the confir-
mation of charge conducting behavior of the two layered heterostructures. The interface of these two
layered heterostructures revealed the quantized conduction phenomena which cannot be achieved
with either layer alone. Stable switching achieved withaTaN electrode being an important task for
robust RS and solving sneak path related problem is opening roadmap for 2D layered RRAM devices.

Keywords: perovskite; DOS; heterostructure; layered material

1. Introduction

The Internet of things, artificial intelligence, and big data analysis demand storage
systems capable of performing huge, complex, and fast calculations [1–3]. Resistive ran-
dom access memory (RRAM) devices more commonly referred as memristors with simple
metal/insulator/metal (MIM) heterostructures perform these tasks by memorizing the
history of electric current [2,4–6]. Widespread applications of RRAM can be found in
the fields of domotics, flexible electronics, smart cards, aerospace, data processing, data
storage, and neuromorphic computing [7]. Despite these widespread applications of
RRAM, this technology remained suppressed by its own engineering of structure and
material. Performance related factors including durability, reliability, and switching speed
are considered to be dependent on the capability of metal electrodes to reverse resistive
switching (RS) state of RS insulating material and electronic properties in the vicinity
of interface [8]. Various studies elaborated the migration of Vos/anions from RS mate-
rial towards electrode in the vicinity of interface as an origin of conduction mechanism
involved in switching the resistance state [9–13]. Zhong et al. [14] reported the interfa-
cial properties and instigated the movement of anions from HfO2 RS material towards
TiN electrode. Rasheed et al. [15] also instigated the migration of anions form Ta2O5 RS
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material towards TiN electrode and formation of VoS filament at Ta2O5/TiN interface.
Mikhaylov et al. [16] reported the stabilized switching as a consequence of self-organization
of Ta nanocystals and oxygen exchange at the interface of their studied heterostructure
and TiN electrode. Yang et al. [17] also instigated the defect dominating RS conduction
mechanism of their studied Ca-doped heterostructure and reported the movement and
accumulation of O anions near the electrode. Increased (decreased) concentration of Vos
exhibited by formation (rupture) of conducting filament (CFs) drives the RRAM device
to attain a low resistance state (LRS) and a high resistance state (HRS). Confinement of
dimensions of Vos-based CFs to the atomic units resulting in quantized conduction in
RRAM devices is reported in refs. [18–20]. Consequently the concept of quantized con-
duction is supposed to be applicable for the practical scaling down of RRAM devices and
hence improving the RRAM performance by overcoming the variability and reliability
issues [19,20]. However, failure of achieving the low power aspect in transition metal oxides
being RS material is reported while scaling it down caused by occurrence of leakage current
problem [21–23]. Currently, the incorporation of two-dimensional (2D) materials replacing
conventional metal oxide RS materials is most extensively studied owing to their wide
range of applications in the emerging field of memristors caused by good endurance and
retention [24,25], high ON/OFF ratio [26], low power consumption [27], and fast switching
speed [28] resulting in high RS performance [3,4,21,29,30]. Untilnow, theuse of 2D layered
materials including graphene [24], SnS [28], hexagonal boron nitride [26,31,32], transition
metal dichalcogenides [33,34], BiOI [35], and black phosphorus [36] is reported. Xiang et al.
reported fascinating 2D interfacial effects by incorporating 2D heterostructure being a RS
material in their reported memory devices [37].

Layered perovskite materials are intriguing 2D layered materials used in the emerging
field of electronics. Dion–Jacobson (DJ) and Ruddleson–Popper (RP) are two identified
well-known categories of layered perovskite materials. Various studied elaborated DJ
and RP perovskite expressed as A”An−1BnX3n+1 and A′2An−1BnX3n+1, respectively, with
A” (di-ammonium or alkali metal cation) and A′(mono-ammonium or alkaline metal
cation) present as a spacer in the intruding (separating motif) layer. While A, B, and X are
organic cations, divalent metal and halide anion, respectively. It is also reported that in
DJ, perovskite layers show no shift or minimum displacement, but, in RP, displacement
in perovskite layer stacking is reported [38–41]. Nowadays, RP materials (A(n+1)BnO(3n+1))
having 2D layered structure are attracting attention of researchers owing to their fascinating
structural and electronic properties and electrochemical migration of oxygen vacancies
(Vos) [42]. To the best of author’s knowledge, such Ruddleson–Popper layered material
is not investigated for RS applications; it is more typically RRAM devices and is still
unexplored in this field even after 22 years when its very first time prediction was reported
by Beznosikov et al. [43].

In this work, RP perovskite is Sr2ZrO4 being a 2D layered material is treated as RS-
layered material. To instigate the application of this innovative material in RRAM devices,
structural and electronic properties are explored theoretically by employing Vienna ab
initio simulation package (VASP) after attaching two different electrodes (TiN and TaN).
To find the origin of quantized conduction, Vos are created in Sr2ZrO4RS-layered material
and dimensions of Vos-based CFs are analyzed by isosurface and integrated charge density
plots. For this purpose, special cases of single (1Vo) and two (2Vos) oxygen vacancies in
Sr2ZrO4 are used. The detailed conductivity mechanism and stability of all considered
composites is also explored here using work function calculations with the help of potential
energy line ups and formation energy. It is expected that the findings of this study will
provide fascinating roadmaps in state of art material related storage devices, typically
RRAM applications.

2. Methodology

In this work, theoretical insight of quantized conduction in Sr2ZrO4 being 2D RP per-
ovskite material with TiN(TaN) electrode to understand RS in RRAM devices is elucidated.
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In this regard, first of all, 3× 3× 1, 3× 3× 3 and 3× 3× 3 supercells of tetragonalSr2ZrO4,
cubic TiN, and cubic TaN, respectively, were modeled theoretically using the detail of
structural parameters given in Table 1. The valence electronic configuration of the con-
stituent particles used in these calculations were Ti = 3d2, 4s2; Ta = 4f 14, 5d3, 6s2; N = 2s2,
2p3; Zr = 4s2, 4p6, 4d2, 5s2; Sr = 5s2, and O = 2s2, 2p4. After cleaving the layer of TiN (Ti = 8,
N = 8 atoms), TaN (Ta = 8, N = 8 atoms), and Sr2ZrO4 (Sr = 12, Zr = 6 and O = 24 atoms) from
these simulated supercell, two hetero-layered structures Sr2ZrO4/TiN and Sr2ZrO4/TaN
were optimized (Figure 1) to instigate the conduction mechanism. All of these calculations
were carried out using density functional theory (DFT) [44] by employing VASP [36]. Ge-
ometry optimization and all first principle calculations of two considered structures were
carried out using generalized gradient approximation (GGA). For making calculations
more accurate, Hubbard U parameters were used along with GGA to include the coulombic
effect along with exchange and non-local exchange correlation functional. All calculations
were performed using Perdew–Burke–Ernzerhof (PBE) and projected augmented wave
(PAW) potential [45–48]. The opted value of U parameter for Ti, Ta, and Zr were 8 eV [48],
2.27 eV [49], and 2.66 [50], respectively. Convergence tests for total energy of the system
with respect to wave function of electrons were conducted using a plane wave basis having
cutoff energy of 510 eV. To relax the system until Hellmann–Feynman force became lower
than 0.02 eV/Å was conducted using conjugate gradient method (equilibrium structural
parameters given in Table 1). Possible energy criteria of 1× 10−5 eV [51] was set and
most well-known Monkhorst pack sampling technique (MPST) with 5× 5× 7 MP grid
was employed here [52,53]. As this study aims to instigate the Vos-based interfacial RS, so
Vos at interface of RS layer and electrode layer, O2− atoms were removed from site where
Zr-O and N-O bond length (Table 2) was lesser. Electronic properties were instigated using
isosurface charge density, integrated charge density (ICD), density of states (DOS), and
partial density of states (PDOS) plots. To determine the quantitative analysis of charge
redistribution, a Bader charge analysis was also conducted. The work function of the
considered composites was also calculated to elaborate the interfacial effects. Formation
energy calculations confirmed the stability of studied composites.

Table 1. Equilibrium structural parameters of Sr2ZrO4, TiN and TaN.

Computed Parameter Sr2ZrO4 TiN TaN

Space group I4/mmm F43M Pm3m

Point group 4/mmm 43m m3m

Crystal system Tetragonal Cubic Cubic

Oxidation state of the
constitution atoms Sr2+, Zr4+, O2− Ti3+, N3− Ta1+, N1−

Bandgap (eV) 3.105 eV 0.00 0.00

Formation energy (eV/atom) −3.369 eV −1.538 −1.237

Magnetic ordering Nonmagnetic Nonmagnetic Nonmagnetic

Lattice
Parameters (Å)

a 3.814 4.50 2.654

b 3.814 4.50 2.654

c 7.528 4.50 Å 2.654

Bond angle (◦)

α 144.964 90.000 90.000

β 144.964 90.000 90.000

γ 49.270◦ 90.000 90.000
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Figure 1. Three dimensional view of considered layer Ruddleson–Popper perovskite attached with 
electrode composite (a) pristine Sr2ZrO4/TiN, (b) Sr2ZrO4 + 1Vo/TiN, (c) Sr2ZrO4 + 2Vo/TiN, (d) 
Sr2ZrO4/TaN, (e) Sr2ZrO4 + 1Vo/TaN and (f) Sr2ZrO4 + 2Vo/TaN, respectively. Here c axis is used to 
stack the layers of the studied composites. Pink and green highlighted regions are indicative of 
octahedral and tetrahedral bonding of Zr-O and Sr-O. 
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Figure 1. Three dimensional view of considered layer Ruddleson–Popper perovskite attached with
electrode composite (a) pristine Sr2ZrO4/TiN, (b) Sr2ZrO4 + 1Vo/TiN, (c) Sr2ZrO4 + 2Vo/TiN,
(d) Sr2ZrO4/TaN, (e) Sr2ZrO4 + 1Vo/TaN and (f) Sr2ZrO4 + 2Vo/TaN, respectively. Here c axis is
used to stack the layers of the studied composites. Pink and green highlighted regions are indicative
of octahedral and tetrahedral bonding of Zr-O and Sr-O.

Table 2. Bond length of the Sr2ZrO4/TiN and Sr2ZrO4/TaN.

Composite
Name

Species Involved in Bond Length
Calculations with Site

Layer Detail

Bond Length (Å)

Unrelaxed
Structure

Relaxed Structure

Pristine Pristine + 1Vo Pristine + 2Vo

Sr2ZrO4/TiN

Sr-O
(L1-L1) 1.626 1.634 1.750 1.925

(L2-Ll) 2.452 2.321 2.322 2.328

Zr-O

(L1-L1) 1.448 1.652 1.998 1.695

(L1-L2) 2.0875 2.085 2.073 1.908

(L2-L2) 3.345 3.255 3.345 3.344

Ti-N 2.603 1.628 2.572 2.518

Ti-O 5.062 4.362 5.052 5.805

N-O 3.863 4.047 3.870 3.906

Sr2ZrO4/TaN

Sr-O
(L1-L1) 1.6099 1.666 1.690 1.663

(L2-Ll) 2.445 2.307 2.335 2.312

Zr-O

(L1-L1) 1.434 1.625 1.989 1.672

(L1-L2) 2.0875 1.995 2.106 2.040

(L2-L2) 3.255 3.345 3.255 3.255

Ta-N 1.627 2.52 1.628 1.626

Ta-O 4.288 4.974 4.331 4.370

N-O 3.968 3.901 4.017 4.055
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3. Results and Discussion
3.1. Structural Properties

In this study, the structural properties of Sr2ZrO4, TiN, and TaN were instigated
and the equilibrium structural parameters are tabulated in Table 1. Noting the structural
parameters, two different systems modeled theoretically employed the VASP code for
device to device variation of memory parameters as shown in Figure 1. Sr2ZrO4 being a
Ruddleson perovskite is a two-dimensional layered material and formation of three layers
within this composite are visualized from front and side view as shown in Figure 2. These
layers are labeled as L1, L2, and L3, where L1 and L3 are considered surface layers with L2
being middle layer or more specifically bulk layer. For a better understanding, the front and
side view of this structure and its interface with TiN and TaN treated here as two different
electrodes (along c axis) is displayed in Figure 1. Noting the basic structure of Sr2ZrO4
in Figure 1, half of the total Sr atoms are present in layer 2 (L2) and forming a nine-fold
geometry coordination shown by green highlighted region (polyhedral) in such a way that
single Sr2+ atom is bonded to nine O2− atoms. These Sr2+ atoms forming an intruding layer
are present at the boundary between the perovskite layer and the intermediate blocking
layer. Whereas the remaining half of the Sr2+ atoms present in layer 1 (L1) and layer 3 (L3)
are a part of perovskite structural layer having Zr atom (of L2) as a B site cation. These Sr2+

atoms are forming twelve folded coordinations with twelve O2− atoms.Comprehensive
insight of the structural properties are displayed in Figure 1 confirmed that, in vertical
stacking, only one perovskite layer shown by pink highlighted non-tilted ZrO6octahedral is
justified by the number of layers equivalent to “n” used in formula of Ruddleson perovskite
Srn+1ZrnO3n+1(here n = 1). Whereas, Zr4+ atoms in L1 and L3 are serving the separate
perovskite structure and are part of the reported blocking layer of RP perovskite layered
structure. Structure of the considered Ruddleson–Popper perovskite is in accordance
with [25,34]. The bond length between Sr-O and Zr-O are not stacked to the same values
in these layers as in Table 2. To instigate the interfacial effects more effectively, Vos are
introduced in this study in L1 in such a way that bond length between Sr-O and Zr-O is
at it’s minimum as displayed in Table 2 and Figure 1 (with arrows). From the findings
displayed in Table 2, it is clear that Sr2ZrO4/TaN showing lesser deviations in bond length
and henceare expected to display comparatively better stability results.

Formation energy is considered an important parameter in deciding the RRAM prop-
erties such as stability, forming voltage, endurance, and retention. In this work, formation
energy is calculated by introducing single and double Vos in the nearest neighbor layer (L1)
of electrode layer to maximize the interfacial effects. Negative values of formation energy
(Figure 3) in absence and presence of Vos confirm that considered composites are stable
and can be prepared experimentally [54,55]. Change in formation energy of Sr2ZrO4after
connecting with the electrode is attributed to the interfacial effects. It is also clear from
Figure 3 that changes in formation energy of Sr2ZrO4/TiN after introducing the Vos are not
gradual but abrupt and may cause stability issues in attaining required stable RS state. On
the other side, small and gradual changes in formation energy of Sr2ZrO4/TaN before and
after introducing Vos will assist in attaining the stable RS state and hence in overcoming the
uniformity and variability issues caused by random changes. Moreover, it is also expected
that smaller formation energy for Sr2ZrO4/TaN will make this system more stable, resulting
in slowed down depletion of Vos from the conducting filament. This may also result in
slower Vos diffusion rate. These results may assist in attaining stable LRS of RRAM and
hence improve the retention properties by making the LRS↔HRS process robust. However,
required forming voltage will become higher due to smaller formation energy and stability
of the Sr2ZrO4/TaN. Sr2ZrO4/TiN-based RRAM devices will work with lower forming
voltage due to higher formation energy; however with higher formation energy, this system
may be unstable and may cause instability issues. Zhong et al. [14] reported the easy escape
of oxygen from HfO2 system with TiN electrode in the atmosphere to form O2 molecule.
They also reported the use of Ta layer above HfO2 to prohibit this escape and elucidated
the movement of O atoms from HfO2 layer towards the interface of Ta/HfO2 and stayed
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exhibiting stable RS. Fukuchi et al. [56] also reported the formation of rough granular
paths formed by Ti metal at interface making the diffusion of anion harder. The whole of
this discussion is confirming that nature of electrode influences the formation energy and
hence retention properties and forming voltage of Sr2ZrO4 being treated as RP layered
perovskite-based RRAM devices.
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3.2. Work Function

For better description of influence of TiN and TaN electrodes on conduction mechanism
within the attached Sr2ZrO4RS-layered material and at the interface, potential lineups of
electrodes (TiN and TaN), Sr2ZrO4, and Sr2ZrO4/electrode are displayed in Figure 4. Three
layers of Sr2ZrO4at different energy values in work function (WF) plots displayed in
Figure 4 are indicative of bottom of valence band (VB) of these specified three layers are
at different potential energy (PE). Electrons present in the surface layers (L1 and L3) can
easily participate in conduction mechanism owing to their lesser value of PE. Whereas
electrons in the middle layer more typically bulk layer (L2) are strongly bounded with
higher PE and contribute lesser in conduction mechanisms. This makes the rate of diffusion
of trapped charged particles slower and result in stable LRS state for the improvement of
retention properties of RRAM devices. In addition to it, two surface layers indicating the
PE of valence band maximum have different PE, labeled as E1 and E2 in Figure 4. This
creates an electric field (∆E = E2 − E1) difference inside layered material where field value
is higher at L1 and lower at L3. This field difference is owned by interfacial effects resulted
from WF difference existing between RS layer and electrode material. This interfacial effect
aligned the energy bands of RS layer and electrodes to attain equilibrium at interface and
resulted in field difference between layers. Interfacial effects caused by WF difference also
shifted the FL of electrode and RS layer to attain equilibrium at interface. Equilibrium
position of the Fermi level of considered system can be seen below the FL of Sr2ZrO4 and
above the TiN (TaN) electrode in Figure 4. Comparatively higher shifting of FL at interface
to attain equilibrium in case of Sr2ZrO4/TaN is indicating more reactive nature of TaN.
It is also verdict from potential energy lineups that valence band bottom of TiN (TaN)
electrodes and RS layer are existing at different potential energy and instinct in charge
species to move. It is also verdict from potential line ups that charge conduction will be
easier from TiN electrode towards RS layer than vice versa due to shallower valence band
bottom of TiN. Consequently, movement of oxygen/Vos from RS layer towards electrodes
will become harder and more external field demanding. Zhong et al. [14] also reported that
oxygen atom find easier to escape from HfO2 into atmosphere to form O2 molecule rather
than to form filament at TiN/HfO2 interface. However, TaN electrode will gather oxygen
at interface where, oxygen atoms will find it easier path to escape from RS layer due to
shallower valence band bottom of RS layer.

3.3. Electronic Properties

Electronic properties of the considered systems are analyzed in detail using DOS,
PDOS isosurface, and integrated charge density plots by employing DFT calculations to
understand the physical picture of the conduction mechanism. Bader charge analysis
and potential lineups are also calculated to understand charge redistribution phenomena.
For this purpose, first of all, potential lineups are elaborated with potential lineups in
the middle panel with their respective isosurface charge density plots in left and right
panelas in Figure 5. Yellow and cyan color in isosurface charge density plots are indicating
charge accumulation and depletion, respectively. Isosurface charge density plots of pristine
systems as shown in Figure 5a,c indicate the presence of quantized charge in three layers of
Sr2ZrO4 and TiN (TaN) electrode. Charge accumulation around “O” (red color ball) and
“N” (blue color ball) indicates that N-O ionic bond and hence TiON (TaON) being a space
charge limited (SCL) layer is formed at interface. It is expected that this SCL layer may
stop the further movement of free charge carriers and hence switch the device to HRS and
a forming free voltage is expected to be needed to change RS state of the two considered
devices. Moreover, quantized conduction in all three layers of RP perovskite used as RS
2D-layered material will further widen this depletion layer and consequently dispersed
charge trapping centers in the three layers may cause the uniformity issue. These findings
are also verdict from potential lineups (Figure 5b), where three peaks labeled L1, L2, and L3
are indicating potential energies of valence electrons in three different layers of considered
RP perovskite. With more potential energy, electrons are comparatively more strongly
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quantized in L2 of RP perovskite layered structure and will resist strongly in changing the
RS state of the device. It is also clear from this figure that valence band of TiN are shallower
than TaN(∆E = 6.612 eV) and provides the charges to move towards RS layer. However,
with deeper valence band, TaN escapes O atoms from RS layer and hence contribute more
towards interfacial effect enhancement by making the process of charge transfer from
electrode towards RS layer easier. By creating a single Vo at interface in L1, potential energy
of valence electrons in L1 becomes smaller than L2 and L3, accumulates more charge at
interface by making the charge extracting mechanism easier and hence enhance low power
consuming aspect of the considered systems. It is also clear that shifting up(down) of
potential energy line of TiN (TaN) as shown in Figure 5e decreases(increases) the charge
transfer from electrode towards considered RP perovskite. It is also worth mentioning
here that nature of bonding in the RS layer also changed from ionic to covalent between Sr
and O atoms with charge redistribution appearance at interstitial sites. Previous studies
reported the presence of electropositive and electronegative layers formed by “A” and “B”
site cation in A2BO4 RP perovskite with a tendency to accommodate excess oxide ions
and holes owing to their electropositive and electronegative nature, respectively. It is also
reported that this excess charge will tend to accumulate at interstitial site to facilitate the
neutrality of electronic polarity of layers [42,57,58]. These findings support the charge
accumulated in the interstitial sites around “Sr” atom at interface and hence stability of
RS state in considered RRAM devices. Moreover, it is expected that “Zr” is showing
its tendency to change its valence state as Xavier et al. [59] reported Valence change in
cationic lattice due to Vos. Noted the diameter of conducting filament of Vos falling into
atomic scale, conduction may be expected to quantize in considered 2D layered material as
elaborated in ref. [18]. In isosurface charge density plots (Figure 5d,f); interfacial effects
are present in case of TiN electrode with more charge redistribution at interface and are
attributed to smaller potential energy lineups of TiN and L1. However conductivity of L2
and L3 decreased but persists and hence TiN electrode may assist in attaining the gradual
switching resistance of Sr2ZrO4/TiN. The presence ofa charge redistribution in L2 and
L3 may also cause leakage and a current problem and hence cross talk problems in cross
point arrays of RRAM devices. Whereas, TaN reduced the conductivity of L2 and L3 more
effectively, quantized it on L1/TaN interface and hence may assist to overcome the cross
talk related issues. These results are enhanced further with increasing concentration of Vos
(here 2Vos) as shown in Figure 5g–i. Note that TaN not only reduced the conductivity of
vertically stacked L2 and L3 bulk layers but also lateral conductivity of L1 away from Vos.
Highly confined conductivity near the Vos will assist in attaining the highly confines Vos
based conducting filament and hence LRS. Reduced conductivity of the L2 and L3 will
decrease the width of depletion layer and hence may increase the ability to store charges
in accordance to the inverse relation between ability to store charges and depletion width
layer [8]. These theoretical findings confirm the optimized switching owned by modified
interfacial effects may also assist in overcoming the uniformity and variability issues of
RRAM devices. Fukuchi et al. [56] also reported the formation of better enriched oxygen
reservoir at interface by Ta as compared to Ti metal facilitating the diffusion of anions in
their studied 2D RS material.
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Integrated charge density plots of the considered composites along with respective
Bader charge analysis are displayed in Figure 6. Positive values and negative values of
integrated charge density explains the variations of positive and negative electron density
along z-axis as displayed in Figure 6. Three distinct peaks as shown by highlighted regions
in Figure 6b with positive values are indicative of charge accumulated and hence quantized
conduction in the three layers (L1, L2, and L3) of Sr2ZrO4. Whereas, at interface of RS
material and electrode (6.8 Å–10 Å), charge redistribution is observed near electrode (as
shown by highlighted region in Figure 6b). Thedominating integrated charge redistribution
peak is indicating the better oxygen scavenging capability of TaN electrode as ascribed in
potential energy lineups and isosurface charge density plots. The respective Bader charge
analysis as shown in Figure 6a,c also confirmed charge accumulated by “O” and “N” atoms
with negative Bader charge value and depleted by Sr, Zr, Ti, and Ta atoms. The negative
(positive) Bader charge value is verdict of anionic (cationic) nature of “N” and “O” (Zr,
Sr, Ti, and Ta) atoms. This can be seen in the form of charge accumulated around “N”
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atoms of both electrodes and “O” atoms of RS material present near the interface forming
interfacial TiON(TaON) layer in isosurface charge density plots (Figure 5a,c). By creating
single Voin Sr2ZrO4 layer near the interface as shown in Figure 6e, the conductivity of the
L2 and L3 reduced and charge became localized near the Vo in the vicinity of RS layer-
electrode interface in L1 with single dominating positive peak. The reduced peak value of
integrated charge density plot confirmed the reduced conductivity of the whole system.
With 2Vos, interfacial conductivity increased again and interfacial layer L1 localized the
maximum charge after extracting from L2, L3, and TiN (TaN) electrode as elucidated with
only positive peak as shown in Figure 6h. It is also clear that among the two considered
systems, TaN localized more charge by reducing the conductivity of bulk layers L2 and L3
and participated more actively in achieving the desired quantizing conduction. Evidently,
TaN is more effective in increasing the interfacial conductivity and hence reducing the
contact resistance. It is also clear from IC plot in Figure 6e,h that CFs formed by Vos in
isosurface charge density plots (Figure 5) are of the order of few angstroms i.e., nano-
scale to atomic unit and hence quantized conduction. On the basis of results reported
on quantized conduction in refs. [19,20], area of considered devices can be scaled down
up to nanometers to achieve remarkable RS performance by overcoming reliability and
variability issues. Bader charge analysis in the respective figures again showed the above
demonstrated behavior with slight changes involved in just Bader charge values attained
by each atom.
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Detailed insight of electronic properties in terms of DOS (middle panel) and their
respective PDOS (specified by highlighted circle and arrow in left and right panel) spectra
is presented in Figure 7. In these plots, FL is indicated by a black dashed line and left
and right region of FL are VB and conduction band (CB), respectively. It is indicated from
Figure 7b that both pristine systems are conductive in nature with nonzero localized defect
states present near and around the FL. Reasoning of each localized state in VB and CB
of DOS is the verdict from elemental behavior of individual atom in PDOS. It is justified
from PDOS spectra that “O” atom of RP layered RS composite and N and Ti(Ta) atom
of TiN (TaN) electrode are playing comparatively more dominating role. This resulting
in strong overlapping of orbitals and hence resulted in TiON (TaON) layer observed in
isosurface charge density plots (Figure 5). Whereas localized states in PDOS of Zr atom are
pointing towards its tendency to change its valence state as a result of oxidation occurring
at interface. Work function, ICD plots, and Bader charge analysis also confirmed this
conducting behavior of composites at interface. On creating the single Vo in RP-layered
RS composite, conductivity of the considered composite decreased in both cases with
lesser localized states in VB as well as CB of respective DOS plot (Figure 7e). Whereas
conductivity increased again by increasing concentration of Vos (2Vos here) with again
increased localized state in DOS plots (Figure 7h). It is also indicated from the PDOS
of the two later cases that presence of Vos effected the local conductivity of considered
systems and localized states of Zr (nearest neighbor of Vos) and Ti(Ta)atom became more
dominating than any other constituent of the considered composites in Figure 7 within the
energy −0.5–0.5 eV around the FL. This also confirmed the important role of Vos based
conductance quantization in localizing the states of Zr and Ti(Ta) atoms near the FL in VB
and CB, respectively. This also confirmed the fact that the Zr4+ atom tended to change



Energies 2022, 15, 9410 12 of 15

its valence state to Zr2+ to maintain the neutrality and hence stability of the system in the
presence of Vos. These results confirmed the stability of LRS and HRS attained in system.
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4. Conclusions

In this first principles study, the concept of quantized conduction is explored for
interfacial RS application by analyzing the size of Vos-based conducting filaments. To make
the findings closer to experimental results, Sr2ZrO4/TiN and Sr2ZrO4/TaN heterostructures
were modeled while treating the TiN and TaN as an electrode. The size of the conducting
filaments within the range of atomic units in integrated charge density plots confirmed
the occurrence of quantized conduction in Sr2ZrO4being a Ruddleson–Popper 2D-layered
material. The isosurface charge density and density of states also confirmed the presence
of localized charge and hence quantized conduction in Sr2ZrO4owned by Vos. Bader
charge analysis and PDOS confirmed the redistribution owned by constituent atoms.
Detailed insight of Sr2ZrO4/TiN and Sr2ZrO4/TaN heterostructure interface is provided
by calculating the charge redistribution from potential lineups. The interface of these
two layered heterostructures revealed the modified electronic properties which cannot be
achieved with either layer alone. Findings of these calculations confirmed that TaN is more
effective in attaining quantized conduction and forming TaON layer at heterostructure
interface. Formation energy results confirmed that resistive switching state attained by
TaN electrode is more stable than TiN. These results predict the improved retention and
stability performance of RRAM devices.
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