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Abstract In this chapter, we describe the results of our first-principles simulations
to investigate the switching mechanism of amorphous TaO, (a-TaO,) based resistive
switching devices. For the Cu/a-Ta,Os/Pt atomic switch, we first discuss the atomic
structure of the conductive filaments, focusing on the exploration of possible
thinnest filament structure. Then we discuss the structures of interfaces between
metal electrodes and a-Ta,0s, which are important in understanding Cu ion supply
for the switching. For the Pt/a-TaO,/Pt resistive switch, we discuss the nature of the
conductive filaments and diffusion behaviors of active ions. Here we point out the
importance of Ta-Ta bonding and the non-negligible contribution of Ta diffusion
under certain conditions.

1 Introduction

The resistive switches based on metal oxide have got wide attention because of their
excellent retention, long endurance and low power consumption. Such devices
are composed of an insulator layer (HfO,, TiOy, TaOy, efc.) between two electrodes
[1-3]. On the basis of different switching behaviors, the devices could be divided
into the following two categories: (1) unipolar switches (such as Pt/TaO,/Pt), where
the insulator material is sandwiched between two inert electrodes [4], and the
switching is realized by changing the magnitude of the applied electric field with
keeping its polarity; (2) bipolar switches (including the atomic switches such as
Cu/Ta,05/Pt), which have asymmetric structures with inert and oxidizable elec-
trodes [5], and change their states by applying the electric fields with different
polarities.
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Among the oxide-based resistive switching devices, those including amorphous-
TaO, (a-TaOy) were widely studied, which exhibit excellent performance [3-5]. In
general, the switching of these devices could be attributed to the forming/rupture of
conduction filaments (CFs). However, the atomistic details of switching mechanisms
of a-TaO,-based resistive switches has been unclear until recently. More specifically,
(1) in a-TaO,-based bipolar switches such as Cu/a-Ta,Os/Pt, the component of CF
had been experimentally identified to be Cu [5], while the atomic structure of CF was
unclear: the ionization of interface Cu had been found to be the rate-limiting step
during the switching process of the device, while the detail atomic structure near the
interface region was still unknown, too [5]. (2) In the Pt/a-TaO,/Pt resistive switch,
the atomic component of CF, that is, whether it consists of O vacancies or Ta
clusters, was still unknown [4]; on the other hand, how the active ions (such as O
and Ta) diffuse in a-TaO, was also unclear.

We tackled with the above issues via first-principles simulations based on the
density functional theory (DFT) [6-11]. In this chapter, we discuss the atomic
structures of the CFs, the interface structures, and the diffusion behaviors of active
ions in a-TaOy-based resistive switching devices on the basis of our simulation
results.

2 Computation Methods and Models
2.1 Methods

The calculation of structure relaxation, electronic properties and molecular dynamics
(MD) simulations were carried out using the Vienna ab initio simulation package
(VASP) [12, 13]. The projector augmented-wave (PAW) [14] method and the
generalized gradient approximation (PW91) [15] were adopted to describe the
atomic core electrons and electron-electron interactions, respectively.

The calculations of electronic transport properties were carried out via the
Atomistix Tool-kit (ATK) program [16]. A numerical atomic basis set, a single-{
basis with polarization, was used to solve the Kohn—Sham equations. The Perdew-
Burke-Emzerhof (PBE) functional form within the generalized gradient approxima-
tion (GGA) was adopted for electron-electron interaction [11].

2.2 Structure of Amorphous Ta,0;

In real tantalum-oxide-based resistive switching devices, TaO, is always in the
amorphous phase. Therefore, we performed most of our simulations assuming the
amorphous TaOy (a-TaOy) phase. We first built an a-Ta,05 (i.e. a-TaO, 5) structure
by melt-quenching method using VASP. More specifically, the initial crystalline
0-Tay05 structure was melted by MD simulation at 6000 K for 9 ps, and
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Fig. 1 (a) Partial pair correlation functions of amorphous and crystal Ta,Os (reproduced from Ref.
[6]) and (b) the top view of the a-Ta,Os structure

subsequently quenched down to room temperature (300 K) with the rate of 4 K/3 ps.
After that, the as-generated amorphous structure was further equilibrated at room
temperature for 9 ps.

The amorphous model generated in this way has the following structural features
[6]. As seen in the calculated partial pair correlation functions of amorphous and
crystalline Ta,Os (Fig. 1a), the first peak in a-Ta,Os is located at 1.93 A, which
corresponds to the O-Ta bond length and is similar to that in 5-Ta;Os. On the other
hand, the bond length of Ta-Ta (3.20 A) in a-Ta,0s is shorter than that in 8-Ta,Os
(3.67 A), which is attributed to the existence of considerable Ta,0, quadrangle units
in a-T3205.

Next, we pay attention to the coordination numbers (CNs) of Ta and O atoms in
a-Ta,Os. Here, a pair of Ta and O is regarded as bonded when their interatomic
distance is less than the sum of the covalent radii plus a tolerance factor of 0.10 10\,
with the covalent radii of Ta = 1.70 A and O = 0.73 A. As for Ta atoms, their first
shell is coordinated with O atoms by the formation of octahedral TaOg and pyrami-
dal TaOs units with their ratio of 20:9. In the case of O atoms, both OTaz and OTa,
structures could be found, with their ratio of 25:55. It should be emphasized that
these structural parameters, bond lengths and CNs, agree with the previous theoret-
ical and experimental studies [12—14], indicating the reliability of the a-Ta,Os
structure obtained in our studies. In addition, we have also examined the effects of
quenching speed on the structure of a-Ta,Os. It was found that the structural
parameters of a-Ta,Os only slightly change with the quenching rate among 4/3 K/
fs, 2/3 K/fs, and 1/3 K/fs [6].

Using this a-Ta,O5 model, we have explored the atomic structures of CFs in Cu/a-
Ta,Os/Pt and Pt/a-TaO,/Pt resistive switches [6, 7], the interface structures of Cu/a-
Ta,O5 and Pt/a-Ta,05 [8], and the diffusion behaviors of metal and O ions in a-TaO,
[9-11].
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3 Switching Mechanism of Cu/a-Ta,0Os/Pt Atomic Switch

3.1 Conduction Path in Cu/a-Ta,O0s/Pt Atomic Switch

The widely accepted switching mechanism of the atomic switch is the formation/
rupture of a metal atomic bridge in the insulator between the two electrodes, which
has been identified in experiments [17-19]. In the case of the a-Ta,Os-based atomic
switch, composition analyses of a-Ta,Os film before and after applying a voltage
show that Cu ions migrate from the Cu electrode into the a-Ta,O5 film, which agrees
well with the speculation of the formation of a conducting Cu filament in a-Ta,Os.
On the other hand, previous studies in our group have shown that a conduction
channel is formed in the crystal Ta,Os film via interstitial Cu atoms, but not via
oxygen vacancies [20, 21]. However, it is desirable to examine the case of a-Ta,0Os
since, as mentioned before, the amorphous phase is usually adopted in experiments
and prototype devices [12, 13].

3.1.1 Single Cu Atomic Chains in a-Ta,05

In our study to explore the possible conductive paths in the a-Ta,Os5 structure [6],
both atomic positions and lattice constants of Cu doped a-Ta,Os structures were
fully relaxed. Keeping the previous studies using the Cu-doped crystalline Ta,O5
[20, 21] in mind, we examined both alternate Ta-Cu atomic chain and continued Cu
atomic chain as the candidates of conductive path in a-Ta,Os via interstitial Cu
atoms or substituting O by Cu atoms. After structural optimization, both the alternate
Ta-Cu and continued Cu atomic chains were found in a-Ta,Os via substituting O
with Cu atoms as shown in Fig. 2a,b. The analysis of the density of states (DOS)
indicates the formation of conductive, delocalized defect states near the Fermi level,
which can serve as conductive paths. However, both structures were easily destroyed
after MD simulations at 500 K. Cu atoms prefer bonding together to single atomic
chain arrangements, and tend to form cluster or nanowire structures. This gives us a
hint for the formation of Cu filaments in a-Ta,0s.

3.1.2 Cu Nanowires in a-Ta,05

Cu structures with bigger diameters such as Cu nanowires have been extensively
studied both theoretically and experimentally in environments other than the
a-Ta,05 matrix [22, 23]. In the present studies [6], two relatively thin Cu nanowires
with the interlaced trigonal and tetragonal packing were chosen to be inserted into
the a-Ta,O5 along c-axis (perpendicular to the a-b plane in the unit cell). Although
the structures of these two Cu nanowires changed in some degree after structural
relaxation, the continued Cu-Cu bonding structures were still observed, and the
subsequent MD simulations further confirm their stability. However, we should note
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Fig. 2 Density of states (adapted from Ref. 6) and local density of states near the Fermi level of
a-Ta,O5 with (a) alternate Ta-Cu and (b) continued Cu-Cu atomic chains

that MD simulations may be insufficient to confirm their stability due to the short
time scale compared with that in the practical use. Thus, we also examined their
thermodynamic stability, by evaluating the insertion (formation) energies of both
structures [6]. The calculated values of insertion (formation) energies are —0.45
(0.48) and —0.29 (0.54) eV, respectively, which suggests that (1) such thin Cu
filaments could be stable in a-Ta,Os, while (2) the Cu atoms in thin filaments are less
stable than that in the bulk system. It should be noted that the Cu nanowire structures
have been widely observed in experiments [23], even though they are less stable than
the Cu bulk system. Thus, we can expect that both of the structures (Fig. 3a,b) can
exist in a-Ta,05 for sufficiently long periods.

Next, we examine the electronic properties of the Cu nanowires inserted in
a-Ta,Os. In the local density of states near the Fermi level shown in Fig. 3a,b, the
conductive paths could be clearly observed. Our projected DOS analyses reveal that
the defect states are mainly ascribed to the Cu atoms or Cu-Cu bonding structures.
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Fig. 3 Density of states (adapted from Ref. 6) and local density of states near the Fermi level of
a-Ta,Os with interlaced (a) trigonal and (b) tetragonal packed nanowires

Thus, we can say that the conduction in the a-Ta,Os-based atomic switch is ascribed
to the formation of continued Cu-Cu bonding.

3.1.3 The Thinnest Cu Filament in a-Ta,05

Nowadays, downscaling of nanodevices becomes more and more challenging due to
physical limitations and increasing processing complexity. So we have explored the
thinnest Cu filament that could exist in the a-Ta,Os, which would be helpful in
downscaling of the Cu/Ta,0O5/Pt atomic switch. For this purpose, the following
scheme was adopted: starting from the a-Ta,Os structure containing a thick Cu
nanowire (Fig. 3a), some of Cu atoms were removed from the system each time,
and the MD simulation at room temperature and structure relaxation were carried out
after each removal step. The removal process was continued until the Cu filament
becomes disconnected in a-Ta,0Os. As can be seen in Fig. 4, the thinnest Cu filament
generated in this way is composed of the three-membered ring structures with linear
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Fig. 4 Density of states (reproduced from Ref. [6]) and local density of states near the Fermi level
of a-Ta,05 with the thinnest Cu nanowire in a-Ta,Os5

arrangement. The formation energy of this Cu filament in a-Ta,Os is 0.38 eV per
supercell. The DOS and partial charge density analyses (Fig. 4) reveal that the
thinnest Cu filament is conductive, which agrees well with the “Cu-Cu bonding”
conductive mechanism mentioned above.

3.1.4 Cu Filament in a-Ta,05 with Nanopore

Experimental studies suggest that a-Ta,Os films sputtered at room temperature
generally have nanoporous structures consisting of piled or small grains, and Cu
ions are most likely to migrate along the grain boundaries than inside the grains due
to the relatively low migration barriers at the former [5]. Thus the Cu filament is most
likely to be formed inside the nanopores. Meanwhile, we would like to emphasize
that the atomic density of Cu in our previous calculations is rather high, and it is
necessary to investigate the a-Ta,Os structure with low Cu concentration. Accord-
ingly, a big stoichiometric a-Ta,O5 with a nanoporous structure (a-Ta;,4031¢) was
constructed based on the previously constructed a-Ta,Os model (i.e. the model used
in the studies of the previous subsections). In this case, most of Ta atoms near the
sidewall of nanopore are unsaturated with the O coordination numbers of only 4 or
5. Subsequently, a thicker Cu nanowire with interlaced centered-hexagon packing
was inserted into the nanopore. After structural optimization, the conductive path
was clearly observed on the Cu filament as shown in Fig. 5. The defect states near the
Fermi level have the contributions from both Cu and Ta atoms, indicating the
existence of certain Ta-Cu bonds on the sidewall of Cu filaments. It should be
noted that in this case (Fig. 5), DOS around the Fermi level are more delocalized
as compared with all the others in the present studies due to the increased thickness
of Cu filaments. In fact, the increase of number of conduction channels with the
increase in the thickness has been reported for isolated Cu nanowires and Cu
nanowires encapsulated in a boron nitride nanotube [24]. So we predict that the
thick Cu filament is more conductive than the others.
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Fig. 5 Density of states (DOS) and local density of states near the Fermi level of a-Ta,Os with the
interlaced centered-hexagon packed Cu nanowire in a-Ta,Os5

It is also worth mentioning that the insertion (formation) energy of Cu filament in
a-Ta,05 (Fig. 5) is —0.94 (—0.46) eV. Accordingly, we can say that the thick Cu
nanowire structure in a-Ta,0s is thermodynamically stable.

3.1.5 Transport Properties of Cu/a-Ta,Os/Pt with and Without Cu
Filament

Next, we examine the electronic and transport properties of Cu nanowires in the Cu/a-
Ta,Os/Pt heterostructure shown in Fig. 6 [6]. We can see that the electron conduction
in Cu/a-Ta,Os/Pt heterostructure is poor due to the insulating nature of a-Ta;Os. On
the other hand, the electron conduction is enhanced by inserting the Cu filament in the
a-Ta,05 between two Cu and Pt electrodes as seen in Fig. 6¢. In addition, when a
thicker Cu nanowire with the interlaced centered-hexagon packing is used as the
conductive filament, the transmission coefficient further increases (Fig. 6d), which
agrees with the thickness dependence of the conduction in Cu nanowires [24]. It is
also worth noting that the Cu/a-Ta,Os/Pt with a discontinued Cu filament (Fig. 6b)
has smaller conduction than those with the Cu filaments bridging two electrodes.

In summary of this subsection, we have examined the structure of conduction
filaments (CFs) in the Cu/a-Ta,Os/Pt resistive switch from first principles. Our
results reveal that Cu nanowires with various diameters are stable in the a-Ta,0s
and can serve as CFs. In this case, the Cu-Cu bonding mainly contributes to the
conductive, delocalized defect states.

3.2 Interface Structures of Cu/a-Ta,0s/Pt

In the widely accepted switching mechanism of the Cu/a-Ta,Os/Pt resistive switch
[17-19], there are three main processes: (1) the ionization of Cu at the Cu/a-Ta,05
interface, (2) the migration of Cu ions through the a-Ta,Os layer, and (3) the
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Fig. 6 Transmission spectra and the corresponding structures for the Cu/a-Ta,Os/Pt with and
without the Cu filament between two electrodes (adopted from Ref. [6])

precipitation of Cu on Pt electrode [5]. The initial ionization of Cu atoms in the Cu/a-
Ta,Os5 interface is important in the performance of the switch, in the sense that the
ionized Cu atoms are the main source of Cu ions used in the subsequent processes.

Considering the above, in this subsection, we pay attention to the interface
structures and electronic properties of Cu/a-Ta,Os/Pt heterostructure, and their
dependence on the interface O concentration and temperature [8].

3.2.1 Interface Structures and Electronic Properties of Cu/a-Ta,0s/Pt
Structure

To deepen the understanding on the structural features near the interface between Cu
(or Pt) and a-Ta,0s, three types of Cu/a-Ta,Os/Pt heterostructures were constructed:
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their chemical compositions in the supercell are CujpgTazpOgoPtga,
CuypgTa3,0ggPtgs and CuyggTaz,OgsPtsy, and hereafter they are denoted as a-OS,
a-0O12 and a-O16, respectively. These three models have different interface O
concentrations: a-O8 represents the initial Cu/c-Ta,O5/Pt structure with a stoichio-
metric c-Taz,Og slab between two electrodes, where O layers of both Cu/c-Ta,05
and Pt/c-Ta,Ojs interfaces contain 8 O atoms; In the a-O12 and a-O16 models, extra
4 and 8 O atoms are introduced into each interface, respectively. In preparing the
above simulation models, Cu/crystal (c)-Ta,Os/Pt heterostructures were first
constructed with corresponding amounts of interface O atoms, and melt-quenching
cycle was performed to generate a-Ta,O5 layers with fixing the positions of atoms in
the electrodes. Then the obtained Cu/a-Ta,Os/Pt heterostructures were further equil-
ibrated at room temperature (unless otherwise described), which was followed by the
structural optimization with relaxing all the atoms.

The as-generated three Cu/a-Ta,0Os/Pt heterostructures are shown in Fig. 7a—c. In
the stoichiometric case (a-O8, Fig. 7a), we can see the accumulation of O atoms near
the Cu/a-Ta,05 interface with forming Cu-O bonds and their depletion near the Pt/a-
Ta,Os interface where a considerable number of Pt-Ta bonds are found. Most of Cu
atoms at the Cu/a-Ta,Oj5 interface are connected with single O atom. Their Cu-O
bond length is about 2.15 A in average, which is longer than that in the bulk Cu,O
(1.85 A). According to the Bader charge analyses (Fig. 8a), the ionization of Cu
atoms at this interface occurs with the charge transfer from Cu to O atom of about
0.2e in average. Some Cu atoms at the interface are significantly ionized with
forming two Cu-O bonds, accompanied by the charge transfer from Cu to O about
0.4e. Interestingly, these Cu atoms tend to diffuse into a-Ta,O5 bulk layer. On the
other hand, as seen in Fig. 8a, the charge transfer occurs from Ta to Pt atoms at the
Pt/a-Ta,05 interface by forming Ta-Pt bonds. This Ta-Pt bond formation involves
the decrease in the number of Ta-O bonds from TaO5 to TaO,, which results in the
reduction of Ta atoms.

As the O content at the interface region increases, the interface structures of Cu/a-
Ta,05 show larger distortion as seen in Fig. 7b (a-O12) and 7c (a-O16). Interest-
ingly, Ta-O-O bonding structures are seen at the interface region due to the high
interface O content, and the O ions in Ta-O-O bond hold less amount of electrons
than the others, as can be seen in the Bader charges in a-O16 model (Fig. 8b). It is
worth noting that a similar Ta-O-O bonding structure has been identified in Cu/a-
Tay05/Pt atomic switch in experiment [25]. It is also noted that, in the a-O12 and
a-016 structures, considerable amount of Cu atoms at the Cu/a-Ta,O5 interface have
diffused into the a-Ta,Os bulk region with forming two (predominant) or three Cu-O
bonds. The corresponding Cu-O bond length is about 1.90 A in average, which is a
little longer than that in bulk Cu,O (1.85 A). For example, in the a-O16 structure, the
Cu atoms at the interface region are oxidized with losing about 0.55 electrons in
average (Fig. 8b). Since the Bader charge values in the Cu/a-Ta,0s/Pt systems are
about half of the corresponding formal values (for example, the Bader charges of Ta
and O atom are about +2.5 and —le, respectively, while the formal charges are Ta
(+5e) and O (—2e) ions in a-Ta,Os), the Cu atoms at the interface region with 0.55e
could be regarded as Cu'-'*.
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Fig. 7 Cu/a-Ta,05/Pt heterostructures of (a) a-O8, (b) a-O12, (¢) a-O16 and (d) a-O8 after MD
simulations. For the definitions of a-O8, a-O12, and a-O16, see the main text. Reproduced from Ref.
[8] with permission from American Chemical Society

For the position of Pt atoms at the interface region, they change only slightly after
increasing the interface O content. The Bader charge analyses show that the charge
transfers from Pt to O and Ta atoms are about 0.20 and 0.25e, respectively.

Next, we discuss the effect of temperature, because the temperature is considered
to be one of the most important factors to affect the switching process of Cu/a-
Ta,0s5/Pt device. For example, with the increase of operation temperature, the
absolute values of SET voltage of resistive switches gradually decrease [5], which
could be partly attributed to the faster diffusion of Cu ions in the devices at high
temperature. Meanwhile, the ionization of Cu at the interface region may also be
enhanced due to the faster Cu diffusion into the a-Ta,Os layer at high temperature.
We have examined this point using the a-O8 model. As can be seen in Fig. 7d, the Cu
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Fig. 8 Bader charge distributions of (a) Cu/a-Taz,0Ogy/Pt and (b) Cu/a-Ta3,09¢/Pt. Adapted from
Ref. [8] with permission from American Chemical Society

atoms at the interface region tend to diffuse into the a-Ta,Os5 layer after 2 ps MD
simulation at 673 K, which results in the strong oxidization of these Cu atoms. This
confirms that the temperature is one of key factors to control the ionization of Cu
atoms at the Cu/a-Ta,0j5 interface.

3.2.2 Stability of Cu/a-Ta,0s/Pt Structure

We next examine the stability of Cu/a-Ta,Os/Pt structures with various interface O
concentrations [8]. Figure 9 shows the interface energies of the a-O8, a-O12 and
a-016 models. It is found that the a-O12 is the most stable among the three within a
wide range of O chemical potential. As mentioned before, the content of O at the
Cu/a-Ta,Os interface is obviously higher than the other regions in the Cu/a-Ta,O5/Pt
structure. In this regard, we predicted that the Cu/a-Ta,Os5 structure with O-rich
interface is energetically preferable, where the Cu,O structure could be found.

Next, we discuss the electronic properties of Cu/a-Ta,Os/Pt heterostructure. Here,
we consider only the a-O12 model for simplicity. As seen in Fig. 10, the DOS of the
interface regions is finite around the Fermi level. This means that the interface
regions show metallic behavior, and the gap states responsible for this behavior
mainly come from the interfacial Cu-O and Pt-O bonding with a very small contri-
bution from the interface Ta atoms as can be seen from Fig. 10. In the central region,
on the other hand, both O and Ta atoms have no contribution around Fermi level (see
Fig. 10), indicating that the central region of the a-Ta,0Os is insulating. Thus, the
Cu/a-Ta,Os/Pt interface forms a Schottky contact.

3.2.3 Schottky Barrier Height of Cu/a-TaO,/Pt Structure

As we know, the Schottky barrier height (SBH) is the important quantity that should
be considered in controlling the initial set bias voltage of Cu/a-Ta,Os/Pt atomic
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Fig. 9 Interface energies of a-O8, a-O12 and a-O16 models. Adapted from Ref. [8] with permis-
sion from American Chemical Society

switches. In general, SBH could be estimated from the partial density of states
(PDOS) as the difference between the Fermi level and valence band maximum
(VBM) of the bulk like layer. However, it is difficult to estimate the SBH for our
a-Ta,Os heterostructures because of their relatively small thickness. In addition, the
distribution of macroscopically averaged electrostatic potentials is fluctuant in these
heterostructures due to the disordered arrangement of atoms.

Considering the above, we constructed the Cu/A-Ta;Os/Pt model with well-
defined interfaces. Here the A-Ta,0s is the most stable structure of crystal Ta,Os
at low temperature [26]. To construct the Cu/A-Ta,Os/Pt heterostructure, Cu and Pt
(111) surfaces were connected to the (001) surface of A-Ta,Os5 with O-termination.
The lattice mismatch is less than 1%. The corresponding chemical composition of
this model is Cugo/Taz6002/Pts3, Which is labeled as c-O12 since the A-Ta,0Os5 slab
cleaved contains 12 O atoms in the interface layer. Figure 11 shows the PDOS of the
Cu/A-Ta,Os/Pt models with various O concentrations at the interfaces. From this
figure, the SBHs can be obtained as the difference between the Fermi level and VBM
in the bulk-like layer. It should be noted that VBM can be more accurately computed
than the conduction band minimum within DFT [27]. The estimated p-type SBH is
1.1 eV for the c-O12 case. The large values of p- and n-type SBHs reveal that when
the voltage applied to the Cu or Pt electrode is not so large, no conduction channel
for the electron flow is formed in this heterostructure.

Next, the SBH in the Cu/A-Ta,05/Pt was calculated as a function of the interface
O concentration. In doing so, the corresponding O atoms (from O to 50%) were
removed from both c-O12 interfaces. As seen in Fig. 11, the PDOS analysis reveals



108 S. Watanabe and B. Xiao

800

- = Total
st [ a-012 model o

I Ta
400 B

200

- —— Ta in Cw/a-Ta O_interface

20 - ——TainPt/a-Ta,0, interface
10

- — 0 in Cw/a-Ta O, interface

20 —Oin Pl;'a-TazO_‘ interface

Density of States (1/eV)

30 I ——Taand O in central layer

0
E-E, (cV)
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that O atoms mainly contribute to the VBM of A-Ta,Os, and thus the amount of
interface O atoms has a great impact on the VBM of metal oxides. As a consequence,
the valance band offset (VBO) increases with the reduction of the amount of
interface O atoms, and the VBO can increase up to 1.5 eV by gradually reducing
the interface O atoms from O to 50%. This increase is attributed to the downward
shift of the VBM of Ta,Os due to the reduced electronegativity of the total interfacial
oxygen as compared to that of the c-O12. Thus, the initial SBH of the Cu/Ta,O5/Pt
atomic switch can be experimentally controlled by tuning the interface O concen-
tration, a property directly related to the ambient oxygen pressure.

In summary of this subsection, we have discussed the interface structures of Cu/a-
Ta,05/Pt atomic switch. Our results reveal that the Cu atoms tend to be ionized at the
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interface of Cu/a-Ta,Os, and the ionization behavior becomes more obvious as the
interface O content and/or temperature increases.

4 Switching Mechanism of Pt/a-TaQ,/Pt Resistive Switch

4.1 Conduction Path in Pt/a-TaO,/Pt Resistive Switch

So far, a-TaO, (x < 2.5) based resistive switches (i.e., Pt/Ta0O, 5_,/Ta0,_./Pt) have
been extensively studied in the literature and shown superior performance to other
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switching materials [28-30]. According to previous reports, the widely accepted
switching mechanism of O-deficient-material (such as TaO, and TiO,) based resis-
tive switches is based on the drift/diffusion of O vacancies (Vos) driven by applied
electric fields [31, 32]. In the case of TiOy-based resistive switch, previous experi-
mental and theoretical studies revealed that the conduction filament (CF) is com-
posed of the Vs and the conduction is based on the electron hopping in CF, which
causes the negative temperature coefficient of resistance (TCR) in both high resis-
tance state (HRS) and low resistance state (LRS) [32, 33]. Keeping this in mind,
several studies explained the switching in the a-TaOy based resistive switches from
the electron hopping conduction and/or the Vo-based CF [34, 35]. Recently, Lee
et al. [5] and Choi et al. [36] in detail investigated the component of CF in a-TaO,
based resistive switches, and their results show that a considerable amount of
continued Ta-rich region (TaO,_,) exist in the switching-on state, accompanied by
a positive TCR [30, 37]. This implies the strong qualitative difference in the
switching behavior between the TiO, and a-TaO, systems.

Thus, we examined the origin of switching mechanism in the a-TaO-based
resistive switches via first-principles simulations [7]. Since the switching processes
of a-TaO, based devices strongly correlate with the change of O concentration [5],
we examined a-TaO, structures under various O concentrations to understand the
switching mechanism.

4.1.1 Structures and Electronic Properties of Single O Vacancies
in a-T3205

Firstly, a stoichiometric a-TaO, s structure was generated via the melt quenching
method. As is well known, the structural and electronic properties of defects are
sensitive to their local environments, while the local environments vary site by site in
amorphous structures. Therefore, to understand the properties of single Vg in
a-Ta0, s, all the possible vacancy sites were considered.

As can be seen from Fig. 12a, the stability of vacancy correlates with the Ta-Ta
bond length, that is, a structure with a shorter bond length has a lower energy
[7]. The length of the Ta-Ta dimer bond formed at the vacancy site is shorter than
that in a-TaO, 5 (3.20 A). In particular, the bond length of Ta-Ta dimer (2.84 A)in
the most stable Vg structure is comparable with the one (2.86 A) in Ta metal. The
short bond length suggests good stability of the Ta dimer at V. To further confirm
this, MD simulations were performed at different temperature as shown in
Fig. 12b, c. The results reveal that the Ta dimer is very stable at room temperature,
while the position of such Ta dimer structure migrates into its adjacent sites at high
temperature (i.e., 873 K). Thus, the motion of such a single Ta dimer structure is
likely to occur under external electric fields in real devices.

To understand the electronic properties of the Vg in a-TaO, 5, we have calculated
the DOS for the energetically most stable Vg structure with HSE06 hybrid functional
for the exchange-correlation term [38]. The results show that the defect state (mainly
coming from V) appears near the Fermi level, and its location (0.8 eV and 2.5 eV
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away from the conduction and valence bands, respectively) agrees with previous
experiments [39, 40]. Note that several types of Vg states were found among the
80 single Vg structures in a-TaO, s, which may correspond to the existence of
several kinds of current leakage sources in a-TaO, 5 capacitor in experiment [41].

4.1.2 Structures and Electronic Properties of a-Ta0, s with High Vg
Concentration

Next, we consider the a-TaO, 5 with high Vg concentration (such as a-TaO; »5). The
a-TaO,,5 structure was generated via melt-quenching method after randomly
removing 8 O atoms from the original a-TaO, 5 (with 32 Ta and 80 O atoms). In
the a-TaO, »s, Ta dimer, trimer and tetramer structures coexist as seen in Fig. 13a
[7]. The DOS analysis (Fig. 13b) shows the existence of defect states in the band gap
region, which consist of mainly the components of these Ta clusters. The energy
positions of the defect states become deeper with the increase of the size of Ta
cluster, indicating the good stability of big Ta clusters. Subsequent MD simulation at
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1073 K shows that the Ta dimer structures tend to merge into the Ta tetramer, which
further confirms that the formation of Ta clusters is energetically preferable in the
O-deficiency state of a-Ta,Os. This could be probably attributed to the simple
equilibrium solid-phase diagram for the Ta-O system: there are only two stable
phases below 1273 K: the single-metal-valence compound Ta,O5 and Ta metal [42].

Subsequently, in order to understand the structural evolution of Ta-O systems
during operation, various a-TaOy (x = 2.85, 2.67, 2.50, 2.25, 2, 1.5, 1 and 0.75)
structures were examined [7]. The values of Ta-O/Ta-Ta bond lengths and Ta(O)/O
(Ta) coordination numbers (CNs) as the function of O contents are shown in
Fig. 14a,b, respectively. Note that Ta(O) CN denotes the number of O atoms
surrounding a Ta atom. From the figure, we can see that: (1) with the increase of x
values, the Ta-O bond length gradually decreases; (2) the Ta(O) CN values increase
with the increase of x values until it keeps almost a constant value (corresponding to
TaOg) in the region of x > 2.50. All the above features agree well with experimental
data [43], supporting the reliability of our simulation results. In addition, other
features of the structural evolution can also be seen: (3) the O(Ta) CN increases
with the increase of Vg concentrations; (4) there is the close relationship between the
O(Ta) CN and Ta-O bond length, and between the Ta(O) CN and Ta-Ta bond length;
(5) considerable amount of Ta-Ta metallic bonds are formed in the case of
O-deficient a-TaOy, which could dramatically enhance the electronic conductivity
of a-TaOy and corresponds to LRS of the a-TaO, based device [5, 28].

To understand the correlation between electronic properties of a-TaO, and O
contents, the calculated DOS of all the considered a-TaO,(x = 2.85, 2.67, 2.50, 2.25,
2, 1.5, 1 and 0.75) are shown in Fig. 15. This figure reveals that: (1) in the case of
a-TaOy with x > 2.50, the defect states near the Fermi level mainly consist of the
0-0 bonds [43]; (2) a-Ta0, 5 is an insulator with a big band gap; (3) in the case of
a-TaO, with x < 2.50, the Fermi level shift towards the conduction band due to the
formation of Ta-Ta bonds, and the intensity of defect states around the Fermi level
becomes stronger with the decrease of O content concentration.

As revealed in the previous experiment [28], the chemical compositions of Ta-O
system for HRS and LRS in a-TaO, based device correspond to the values x > 2 and
x < 1, respectively. Accordingly, we chose the a-TaO, »5 and a-TaOy 75 to represent
of the HRS and LRS, respectively, and studied their structures and electronic
properties in detail (Fig. 16). In the case of a-TaO,;s, several Ta clusters can be
found which are apart from each other, and the corresponding local density of states
(LDOS) around the Fermi level (Fig. 16a) shows that the electrons are localized on
these Ta clusters. Accordingly, no connected conduction path is formed. It is noted
that the isolated Ta-rich regions were observed in the experiment in the HRS of
a-TaO, based device [4]. On the other hand, in a-TaOy ;75 (Fig. 16b), a considerable
amount of Ta-Ta bonds can be found which are connected with each other. The
corresponding LDOS (Fig. 16b) reveals that electrons are delocalized on these Ta-Ta
bonds, which results in the formation of conduction path. The results agree well with
experiments showing the formation of a connected Ta-rich region in LRS of such
device [4, 28]. In addition, the volume of a-TaO, ,5 structure is about twice of
a-TaOy 75, which agree with the experimental finding that the thickness of a-TaO,
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was decreased by half after the electrical operations [37]. On the basis of these
results, we conclude that the formation of Ta-Ta bonds, but not Vs, is responsible
for the LRS in a-TaO, based resistive switch.
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4.1.3 Crystallization of Conduction Path in a-TaO, Based Resistive
Switch

Even though the Ta-rich region in CF of a-TaO,-based resistive switch had been
identified in experiment, its atomic detail was still unknown due to the experimental
limitations. Therefore we examined the structure of CF (a-TaO, 75) on atomic level
from theoretical point of view [7]. As shown in Fig. 17, the atomic arrangement in
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the a-TaQg 75 structure generated by the melt-quenching method is disordered
(Fig. 17). However, it becomes ordered after the MD simulation at 1473 K, accom-
panied by the decrease of the total energy. As can be seen in Fig. 17, the arrangement
of Ta atoms in such ordered structure is similar to that of the crystalline a-Ta, which
is the most stable phase of Ta [44]. In order to further explore the relationship
between the a-TaO 75 and crystalline a-Ta, the structure relaxation was performed
after removing all the O atoms in a-TaQg ;5. As expected, the generated structure is
identical to the crystal a-Ta, and thus the structure of a-TaQg 75 can be viewed as the
o-Ta with interstitial O atoms. On the Basis of these results, we propose that the
phase transition from a-TaQy ;5 to a-Ta with interstitial O atoms is likely to occur at
high temperature.

In real devices, the CF region is considered to become very hot (from 873 K to
1633 K) during the electrical operation probably due to Joule heating. Furthermore,
the crystallization of CF in a-TaOy-based resistive switch has been observed during a
long time electrical operation on LRS [28, 29], which supports our results.
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4.14 Transport Property of Pt/a-TaO,/Pt Resistive Switch

Next, we discuss the electron transport in the Pt/a-TaO,/Pt device [7]. To examine
this, we first constructed a Pt/a-TaO, s/Pt structure (Fig. 18a): the a-TaO, s with
16.5 A thick was generated by melt-quenching method, and then the structural
optimization and MD simulation were carried out on the a-TaO, 5 with including
the Pt layers. The transmission spectrum for the Pt/a-TaO, s/Pt heterostructure
shown in Fig. 18b reveals the poor electron conductivity due to the insulating nature
of a-Ta;Os. On the other hand, in the case of the Pt/a-TaO, 5_,/Pt structure, gener-
ation of discontinued Ta-rich regions between the two electrodes were detected by
visual inspection (note that the O-deficient models were generated by removing
oxygen atoms that were located near other oxygen atoms). As seen in Fig. 18b, small
amount of defect states appear around the Fermi level, which results in the increased
conduction (to ~0.03 in the unit of quantized conductance, 2e*/h) in this system
compared with the stoichiometric case. For the system with a continued CF (Pt/a-
Ta0,._/Pt), the value of transmission is about 0.6. It is worth noting that the on/off
ratio of 20 in our calculation is comparable to that in a real device (~10) [4].
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the Pt/a-TaO,/Pt. Adapted from Ref. [7] with permission from The Royal Society of Chemistry
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Next, we calculated the current-voltage (I-V) curves of these three
heterostructures, which are shown in Fig. 18c. The results further confirm the
above features of conduction seen in the transmission spectra. For example, at the
bias voltage of 1.0 V, a much larger current (~57 pA) flows in the heterostructure
with a continued CF, as compared to the case with a discontinued CF (6 pA). The
current value (~57 pA) is comparable to that in the real device [4], though this
agreement may be accidental.

In summary of this subsection, the structures and electronic properties of a-TaOy
(x = 2.85, 2.67, 2.50, 2.25, 2, 1.5, 1 and 0.75) were examined via first-principles
calculations. Our results reveal that there is a strong correlation between the Ta
(O) coordination number and the O-Ta (Ta-Ta) bond length. More importantly, we
suggested that the formation of Ta-Ta bonding structures, but not Vg, is mainly
responsible for the LRS in the Pt/a-TaO,/Pt resistive switches.

4.2 Diffusion of Metal and Oxygen lons in a-TaO, Based
Resistive Switch

Almost all the models proposed so far for the switching mechanism of a-TaO-based
atomic switches are based on the diffusion of O ions or vacancies in a-TaO,
[45]. Very recently, it was reported that the diffusion of Ta ions could also play an
important role in the switching process of a-TaO,-based resistive switches [46]. It
should be noted that the diffusion of both Ta and O ions have already been observed
during the growth of a-TaO, (x < 2.5) film [47, 48]. However, details of the
behaviors of Ta and O ion diffusion in a-TaO4 during the switching process are
still unclear. Thus, to deepen the understanding on the switching mechanism of
a-TaOy-based resistive switches, we performed atomistic simulations to clarify the
diffusion behaviors of both Ta and O ions during the switching processes [10].

4.2.1 Diffusion Coefficients and Barriers of Ta and O Ions in a-TaO,

To examine the diffusion behaviors of Ta and O ions in a-TaO, (x =2, 1.5 and 1),
we calculated the time-average mean square displacement (MSD) at the tempera-
tures of 873 K, 1073 K, 1273 K, 1473 K and 1673 K. From the time evolution of
MSDs of Ta and O ions, we extracted the corresponding diffusion coefficients (D).
Then from the temperature dependence of D shown in Fig. 19, we have evaluated the
activation energies (E,) according to Arrhenius equation. Our results revealed that D
and E, of Ta and O ions have strong correlation with the O concentration in a-TaOy:
D (E,) values of Ta and O ions increase (decrease) with the decrease of O content in
a-TaO,.

Our calculated values of E, for O ions in a-TaO, (x = 2, 1.5 and 1) are 0.59, 0.41
and 0.31 eV, respectively, which agrees with the experimental results (from 0.29 to
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concentrations. Adapted from Ref. [10] with permission from American Chemical Society

0.45eV) [49]. As can be seen in Fig. 19, the values of D of Ta ions (Dr,) are always
smaller than those of O ions in a-TaOy irrespective of the O contents. Interestingly,
as the O vacancy concentration increases, Dr, approaches to Do, which means that
the diffusion of Ta is more significant in the conductive filament (O-poor region)
than in the O-rich region.

As mentioned in the previous experiment [50], in the LRS of the a-TaO,-based
atomic switches, the CF is composed of a-TaO. During the switching process, the
local temperature of filament rises sharply due to the Joule heating, especially during
the RESET process in the bipolar device (from 300 to 600 K) and unipolar device
(from 300 to 1200 K) [S1-53]. As seen in Fig. 19, D, in a-TaO is four times smaller
than D¢ at 300 K, but the ratio is reduced to 2 at 1200 K. Our results agree with the
experimental observation that Dr, is two to three times lower than Do during the
growth of a-TaO, [47]. On the basis of these results, we can say that the diffusion of
Ta ions is non-negligible in the CF, and thus responsible for the switching of
a-TaOy-based atomic switches, especially for unipolar switching. It is noted that
the value of Dr, in a-TaO, 5 is only three to ten times smaller than Dg in the
temperature range from 300 to 1200, which suggests that the diffusion of Ta ions
may occur during the whole switching process of a-TaOx-based devices.

On the basis of the above, we proposed a schematic model to explain the
switching process of a-TaO, based devices [10], that is, the diffusion of O ions is
predominant in the initial forming process of a-TaOy; as the O concentration
decreases, the Ta ion diffusion becomes relatively more significant, especially in
the LRS region.
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4.2.2 Diffusion Mechanism of Ta and O Ions in a-TaO,

To deepen our understanding on the diffusion behaviors of Ta and O ions in a-TaOj,
here we discuss them in the light of the dependence of the structural parameters (such
as CN and bond length) on x value of a-TaO, (x = 2.85, 2.67, 2.50, 2.25, 2, 1.5,
1 and 0.75) [10]. The x dependence of the Ta-O bond lengths and CNs, both Ta
(O) and O(Ta), are plotted in Fig. 14. The results show that the Ta-O bond length
increases with the decrease of x, which expands the free atomic volume around both
metal (Ta) and O atoms, and consequently enhances their mobility. In particular, the
CN of O(Ta) increases by ~1 as x decreases from 2.85 to 0.75 as seen in Fig. 14. This
corresponds to the change of the component unit from OTa, to OTas, and as a result
suppresses the mobility of O ions in some degree due to the increased steric
hindrance around themselves. In contrast, the CN of Ta(O) shows obvious decrease
(by ~3) with the decrease of x as seen in Fig. 14. This corresponds to the change of
the component unit from octahedral TaOg4 to TaO3, and will dramatically enhance
the mobility of Ta ions due to the decreased steric hindrance around themselves.
Thus, the enhancement of Ta ion mobility in a-TaO, is more obvious than that of O
ions as the decrease of O concentration, and consequently the mobility of Ta and O
ions is close to each other under low O concentration.

It is noted that our theoretical results agree with the previous experiments on the
growth of TaO, (x < 2.5), which shows that the diffusion of Ta ions in a-TaOy layer
is non-negligible [47]. Accordingly, from the diffusion behaviors of metal ions
during the growth of metal oxide films, we may be able to obtain useful information
to understand the switching mechanism of metal oxide based resistive switches. In
experiments, the metal ion diffusion has already been observed in metal sub-oxide
layer during oxide film growth for Ti, Al, Nb and W [47]. On the basis of these
results, we can speculate that the metal ion diffusion in TaOy, TiO,, AlO,, NbO, and
WOy could occur during the switching of resistive switches based on these materials.

In summary of this subsection, we investigated the diffusion behavior of Ta and O
ions in a-TaO, with various O concentrations. Our results reveal that the diffusion of
Ta ions is enhanced with the decrease of O concentration, and approaches to that of
O ions at the extremely low O concentration cases. Such phenomenon can be
attributed to the combined effect of the changes in the Ta/O coordination numbers
and the Ta-O/Ta-Ta bond strengths with the charge of O concentration in a-TaO.

5 Concluding Remarks

In this chapter, we have discussed several issues related to the switching mechanism
of amorphous TaOy (a-TaOy) based resistive switches on the basis of our simulations
within the density functional theory. Our results reveal that (1) Cu nanowires with a
diameter of three atoms or larger can work as conduction filaments (CFs) in the Cu/a-
Ta,Os/Pt atomic switch; (2) Cu atoms tend to be ionized at the Cu/a-Ta,Os interface,
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and the ionization behavior becomes obvious with the increase of interface O
concentration and/or temperature; (3) the CF in the Pt/a-TaO,/Pt resistive switch
consists of Ta-Ta bonding structures, but not O vacancies; (4) the mobility of Ta ions
in the CF region of Pt/a-TaO,/Pt device is comparable to that of O ions, and thus
could actively participate in the switching process of a-TaOy based devices.

For the atomistic understanding on the switching mechanism of the (a-TaOy)
based resistive switches, several issues still remain as future tasks. For example, the
atomistic details on the effects of moisture on the Cu diffusion [5] have not been
clarified yet. In fact, our preliminary simulation, where we compared the Cu
diffusion behaviors between bare and water-adsorbed a-Ta,Os surfaces, suggests
that the Cu diffusion can be faster on the water-adsorbed surface than the bare one
[11]. Theoretical studies based on a more realistic model, however, would be
desirable.

For tackling with such issues, density functional calculations are still heavy even
on the current supercomputers. So development of methods that have both reliability
and computational efficiency is highly desired. For this purpose, the interatomic
potentials constructed by combining the density functional calculations and
machine-learning techniques have attracted much attention recently. We applied
such approaches to Cu diffusion in the a-Ta,O5 [54] and Li diffusion in a-LizPO,
[55], but extensive investigation using these approaches remains as a future task.
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