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Design of memristor materials from ordered-vacancy zincblende semiconductors
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Menmristors with promising applications in nonvolatile memory and unconventional computing have attracted
much interest for both materials study and device development. Memristors are not commonly realized in
zincblende-like semiconductors that could have optimum lattice matching with Si or GaAs substrates in semicon-
ductor technologies, whereas often based on metal oxides with movable oxygen vacancies. Here, we propose the
ordered-vacancy zincblende (OVZ) semiconductors as a type of memristor materials. Based on first-principles
calculations on the Al,-X-Y; group of semiconductors, we select Al,CdS, as the best candidate that is lattice
matched to Si, with medium energy barriers of ~1 eV for vacancy/ion diffusion, comparable to the metal-oxide
memristor materials, suggesting that Al,CdS, could be segregated into ion-rich versus vacancy-rich structures
via ion drift under electric operation. We find from defect calculations that both Vg and Cd; are shallow
defects, suggesting a bipolar conduction with electron transport dominated. We further find that the electron-rich
Al,CdS, structure can be both electrically conductive and optically transparent, showing potential applications
as transparent memristors. Our study therefore opens the way of designing OVZ memristor materials with good
compatibility with semiconductor technologies, as well as potentially optimum properties for memristor devices.
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I. INTRODUCTION

Since the prediction [1] and discovery [2] of the fourth pas-
sive circuit element, memristor, this type of electronic device
and the related materials have drawn substantial attention,
due to their promising applications in nonvolatile memory
technologies and next-generation artificial intelligent compu-
tations. Many studies on memristor materials are focusing
on metal oxides, such as ZnO [3-5], indium—gallium—zinc
oxide [6], aluminum oxide [7], hafnium oxide [8], tantalum
oxide [9], BaTiOs [10,11], KNbOs3 [12], NiO [13], TiO, [14],
WO; [15], with the conducting filaments formed by their de-
fective oxygen vacancies, whereas abundant vacancy defects
could lower the materials’ stability. However, in ordered-
vacancy compounds [16-24], there are a significant amount
of nondefective atomic vacancies formed in stable crystal
structures. Such intrinsic vacancies could be mixed with the
defective vacancies and offer fast drift conducting channels
for them as well as the related defective interstitials, speeding
up the formation of conducting channels under external elec-
tric field. Therefore, the ordered-vacancy compounds could
offer better performance for memristor devices as compared to
the vacancy-defective materials. Ordered-vacancy zincblende
(OVZ) semiconductors [16] are a special class of ordered-
vacancy materials that are less studied comparing to the
vacancy-free diamondlike materials with significant applica-
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tions in semiconductor technologies [25]. The mechanism
for the formation of abundant vacancies and their ordering
patterns was studied extensively [26—32]. The OVZ semicon-
ductors could be naturally lattice-matched with their parent
zincblende/diamondlike materials, while their abundant va-
cancies in the lattice could offer much better ion/vacancy
conductivity than the latter. The flexibility of OVZ semi-
conductors such as variable distributions of vacancies could
render them suitable candidates for the electronic devices that
require both electronic and ionic transport like memristors
[1,2,33].

In this paper, we studied the physical properties of both
pristine and defective OVZ semiconductors as potential can-
didates for memristor materials. Focusing on the Al,-X-Y,
group of semiconductors, we select Al,CdS, as the best
candidate based on first-principles calculations of pristine
materials. Al,CdSy is stable in the tetragonal OVZ structure
(space group No. 82) with a wide band gap of 3.87 eV from
Heyd—Scuseria—Ernzerhof (HSE06) [34] and a small lattice
mismatch (>0.35% and <2.5%) on Si(GaAs) substrates. Our
defect calculations on Al,CdS,; show that at anion-rich con-
dition and low-medium growth temperature, Al,CdS4 could
be synthesized as a high-resistance semiconductor with rather
low defect and carrier concentrations. We find from nudged
elastic band (NEB) [35] calculations that the energy barri-
ers for the diffusion of Cd vacancy/ion in Al,CdS, between
nearby available lattice sites are ~1 eV, similar to the en-
ergy barriers found for the defect transport in metal-oxide
memristor materials [4,36], indicating that Al,CdS,4 could be
segregated into ion-rich versus vacancy-rich regions via ion

©2021 American Physical Society


https://orcid.org/0000-0001-8515-8875
https://orcid.org/0000-0003-1003-2885
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.5.024603&domain=pdf&date_stamp=2021-02-08
https://doi.org/10.1103/PhysRevMaterials.5.024603

SHAO-GANG XU, PENG ZHANG, AND XIUWEN ZHANG

PHYSICAL REVIEW MATERIALS §, 024603 (2021)

drift under electric operation. Furthermore, it is found that
both V¢4 and Cd; are shallow defects, suggesting a bipolar
conduction with electron transport dominated due to the dis-
persive conduction-band minimum (CBM). We also find that
the electron-rich Al,CdS, structure can be both electrically
conductive and optically transparent, which can be used to
design potential transparent memristors. Our results could
open the way of designing memristor materials among OVZ
semiconductors with plenty of intrinsic vacancies for unique
memristor properties as well as good compatibility with sili-
con and zincblende semiconductors.

II. COMPUTATIONAL METHODS

The first-principles calculations are performed based on
density-functional theory (DFT) as implemented in the Vienna
Ab initio Simulation Package (VASP) [37]. The electron-ion
interactions are described by the projector augmented wave
method [38], and we choose the Perdew—Burke—Ernzerhof
functional within the generalized gradient approximation
[39]. All the structures are fully relaxed, the energy cutoff
of the ternary compound is set to 420 eV, and the forces
acting on each atom are less than 0.01eV A~'. In order to
confirm the dynamical stability of the structure, the phonon
spectra along the high-symmetry lines are calculated with the
finite-displacement method as implemented in the PHONOPY
package [40], where the precise convergence criterion for the
total energy is 1073 eV. In addition, the HSE06 [34] hybrid
functional is also employed to confirm the band structures
of the semiconducting phases. The climbing-image nudged
elastic band method (CI-NEB) [35] is adopted to study the
migration pathways of X atom in the supercell systems. The
computational details of the optical property are presented in
the Supplemental Material (SM) [41].

To calculate the defect properties of Al,-X-Y4, we construct
a4 x 4 x 2 supercell that contains 512 atoms. Here, only the
I point is used for all the calculations. For a defect « in the
charge state g, its formation energy can be calculated by

AH((@,q) = AE(a, @) + Y mpi+qEp, (1)

where AE(a,q) = E(a, q) — E(host) + > mE; +
gevem(host). Here, E (host) is the total energy of the supercell
and E(«, q) is the total energy of the same supercell, but
with a defect «. The Efr is referenced to the valence-band
maximum (VBM) of the host, u; is the chemical potential
of constituent elements referenced to elemental solid with
energy Eji, n; is the number of elements, and ¢ is the number
of electrons transferred from the supercell to reservoirs in
forming the defect cell. The transition-energy level of a defect
a between charge states g and ¢/, ,(q/q’), with respect to the
VBM, can be calculated from the formation energies by

AE(a,q) — AE(a, q')
9 —q

ea(q/q) = — EVBM. (2)

III. RESULTS AND DISCUSSION

A. Electronic structure and defect properties

We choose the Al,-X-Y, (X =Zn, Cd; Y =S, Se, Te)
group of compounds to demonstrate the modulable electric

and optical properties of OVZ materials, since the Al-Y bonds
in these compounds are strongly covalent for constructing
a stable covalent framework. Figure 1(a) shows the crystal
structure (space group No. 82) of Al,CdS4, with the vacancy
sites illustrated by the red empty circles. It was reported that
most of these Al,-X-Y, OVZ structures have been synthesized
experimentally [42,43], except for Al,ZnS;. However, the
calculated phonon spectrum of Al,ZnS, (see Fig. S1 in SM)
confirms that this compound could be also dynamically stable,
and its energy stability is only slightly higher (0.004 eV/atom)
than the ground-state Fd3m phase. This evidence implies that
the Al,-X-Y,; compounds may provide a realistic platform to
study the modulable electric and optical properties of OVZ
materials.

Figure 1(b) shows the calculated band structure of Al,CdSy
within the HSEO6 method. The calculation reveals an indi-
rect band gap of ~3.87 eV, indicating semiconducting (or
insulating) property of Al,CdS4. The HSE06 band gaps of
the other Al,-X-Y; compounds are listed in Fig. 1(d), with
the corresponding band structures given in Fig. S2. Notably,
the calculated band gaps (3.87/2.96 eV) of Al,CdS,; and
Al,CdSey are close to the corresponding experimental values
(3.82/2.95 eV) from the absorption coefficient spectra [43],
which indicates the reliability of the HSEOQ6 calculations. It
can be found that all the sulfides possess indirect band gaps,
whereas the selenides and tellurides show direct band gaps.
This should be ascribed to the fact that from sulfides to se-
lenides and tellurides, the monotonic increase of their volume
increases the size of the empty sites in the lattice, where the
X-point conduction-band bottom resides. As a consequence,
the energy of this X-point conduction-band bottom drops,
which in turn pushes the X-point top valence-band down,
resulting in the VBM shift from the X point in sulfides to the I"
point in selenides and tellurides (see Fig. S2). Moreover, it is
interesting to see that the band gaps of Al,-X-Y; compounds
can be largely adjusted from 2.37 to 4.26 eV, by changing
their compositions, suggesting variable potential applications
of these materials. For example, the Al,-X-S4 and Al,-X-Sey
compounds all have relatively large band gaps (> 2.9eV)
and thus are transparent for most visible light, making them
potential candidates as transparent conducting materials.

As potential memristor materials, it is highly required that
the defect distributions of Al,-X-Y; compounds can be easily
modulated by electric field. To demonstrate this possibility, we
first calculate the defect property of the typical Al,CdSy, as
shown in Fig. 2. Al,CdS,4 has experimental/calculated lattice
constants of a = 5.55A/a =5.63A, and ¢ = 10.11A/c =
10.24 A, and a small lattice mismatch (>0.35 and <2.5%)
on Si/GaAs (001) substrates with experimental/calculated
lattice constant of (Si: a = 5.43 A/a =5.65 A, GaAs: a =
5.47 A/a =5.75 A). From Eq. (1), it is clear to see that the
defect formation energy (AHy) relates closely to the chemical
potential (u;), while w; is not a free variable, but restricted by
a series of chemical conditions. First, to avoid the formation
of elementary solids, it is required that u; < 0. Second, to
avoid the formation of secondary phases, such as CdS, u; must
satisfy

ted + ns < AHp(CdS). 3
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FIG. 1. (a) Crystal structure and symmetry group of Al,CdS,. (b) The HSE06 band structure of Al,CdS,, the blue dots represent the
position of VBM and CBM. (The VBM is set to be 0.) (¢) The calculated electron localization function of Al,CdS,. (d) The table presents the
HSEO06 band gaps of the Al,-X-Y, (X = Zn, Cd; Y = S, Se, Te) compounds based on the structure of (a).

Similarly, other secondary phases should be also consid-
ered, such as CdS, (space group Pa3) and Al,S; (space group
P6,). Finally, to make Al,CdS, stable, it is also required
that

2uar + pea + 4us = AHp(A1CdSy). 4

With all these restrictions considered, the available chem-
ical potential range is plotted in Fig. 2(a). At the point A
(anion-rich condition), a1, ica, and us are calculated to be
—3.02, —1.62, and 0.00 eV, respectively, while at the point B
(cation-rich condition), (a1, ftcd, and s are calculated to be
—0.59, 0.00, and —1.62 eV, respectively.

Figure 2(b) shows the calculated formation energies of a
series of possible defects in Al,CdS, at both cation-rich and
anion-rich conditions. At the cation-rich condition, the most
favorable defects are positively changed Cdinr and negatively

(b),

changed V;?;, pinning the Fermi level (Er) at 2.9 eV. The
formation energy of both defects at the pinning point is about
0.5 eV, indicating the tunable feasibility of defect formation
depending on growth temperature. Moreover, we find that
some other defects, such as Al,, Cd,,, and A" could also
be probably created with a formation energy of 0.64, 0.64,
and 0.78 eV at the pinning point, respectively. On the other
hand, at the anion-rich condition, it is shown that the favorable
defects are also Cdi2+ and VCZd_ with the formation energy
of 0.5 eV, pinning the Er at 2.0 eV, while the formation
energies of AlZ,, Cd,,, and Ali3Jr rise to be 0.58, 0.70, and
0.85 eV, respectively. From these calculations, one can see
that the most possible defects in Al,CdS4 include three kinds
of donors, Cdl.“, Alf,, and Ali3+, as well as two kinds of
acceptors, chd_ and Cd,,;, which could be intentionally created
by adjusting the synthesis environments. For the anion-rich
condition, at the pinning point near the mid gap, all defects
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FIG. 2. (a) Stable chemical potential region for Al,CdS,; the potential competing phases are shown in the other regions. (b) Calculated
formation energies for various defects in Al,CdS,, under both the Cd-rich and Cd-poor conditions. (c) Schematic diagram of the Cd,;/V g

defects formation.
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FIG. 3. (a) Representation of the minimum energy path of Cd atom diffusing to the Cd vacancy in the pristine (2 x 2 x 1) supercell of
Al,CdS, with a Cd vacancy. (b) Representation of the MEP of charged defect chd’ ion diffusing to the center of the adjacent S tetrahedron in
the Cd-deficient (2 x 2 x 1) supercell of Al,CdS,. The blue dots in the insets describing the positions of the diffusing ions. (c) Representation
of the MEP of the Cdi2+ ion diffusing to the center of the adjacent S tetrahedron in the Cd-rich (2 x 2 x 1) supercell of Al,CdS, (the

corresponding CI-NEB images were presented in Fig. S4).

have formation energies above ~0.5 eV, suggesting the pos-
sibility to realize high-resistance Al,CdS, with rather low
defect and carrier concentrations at low to medium synthesis
temperature.

B. Diffusion path of the defects

For memristor materials, one would expect the drift move-
ment of special defects under electric operation, such as the
movement of oxygen vacancies in metal oxides [6,8]. In OVZ
semiconductors, “cation vacancies” are already formed and
distributed orderly in their original diamond structure. Thus,
if one can drift these vacancies to accumulate at some region
of the material (or equivalently drift the Cd ions from the
region), while to deplete at another region (or equivalently to
form Cd; there), then OVZ semiconductors could demonstrate
interesting memristor effect with transport of carriers and ions
that are both abundant. For Al,CdS4, we expect this could be
realized through manipulating the Cd ions by electric opera-
tion, i.e., to create Cdi2+ at one side of the material and VCZd_
at another side, since both of these two defects have relatively
low formation energies based on the defect calculations. As
shown in Fig. 1(a) and Fig. 2(c), the S tetrahedra in Al,CdSy
not only provide a skeleton to accommodate Cd ions, but also
perfect channels for Cd ion migration. However, one remain-
ing critical question is whether these Cd ions are mobile in
this anion-built skeleton, just like the oxygen vacancies in
metal oxides. To answer this question, we next considered the
diffusion property of Cd ions in Al,CdSy, as shown in Fig. 3.
Although the vacancies/ions in memristors will undergo drift
movement upon the electric operation, it is still relevant to
evaluate the diffusion barrier of these vacancies/ions along
the minimum energy path (MEP) in the absence of external
voltage, because (i) the fast drift velocity is related to such
diffusion barriers, and (ii) the slow back-diffusion of the ac-
cumulated species in the conductive filament is determined
by the highest barrier along the MEP. Due to the special
structural character of OVZ semiconductors, three different
diffusion manners of Cd vacancies/ions in Al,CdS, have been
considered:

(1) The diffusion of a Cd ion from its original position in
pristine crystal to the nearby vacancy site, i.e., the diffusion of
a vacancy from its original position to form a Cd;-V¢q4 defect
pair that could be driven by the electric operation, which
could represent the initial generation of electrically active
defects for separating the ion- and vacancy-rich regions. We
simulate this case by removing one Cd atom ina 2 x 2 x 1
supercell of the pristine Al,CdSy to create a Vg and study
the diffusion of this V¢y, i.e., the jumping of this V¢4 into
adjacent Cd sites, as shown in Fig. 3(a). It can be seen that
the MEP of V4 has a zigzag shape with an energy barrier of
1.26 eV.

(i1) The diffusion of a cation vacancy defect, V¢q, in the
Cd-deficient region. The results for charged defect ng’ are
given in Fig. 3(b), showing a conjugated diffusion path of Cd
ions/vacancies with an energy barrier of 0.86 eV. The results
for neutral defect V¢q are given in Fig. S3(a). According to
the defect calculations in Fig. 2(b), Vg defect will be ionized
for most of the Er inside the band gap.

(iii) The diffusion of Cd ion in the Cd-rich region. We
simulate this case by creating a cation interstitial defect, Cd;,
in the pristine Al,CdS, structure and study its diffusion into
adjacent virtual vacancy sites. The results for charge-neutral
cation interstitial Cd; are shown in Fig. S3(b), giving a linear
diffusion path with a relatively high energy barrier of 2.3
eV. According to the defect calculations in Fig. 2(b), the Cd;
is easy to be ionized, and the physical truth should be the
diffusion of Cd*" ion. As shown in Fig. 3(c), the Cd*" ion
will pass the internal S-Cd net by Cd ion comovement (see
Fig. S4), and the MEP barrier of this complicated path is only
1.23 eV.

It is worth to note that the energy barriers for the above
diffusion of Cd vacancies/ions in Al,CdS, are quite similar to
the diffusion barriers of vacancies/ions in metal-oxide mem-
ristor materials [4,36]. Compared with the oxide memristor
materials like ZnO and TiO, [36,44], the Cd atom diffusing
barrier in Al,CdS, is moderate (see Table S2). Analogous to
metal-oxide memristor materials, the diffusion barriers of Cd
vacancies/ions in Al,CdS, should be suitable for their drift
movement under electric operation, while, in back-diffusion
process, the actual defective vacancy (as opposed to the
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FIG. 4. (a) The transmission spectra (7y,) of a freestanding 0.2-um-thick Al,CdS, slab with various carrier densities (7. ). (b) The absorp-
tion coefficient (™ = &, a¥) of Al,CdS, with n, = 6.15 x 10" cm~3, and plasma frequency (03 = ) =0.451 eV/h, = 0.452eV/h)
are given in the inset of (b). (c) The transmission spectra (T, = Ty, T ;) of a freestanding 0.2-um-thick Al,CdS, slab with optically smooth
surfaces (1, = 6.15 x 10'° cm™). (d) Representation of the real-space electron density distribution (green spheres) of the above doped system.
The electrical conductivity evaluated from the plasma frequency is 0**=0" = 0.136 x 10* S/cm; 0% = 0.136 x 10° S/cm. Note that, the
blue spheres represent the internal sections of the green spheres. See Supplemental Material Sec. I for the evaluation methods for optical

property and conductivity.

virtual vacancy in the pristine Al,CdS,) needs to diffuse to
the position of actual defective Cd interstitial to be annihi-
lated, or equivalently the latter needs to diffuse to the former.
Thus, for back-diffusion that determines the lasting time of the
conductive filament, any of the high barriers along the MEP
can hinder the diffusion. Therefore, under external voltage of
the electric operation, the vacancy-rich region versus ion-rich
region in Al,CdS4 compounds could be generated, forming
conductive filaments. From Fig. 2(b), we see that both Cd; and
Vcq are shallow defects, with the corresponding transition-
energy levels lying above the CBM and 0.2 eV above the
VBM, respectively. Thus, both the vacancy-rich and ion-rich
regions are potential conductive filaments, suggesting a pos-
sible bipolar conduction process in OVZ memristor materials.
For other Al,-X-Y; compounds, similar defect and diffusion
properties could be expected, due to the analogous physical
and chemical properties of the constitute elements in the same
column in the periodic table. In theory, various similar princi-
ples to design memristor devices have been widely explored
for the metal oxide. For example, within the ideal lattice mis-
match, the interdiffusion of Ag atoms into the oxide phase or
of O atoms into the metal electrode at the TiO,/Ag interfaces
can be modeled for memristor designing [45]. In addition, un-
derstanding the microscopic behavior of the oxygen vacancies

in metal oxide by theoretical calculation is crucial to verify
the defects controlling the resistance switching mechanism in
practical memristor materials [44].

C. Optical properties of the doped Al,CdS,

As Al,CdS4 has a wide band gap of 3.87 eV, it is worth-
while to consider Al,CdS, as a potential transparent mem-
ristor material. We use the pristine Al,CdSy structure with
doping 0.001/0.01/0.1 electron per primitive cell to mimic the
dilute limit of Cd doping in Al,CdS,. Clearly, the three mag-
nitudes of electron carrier density (7. ) lead to the closely high
transmittance for most visible light [see Fig. 4(a)]. Thus, we
adopted the moderate carrier density (7, = 6.15 x 10" cm™3)
to study the corresponding optical properties of the n-type
Al,CdS4. We found that the electric conductivity (o™ =
o” =0.136 x 10° S/cm, 0 = 0.136 x 10° S/cm), as esti-
mated from the plasma frequency [w}* = w};" = 0.451 eV /A,
wy’ = 0.452 eV/h shown in Fig. 4(b)] of the dilute electron-
doped structure with doping level of 6.15 x 10 cm™ is
already quite high, suggesting the material as a good electric
conductor. On the other hand, the calculated optical absorp-
tion coefficients with the consideration of plasma effects
indicate that this dilute electron-doped structure has rather
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low optical absorption for visible light, as shown in Fig. 4(b).
The optical simulation for a 0.2-pm-thick slab of the doped
structure predicts rather a high optical transmittance as can
be seen from Fig. 4(c). Figure 4(d) shows the real-space
electron density of the above doped system, indicating uni-
form distribution of carriers. The combination of high electric
conductivity and high optical transparency found in Cd-rich
Al,CdS, may suggest the potential use of this material as
transparent memristors.

In the actual case, the defect formation is driven by the
external electric field and the defect concentration in this
nonequilibrium condition would be much higher than the
equilibrium case. By carefully controlling the applied electric
field, the defect concentration and thus the charge concentra-
tion can be well controlled. Thus, we considered a moderate
charge concentration n, = 6.15 x 10'° cm™, which already
gives a quite high electronic conductivity. For the convenience
of discussion, the lower and higher n. calculated results are
presented in Fig. S5, which indicates the adjustable trans-
parent conductive properties of Al,CdS4. The transparent
conductive Al,CdS4 could be used in transparent memris-
tors constructed by using Al,CdSs as memristor material
and doped ZnS [46,47] as transparent electrodes (see, e.g.,
Fig. S6). The lattice mismatch between ZnS (zincblende)
and Al,CdS,; (OVZ) can be as small as 3% for their (001)
interface of the zincblende-like lattice, according to our DFT
calculations.

The plasma frequencies (electric conductivities) of other
Al,-X-Y,; semiconductors are given in Table S1, and the cor-
responding absorption coefficient and transmission spectra are
shown in Figs. S7 and S8. It should be noted that the used
damping coefficient (y = 0.2eV/h) analogous to In,O3 [48]
could be too large for the diamondlike Al,-X-Y; semiconduc-
tors,2 and thus the above-estimated electric conductivities from
(wp)

T could be underestimated.
%

IV. CONCLUSIONS

In summary, we have studied the electric and optical prop-
erties of the Al,-X-Ys group of OVZ semiconductors, and
select Al,CdS, as the best candidate that is lattice-matched to
Si, showing medium energy barriers of ~1 eV for vacancy/ion
diffusion, comparable to the metal-oxide memristor materials.

We find from defect calculations that both V4 and Cd; are
shallow defects, giving a bipolar conduction in the candidate
memristor Al,CdS,. We further find that the electron-rich
Al,CdS; structure can be both electrically conductive and op-
tically transparent, with potential applications in transparent
memristors. These highly defective diamondlike ordered-
vacancy semiconductors could be a complementary materials
system of defect-free diamondlike semiconductors in elec-
tronic technologies. As for memristor applications, the OVZ
semiconductors could have a few optimum properties: (i)
better compatibility with other diamondlike semiconductors
used in electronic technologies; (ii) diversity of band gap and
optical properties covering infrared to visible optical spectrum
for designing materials in electronic as well as optoelectronic
memristor devices; (iii) the vacancies in the pristine OVZ
compounds are virtual and not electrically active leading to
very high OFF-state resistivity as compared to the memristor
materials based on defective vacancies; (iv) the virtual defects
in OVZ materials are very abundant, offering the possibility
of forming wide conductive filaments for lower ON-state re-
sistivity; (v) the equilibrium state of the OVZ system with
uniform vacancy distribution is a ground state in the phase
diagram leading to the possibility of fully recovery from the
accumulation of defects in the formation of conductive fila-
ments to the equilibrium ground state after a medium long
time, thus sustaining for long-term reusage; (vi) the abundant
vacancies and the associated cations in the pristine OVZ ma-
terial could speed up the formation and destruction process of
the conductive filaments, leading to high operation frequen-
cies of the memristors. Our study opens the way of designing
virtual-defect abundant semiconductors for electronic appli-
cations that involve both electronic and ionic transport.
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