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Absorbed dose was estimated after Monte Carlo simulation of proton and ion beam irradiation
on metal-oxide and metal-nonmetal memristors. A memristive device comprises two elec-
trodes, each of a nanoscale width, and a double-layer active region disposed between and in
electrical contact with electrodes. Following materials were considered for the active region: ti-
tanium dioxide, zirconium dioxide, hafnium dioxide, strontium titanium trioxide and galium
nitride. Obtained results show that significant amount of oxygen ion - oxygen and nonmetal
ion - nonmetal vacancy pairs is to be generated. The loss of such vacancies from the device is be-
lieved to deteriorate the device performance over time. Estimated absorbed dose values in the
memristor for different constituting materials are of the same order of magnitude because of

the close values of treshold displacement energies for the investigated materials.
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INTRODUCTION

In space applications and in nuclear facility am-
bience, electronic circuits are under constant bom-
bardment by radiation such as energetic electrons, pro-
tons and heavy ions that can upset them or
permanently degrade their performance [1]. These
particles can ionize atoms in a material, creating a
pulse of electron-hole pairs that can cause inadvertent
signals in circuit. In addition, energetic particles cause
atomic displacement damage in a device which can
generate deep traps in a material that lead to carrier re-
moval or mobility degradation [1]. Therefore, it is im-
portant to investigate changes of characteristics and
the behavior of the electronic components in radiation
field.

The properties of basic electrical circuits, con-
structed from three ideal elements, a resistor, a capaci-
tor, an inductor and an ideal voltage source are part of
the standard curricula. The existence of the memristor
as the fourth ideal circuit element was predicted in
1971 based on symetry arguments. In 2008, a two-ter-
minal physical realization of a memristor was con-
structed by HP laboratories [2]. Exposure of a titanium
dioxide memristor to beam of ions can influence the
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device’s operation [3, 4]. The aim of this paper is to as-
sess the absorbed dose in particle-beam irradiated
metal-oxide and metal-nonmetal memristors.

A memristive device comprises at least two elec-
trodes, each of nanoscale width, and an active region
disposed between and in electrical contact with the
electrodes (fig. 1), containing a switching material ca-
pable of carrying a species of dopants and transporting
the dopants under an electrical field [5]. Memristor
maintains a non-linear relationship between time
integrals of the voltage across its terminals and the cur-

Crossed wires or
electrodes

Primary
active
region
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active
region

Figure 1. A memristor's structure consisting of crossed
wires or electrodes and an active region, divided in two
parts — primary and secondary active region [5]
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rent running through it. It is from this non-linear rela-
tionship that the main properties of memristors ensue:
the hysteretic features of the i-v curve and the ability to
operate as a switch by holding or remembering the
value of resistance [3, 4]. Within the active region, ox-
ygen vacancies migrate, and such migration is be-
lieved to result in memristive effects. The loss of such
vacancies from the device is believed to deteriorate the
device performance over time. At least one of the two
electrodes is a metal oxide electrode, which is believed
to reduce or eliminate the escape of oxygen from the
device, thus keeping the stoichiometry of the junction
constant [5].

The primary active region is a thin film of a ma-
terial that is electrically semiconducting or nominally
electrically insulating and is a weak ionic conductor
that can be doped with electron donors as interstitials,
vacancies, or impurities. This region is capable of
transporting and hosting ions that act as dopants to
control the flow of electrons through the structure de-
scribed. The basic mode of operation of the device is to
apply an electrical field across the device large enough
to cause mobile dopants to be transported within the
primary active region via ionic transport. The mobile
dopants are generally ionic species that change electri-
cal conductivity of this region from low to high, and
opposite [5].

The secondary active region is a material that
acts as a source and sink of the doping species. As a
limiting example of forming the secondary active re-
gion, dopant initiators may be diffused from a region
or source into the primary active region where they re-
act with a portion (a few nanometers or less) of the pri-
mary active region. The chemical reaction forms the
secondary active region having the mobile dopants
therein at the interface between the remaining primary
active region and the electrode. Non-limiting exam-
ples of dopants that result from the chemical reaction
include interstitials, vacancies or other charged impu-
rities. Such mobile dopants are either positively or
negatively charged. In one non-limiting example, tita-
nium may diffuse through platinum electrode and re-
act with titanium dioxide (primary active region). This
chemical reaction causes the reduction of a portion of
the metal oxide, resulting in the formation of a TiO,_,
secondary active region at the interface between the
remaining titanium dioxide primary active region and
the platinum electrode. This TiO,_, secondary active
region has a small deficit of oxygen atoms in the crys-
tal structure, or mobile dopants [5].

CONSTITUTING MATERIALS

Non-limiting examples of suitable metal oxides
for the metal oxide electrodes include RuO,, IrO,,
SrRuO;, Ce,05, M00O,, OSO,, WO,, CrO,, metallic
manganites, and rare earth metal oxides (e. g. EuO,).

The selection of particular metal oxide will depend, at
least in part, on the selection of the materials for the ac-
tive region. The incorporation of such metal oxide
electrode in the device advantageously blocks oxygen
from escaping out of the device, thereby enhancing de-
vice performance and lifetime [5]. If the amplitude of
the applied voltage is high enough, oxygen ions may
reach one of the electrodes, where they can form O,
gas and cause deformation of oxide/metal interface,
leading to permanent disruption of memristor opera-
tion [6].

Possible switch compounds for the primary ac-
tive region are semiconducting compounds with sig-
nificant ionic contribution to the bonding. In a
non-limiting example, the primary active region is a
material that is undoped and stoichiometric, and thus a
good insulator and the mobile dopant is a large con-
centration of anion or cation vacancies contained in
the secondary active region, which is a layer of the
same material as, or related material to the primary ac-
tive region. Basically, the secondary active region hav-
ing the mobile dopants therein is very conductive and
thus changing the doping concentration has a rela-
tively small effect on the conductivity of this layer; but
since the primary active region is essentially intrinsic,
even a small amount of mobile dopant will have a very
dramatic effect on the conductivity of this region [5].

In one embodiment, the material of primary ac-
tive region is selected from oxides, sulfides, selenides,
nitrides, phosphides, arsenides, chlorides, and bro-
mides of the transition and rare earth metals, with the
alkaline earth metals often being present in com-
pounds. Further, there are the various alloys of like
compounds with each other, which offer a wide range
of compositions if they are mutually soluble in each
other. There are also mixed compounds, in which there
are two, three or more different metal atoms combined
with some number of the electronegative elements. In
such instances, the mobile dopants in the secondary
active region may be anion vacancies or different
valent elements [5].

Materials for the primary active region including
the elements Ti, Zr, and Hf are particularly attractive
because they are compatible with Si integrated circuit
technology, since the primary oxidation state of all
three metals is +4, the same as Si. As such, these cle-
ments would not create unintentional doping of the Si.
Oxides of these compounds are also known as titania,
zirconia, and hafnia, respectively, and also by other
names specific to the various polytypes of each. Still
another embodiment includes the alloys of these three
oxides in pairs or with all three present simultaneously
(e.g., Ti,Zr Hf,0,, where x + y +z=1). Related sets of
compounds include the titanates, zirconates and
hafnates, which are represented by the specific exam-
ple SrTiO;, where Sris the divalent element strontium.
There is a wide variety of such compounds in which
Ca, Ba, and other divalent elements (e. g., Mg, Zn, Cd)
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may be substituted for Sr, and Zr and Hf substituted for
Ti. These compounds may be represented as ABO,
compounds, where A is at least one divalent element
and B is at least one of Ti, Zr, and Hf, and may have the
perovskite structure [5].

Yet another embodiment of compounds suitable
for the primary active region includes the sulfides and
selenides of the transition metals with some ionic
bonding character, essentially the S and Se analogues
of the oxides mentioned above. Still another embodi-
ment of compounds suitable for the primary active re-
gion includes the semiconducting halides (such as
CuCl, CuBr, and AgCl), or the phosphides and arsen-
ides of various transition and rare earth metals, e. g.,
Sc, Y, La, efc. In each of the examples set forth in this
paragraph, either anion vacancies or aliovalent ele-
ments may be used as the mobile dopants in the sec-
ondary active region [5]. Specific examples of the
combination of primary active regions and secondary
active regions are set forth in tab. 1.

Table 1. Examples of primary and secondary active
regions and corresponding mobile dopants

Primary active| Secondary active :
: . Mobile dopant
region region P
: : Oxygen vacancies or metal
TiO, Ti0 interstitials
710, 71O, Oxygen vacancies or metal
interstitials
HfO, HfO,., Oxygen vacancies or metal
interstitials
SITiO; SITiOs Oxygen vacancies or metal
interstitials
GaN GaN Nitrogen vacancies
CuCl CuCl,., Chlorine vacancies or
copper interstitials
GaN GaN:S Sulfide ions

RESULTS OF RADIATION TRANSPORT
SIMULATION AND ABSORBED DOSE
ASSESSMENT

Monte Carlo simulations of proton and ion
beams traversing the selected memristor structures
were performed in the TRIM (transport of ions in mat-
ter) part of the SRIM software package, which has
been proved to provide results in significant agree-
ment with experiments. The constant upgrading de-
velopment of this software has made it a reliable tool
for numerical analysis of interaction of ions with mat-
ter and validation of theoretical predictions [7-9].
TRIM is often used to gain an understanding of the
changes to the target under bombardment by ions. It
makes calculations for one ion at a time, in order to
make precise evaluations of the physics of each en-
counter between the ion and a target atom. Results ob-
tained from TRIM calculations have uncertainties
comparable to or lower than typical measurement un-

certainties of results acquired in laboratory experi-
ments performed under corresponding conditions [10,
11]. TRIM can be used for detailed examination of tar-
get damage, but it must be interpreted with two limita-
tions: (1) There is no build-up of ions or damage in the
target. Every ion is calculated with the assumption of a
zero dose, i. e. the target is perfect and previous ions
have no effect on subsequent ions. If build-up of dam-
age in the target were included, absorbed dose in the
structure would be changed insignificantly since inci-
dent ions lose their energy primarily through colli-
sions with non-displaced atoms in the crystal lattice;
(2) The target temperature is 0 K and there are no ther-
mal effects changing the distribution of ions (thermal
diffusion) or affecting the target damage (thermal an-
nealing). A calculation for 1000 incident ions will give
better than 10% accuracy [7]. Several experiments
have been reported at very low temperatures (15-40 K)
which validate the TRIM results [7]. Detailed model-
ing of annealing in irradiated memristors needs to be
founded on a chemical reaction scheme taking into ac-
count evolution rates and diffusion properties of radia-
tion induced defects, which is an area for further re-
search [3].

In order to obtain more detailed information, in
the setup window of TRIM software the Detailed Cal-
culation with Full Damage Cascades option was cho-
sen as a type of TRIM calculation. TRIM software
package enables us to follow history of each particle in
the material. The target material is divided into one
hundred equal compartments, and in each of these
compartments is possible to get final numerical values
for the ions and the recoiling target atoms. The output
files contain data for each of those parts regarding de-
posited energy in the material, which includes ion’s
energy losses to the target electrons, phonons, vacancy
production and replacement collisions. These data, to-
gether with structure’s dimensions and density of the
material have been used in order to calculate the value
of the absorbed dose in the memristor.

Upon the discussion in the previous section,
the following materials were used for the pri-
mary-secondary active region structure:
TiO,-TiO,_,, Zr0,-Zr0,_,, HfO,-HfO, _,,
SrTiO5-SrTiO; ,, and GaN-GaN,_,. Platinum was
used as a material for metal electrode and RuO, was
set up for the metal oxide electrode. The thicknesses
of the layers along the horizontal axis, for all the
structures, are as follows: 3 nm platinum layer, 15
nm primary active region, 15 nm secondary active
region (x =0.05), and 3 nm for the second electrode
(RuO,) layer. The default values of the threshold
displacement energies provided by SRIM were
changed to the following values obtained by differ-
ent studies: for TiO, — threshold displacement en-
ergy of 65 eV for oxygen and 130 eV for titanium
[4], for ZrO, — 50 eV for oxygen and 100 eV for zir-
conium [12], for HfFO, —40 eV for oxygen and 40 eV
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for hafnium [13], for SrTiO; — 50 eV for oxygen,
70 eV for strontium, and 140 eV for titanium [14],
and for GaN —32.4 eV for nitrogen and 73.2 eV for
gallium [15]. Instead of a calculated value for the
density of TiO, o5 offered by SRIM, a more realistic
value of 4.097 g/cm? was used [4]. Also, the densi-
ties given by the SRIM for the other compounds of
the primary active regions are changed to the values
given in different studies: ZrO, — 5.68 g/cm’,
(ZrO, 95— 5.64 g/cm?), HfO, — 9.70 g/cm?, (HfO, 45
~9.66 g/cm®), SrTiO; — 5.12 g/em?, (StTiO, 45 —

5.09 g/cm?), and for GaN — 6.15 g/em?, (GaN, o5 —
6.10 g/cm?).

Extensive simulations were conducted during
the investigation, with ions chosen to represent certain
well known radiation fields, such as those encountered
in the space or nuclear facility environments [16].
Simulations are restricted to mono-energetic unidirec-
tional beams of radiation, incident perpendicularly on
the both sides of the stack of materials constituting the
memristor. Beam energy was varied across the typical
energy spectrum of different ion species [3]. The
MatLab code has been developed in order to obtain the

Table 2. Absorbed dose assessment in different memristor structures

Type of the beam

The structure of irradiated | 10 ke 1000 pasieles | 100 ke 1000 particios | 100 kv 1000 partcles | 20 keV: 50 partcies
memristor Absorbed dose in whole memristor [10* Gy]
I n” I i I 1l I 1
Pt-Ti0,-TiO, 95-RuO, 0.9 1.2 ~0 ~0 0.4 1.9 87.7 54.7
Pt-Zr0,-Zr0O) 95-RuO, 1.9 1.9 ~0 ~0 0.4 ~0 84.3 62.5
Pt-HfO,-HfO, 45-RuO, 32 2.5 ~0 ~0 1.6 0.5 141.6 64.6
Pt-SrTiO3-SrTi0;.95-RuO, 2.1 2.1 ~0 ~0 ~0 0.8 133.1 53.3
Pt-GaN-GaNj ¢s-RuO, 0.8 1.9 ~0 ~0 0.82 0.4 92.3 62.7

I" — Beam perpendicular to the platinum electrode; II”" — Beam perpendicular to the RuO, electrode

s i 5T, oyl e
Depthvay-axis E

.- Degth vs. y-axis . . ¢

0nm - Target depth — 36 nm

1 1
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*

RuO,

0 nm — Target depth — 36 nm

0nm — Target depth — 36 nm

Figure 2. Ion tracks inside the stack

(a) — simulation results for a 10 keV proton beam
(1000 particles) incident perpendicularly on the
left side of the Pt-TiO,-TiO, o5-RuO; stack;

(b) — simulation results for a 100 keV carbon ion
beam (1000 particles) incident perpendicularly on
the left side of the Pt-HfO,-HfO, o5-RuQO; stack;
(c) — simulation results for a 20 keV iron ion beam
(50 particles) incident perpendicularly on the left
side of the Pt-SrTiO;-SrTiO; ¢5-RuO; stack
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absorbed dose in the material. The results are shown in
the tab. 2.

Figure 2 shows ion tracks traversing the
memristor’s structure. Figure 2(a) shows simulation
results for a 10 keV proton beam incident perpendicu-
larly on the left side of the Pt-TiO,-TiO; ¢s-RuO,
stack. Figure 2(b) s hows simulation results for a
100 keV carbon ion beam incident perpendicularly on
the left side of the Pt-HfO,-HfO, 4s-RuO, stack. Fig-
ure 2(c) shows simulation results for a 20 keV iron ion
beam incident perpendicularly on the left side of the
Pt-SrTiO;-SrTiO, 45-RuO, stack.

Figure 3 shows simulation results for a 10 keV
proton beam (1000 particles) incident perpendicularly
on the left side of the Pt-GaN-GaN ¢5-RuO, stack,
with a total thickness of 36 nm. Figure 3(a) shows 3-D
target damage (total displacements). Figure 3(b) pres-
ents 3-D H ion distribution in the material.

Figure 4 presents distribution of displaced oxy-
gen and nitrogen atoms in the material. Figures (a)-(e)
show simulation results for proton, alpha particle, car-
bon ion, iron ion and again proton beam incident per-
pendicularly on the left side of the following stacks:
Pt-TiO,-TiO, ¢5-Ru0O,, Pt-ZrO,-ZrO, 45-Ru0O,,
Pt-HfO,-HfO, 45-RuO,, Pt-SrTiO5-StTiO, ¢5-RuO,
and Pt- GaN-GaN,, y5-RuO,, respectively.

Displacements per ion [107° nm™']

F120
100
r 80
- 60
+ 40
F 20

§ (Atoms per cm?)/(Atoms per cm?!

®) RUO,

Figure 3. Simulation results for a 10 keV proton
beam (1000 particles) incident perpendicularly
on the left side of the Pt-GaN-GaN,s-RuO,
stack, with a total thickness of 36 nm

(a) — 3-D target damage — total

displacements per ion per nm, and

(b) — H ion distribution

DISCUSSION

As Monte Carlo simulations of ion transport
show, said radiations can generate a significant amount
of oxygen ion/oxygen vacancy pairs in both primary
and secondary active regions of the investigated
memristor structures. Based on the obtained figures af-
ter the simulation process, for a corresponding irradia-
tion beam, a similar distribution of the displaced oxy-
gen and nitrogen atoms is to be found in TiO,, ZrO,, and
GaN based memristor structures fig. 4(a), (b), and (e).
The distribution of displaced oxygen atoms in HfO,
based structure is more constant throughout the whole
material fig. 4(c). There has been noticed a large num-
ber of metal atoms (Ti, Zr, Hf, Sr, Ga) displacements
throughout the oxide. Primary displaced metal and oxy-
gen atoms cause further displacements that can pro-
duce a displacement tree [17, 18]. Primary knock-on
atoms with energy less than 2 keV result in isolated de-
fects. Although there is a small number of nuclear elas-
tic and inelastic reaction events that produces cascades,
those events are far more damaging and can contribute a
significant fraction of the total displacement damage at
higher beam energies. Recoils with energies between
about 2-10 keV produce single cascades, whereas those
with energies in excess of 12-20 keV form a tree-like
structure with branches containing multiple cascades
[19]. Due to nanometer size of the memristor, this struc-
ture is immune to ions with energies greater than
10 MeV [20]. The non-ionizing energy loss (NIEL) of
these high energy ions is significantly lower and they
cross the volume of the device along almost straight tra-
jectories with proportionally less displacements. For
the energy ranges and materials used in simulations,
dominant mode of energy loss for charged particles (i. e.
ions) is ionizing energy loss. Charged particles undergo
a well defined “continuous slowing down” energy loss
by coulombic interaction with the electron cloud in the
lattice, as opposed to uncharged photons and neutrons
which undergo a statistically more varied and
widely-separated number of scattering events [16]. For
the investigated beams and materials, only in the case of
iron ions the contribution to the absorbed dose is
equally based on non-ionizing and ionizing energy loss.
NIEL affects memristor more significantly because in-
vestigated component’s operation rests upon mobility
and concentration of vacancies and ions, which are per-
turbed by NIEL.

The assessed absorbed dose is of the same order
of magnitude for different constituting materials of de-
scribed memristor structures under the influence of
chosen types of particle beams. The contribution to the
absorbed dose inside the structure due to influence of
alpha particles is zero because the alpha particles are
stopped by platinum or RuO, electrode. It was ex-
pected that the other values obtained for the absorbed
dose are of the same order of magnitude because the
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Figure 4. Distribution of displaced oxygen atoms; total thickness of the structure is 36 nm

(a) — simulation results for a 10 keV proton beam (1000 particles) incident perpendicularly on the left side of the
Pt-TiO»-TiO; 95-RuO; stack, (b) — simulation results for a 100 keV alpha particle (1000 particles) beam incident per-
pendicularly on the lefi side of the Pt-ZrO,-ZrO . 95-RuO stack, (c) — simulation results for a 100 keV carbon ion beam
(1000 particles) incident perpendicularly on the left side of the Pt-HfO ,-HfO 95-RuQ) stack, (d) —simulation results for
a 20 keViron ion (50 particles) beam incident perpendicularly on the left side of the Pt-SrTiO3-SrTiO; 95-RuQ); stack,
and (e)— distribution of displaced nitrogen and oxygen atoms — simulation results for a 10 keV proton beam (1000 parti-
cles) incident perpendicularly on the left side of the Pt-GaN-GaNy 95-RuQ); stack

threshold displacement energies for the investigated
metals are between 40 eV and 140 eV.

If the amplitude of the applied voltage is high
enough, oxygen ions may reach one of the electrodes
where they can form the O, gas and cause the deforma-
tion of the oxide/metal interface, leading to permanent
disruption of memristor operation [6]. Therefore, at
least one of the two electrodes is a metal oxide elec-
trode, which is believed to reduce or eliminate the es-
cape of oxygen from the device.

It is important to conduct further investigation in
order to choose suitable materials that have necessary
radiation tolerance for the required purpose. It is also
necessary to design in margins or allowances for the
expected component changes induced by the radiation
environment.

CONCLUSIONS

Exposure of described types of memristor struc-
ture to beams of ions can influence the operation of the

device. Over time, exposure to energetic particles can
degrade device performance, ultimately leading to
component failure. As Monte Carlo simulations show,
a significant amount of oxygen ion/oxygen vacancy
pairs are to be generated. This is especially important
in primary active region because the appearance of ox-
ygen vacancies in the primary active region can cause
its resistance to drop. The absorbed dose in the struc-
ture is of the same order of magnitude for all different
materials. The contribution to the absorbed dose inside
the structure due to influence of alpha particles is zero
because the alpha particles are stopped by the elec-
trode. At the end, if the displaced oxygen ions reach
the electrode, they can form the O, gas and cause a per-
manent disruption of memristor functionality.
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Npan [I. KHEXKEBU'R, Hesena C. 31JEJIAPEBUR,
Mapuja [I. ObPEHOBWH, Muiom /b. BYJUCHh

OJPEGBUBAILE AIICOPBOBAHE [TO3E Y MEMPUCTOPUMMA HA BA3U
METAJ-OKCUJA U METAI-HEMETAJ JEAUILEIbA HAKOH U3JATAIBA
JOHCKUM CHOIIOBUMA

Y papy ce usyuaBajy e(peKTU U3/1aramba MEMPUCTOPA HA 6a3U METall-OKCH/IA U MeTall-HeMeTall
jequmbemha AejCTBY MPOTOHCKOT U JOHCKUX CHOIOBa NpuMeHoM MoHTe Kapino cumynanuje TpancnmopTa
yectunia. Ha ocHOBY m3nma3Hux mapamerapa cuMmynanyje, ogpebena je arncopboBaHa Jo3a y MaTepujay
MempucTtopa. Kopuirthenu Mojies1 MEMpUCTOpa CacTOj| Ce Off IBOCIIOJHOT TAHKOT aKTUBHOI pETHOHA KOjH j&
cmemiTeH usMmeby niBe enexkrpope. [umensuje ypebaja cy y Hano-ckanu. Kopuirthenu martepujanu 3a
AKTHUBHU CJIOj MEMPHUCTOpA Cy: THTAHUjYM-TUOKCHJ, IUPKOHUjYM-TUOKCH/, Xa(OHUjyM-TUOKCHU,
CTPOHLIUjYM-TUTaHU]YM-TPUOKCUJL ¥ TalnujyM-HUTpUA. [JoOujeHu pe3ynTaTu yKasyjy fia 1y TpajeKTopuja
joHa y MaTepwjaily [oNIa3W A0 3HAYAJHOT TeHEepucama MapoBa KOje CaunibaBajy jOH KHCEOHHWKA M
KUCEeOHMYHAa BaKaHIMja, OJHOCHO jOH HeMeTalla U BaKaHIMja HeMmeTana. ['yOuTak OBMX BaKaHIMja U3
ypebaja goBosiu o noropiasama paja ypebaja Tokom BpemeHa. [lobujeHe BpeAHOCTH allcOpOOBaHUX 103a
y MaTepHjally MEMPHUCTOpPA 3a Pa3NINYNTe KOHCTUTYTHBHE MaTepHjalie U 32 Pa3jIMUATe THIOBE jOHCKUX
CHOIIOBA Cy UCTOT pefia BelnyuHe 300T OJIMCKUX BPEJHOCTH €Hepryje npara 3a U3MellTamhe aToMa y AaToj

CTPYKTYpHU.

Kmwyune peuu: mempuctiop, ipottioncku cnot, Moniiie Kapao cumyaayuja, aticopbosana 003a



