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The effects of exposing titanium dioxide memristors to ion beams are investigated through
Monte Carlo simulation of particle transport. A model assuming ohmic electronic conduc-
tion and linear ionic drift in the memristor is utilized. The memristor is composed of a dou-
ble-layer titanium dioxide thin film between two platinum electrodes. Obtained results sug-
gest that a significant generation of oxygen ion/oxygen vacancy pairs in the oxide is to be
expected along ion tracks. These can influence the device’s operation by lowering the resis-
tance of the stoichiometric oxide region and the mobility of the vacancies. Changes induced
by ion irradiation affect the current-voltage characteristic and state retention ability of the
memristor. If the displaced oxygen ions reach the platinum electrodes, they can form the O,
gas and cause a permanent disruption of memristor functionality.

Key words: memristor, titanium dioxide, ion beam, Monte Carlo simulation

INTRODUCTION

In 2008, a two-terminal physical realization of a
memristor was constructed by the HP Labs, a device
that had been theoretically anticipated 37 years before
[1,2]. The constructed memristor is composed of a ti-
tanium dioxide thin film between two platinum elec-
trodes. The oxide layer further consists of an insulat-
ing TiO, layer and a conducting oxygen-deficient
TiO,_, layer. Oxygen vacancies in the TiO,_, layer act
as mobile positively charged dopants which can drift
in the electric field created by a voltage applied to the
device’s terminals. The total resitance of the device is
determined as a series connection of the highly resis-
tive stoichiometric layer and the conducting oxy-
gen-poor layer. When a voltage is applied, the oxygen
vacancies drift, shifting the boundary between the
high-resistance and low-resistance layers. Total resis-
tance is, thus, dependent on the charge which has
passed through the memristor. Additionally, if the ap-
plied voltage is removed, the memristor “remembers”
its last state, i. e. the value of total resistence at the mo-
ment of voltage suspension [1].

Ohm’s law relation between voltage and current
is

* Corresponding author; e-mail: vujsa@ikomline.net

v(z){RONWl()’)+ROFF(1—Wl()”ﬂi(t> (1)

where w(?) is the size of the oxygen-poor layer, while
Ron and Ropy are the resistances of the oxygen-deficient
and the stoichiometric region, respectively, given for
the full length D of the device. Relating w(?) to the elec-
tronic charge that has passed through the device, the
current-voltage (i-v) characteristic of the memristor is
derived as [3]

i(1)= ;(t)R , (2)
RO\/H 2AR gvziR%N (j)v(z')dr

where Loy is the mobility of oxygen vacancies in tita-
nium dioxide, RO = RON(W()/D) + ROFF(l - W()/D) is the
effective resistance at =0, and AR = Ropr — Ron. The
minus sign in the denominator of eq. (2) applies when
the oxygen-poor region is expanding, while the plus
sign corresponds to the shrinking of this region. Since
the mobility of oxygen vacancies in titanium dioxide is
low (tov ~ 10" cm?/Vs [4]), memristive effects are
observed only when the memristor size D is
nano-scale.

A typical memristor i-v curve for a sinusoidal
driving voltage, obtained theoretically from eq. (2) as
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a2-D parametric plot, is shown in fig. 1. It has the form
of a double-loop hysteresis, with segments of negative
differential resistance corresponding to the intervals
during which wis increasing while v(¢) is already in re-
cess, but still of same polarity. A similar hysteresis is
obtained for any symmetrical AC voltage applied to
the memristor. The hysteresis is observed only for
small-amplitude (~1 V) voltages at frequencies below
several kHz, for which w never reaches either of the
limiting values (0 or D), i. e. the low-resistance oxy-
gen-poor layer never stretches across the length of the
device, nor does it vanish completely. For high-fre-
quency low-amplitude AC voltages, the size of the ox-
ygen-deficient layer barely changes for the duration of
the voltage half-period, making the effective resis-
tance of the memristor nearly constant and reducing
the i-v hysteresis to a straight line, which is also pre-
sented in fig. 1.
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Figure 1. Current-voltage characteristic of the titanium
dioxide memristor with ohmic electronic conduction and
linear ionic drift of oxygen vacancies. The applied volt-
age is v(¢) = vysin(w?), with vy =1V and 0 =1/10 s~ Other
parameters are: Rox = 100 Q, Ropr =16 kQ2, D =60 nm,
wo =30 nm, poy = 10"%m?/Vs. The dotted plot is for a
ten-time higher frequency of the sinusoidal voltage

The value of w can be pushed to one of the limits
either by large applied voltages or by long times under
same polarity bias. Boundary states differ greatly in re-
sistance, forming the basis of memristor bipolar
switching. If the voltage across memristor terminals is
suddenly suspended, the value of memristance is
frozen and stays unchanged while there is no bias.

Memristor resistance is dependent on the distri-
bution of oxygen vacancies, and it is therefore to be
expected that the operation of this device is sensitive to
ion bombardment which could cause displacements of
additional oxygen atoms and thus perturb the distribu-
tion of vacancies. This paper examines the influence
of ion beam exposure on the shape of the TiO,

memristor’s i-v hysteresis and on state retention when
the memristor is used as a switch.

RESULTS OF ION TRANSPORT
SIMULATIONS

Monte Carlo simulations of ion beams travers-
ing the Pt-TiO,-TiO,_.-Pt memristor structure were
performed in the TRIM part of the SRIM software
package [5-7]. The default values of threshold dis-
placement energy for oxygen and titanium atoms in
the titanium dioxide provided by SRIM were changed
to values obtained by a molecular dynamics simula-
tion study for the rutile phase of TiO, (65 eV for oxy-
gen and 130 eV for titanium) [8]. Instead of a calcu-
lated value for the density of TiO, o5 offered by SRIM,
a more realistic value of 4.097 g/cm? reported in [9]
was used. The dimensions of the memristor structure
are based on the values reported in [10].

The simulations were run with monoenergetic
unidirectional ion beams, incident perpendicularly on
the sides of the stack of materials constituting the
memristor. Beam energy was varied for different ion
species, commonly encountered in standard doping
and implantation processes. All simulations were per-
formed for the memristor state corresponding to w =
=D/2.

The number of atomic displacements is in direct
proportion to the fluence of an incident ion beam, i. e.
to the number of ions followed in the Monte Carlo sim-
ulation. Results presented in figs. 2 through 5 are from
simulation runs with lower counts of incident ions, so
that the graphs of particle and ion tracks would not be
indiscernible. Results for energies and directions of
the beams that resulted in a substantial displacement of
oxygen atoms in the stoichiometric oxide layer, in
comparison to the concentration of oxygen vacancies
in the oxygen-deficient layer, are presented selec-
tively. The aim is to point out that parallel ion beams of
certain energies would indeed cause massive produc-
tion of oxygen ion/oxygen vacancy pairs in the TiO,
region, even in oxides less than 50 nm thick.

Figure 2(a) shows the trajectories of fifty 5 keV
boron ions traversing the memristor structure, along
with the accompanying tracks of displaced O and Ti at-
oms. The incident proton beam is perpendicular to the
surface of the left platinum electrode. The thicknesses
of'the layers along the horizontal axis are as follows: 3
nm platinum layer, 15 nm stoichiometric TiO, layer,
15 nm oxygen-deficient TiO,_, layer (x = 0.05), and
another 3 nm platinum layer. The total length of the ti-
tanium dioxide film is, then, D = 30 nm. Figure 2(b)
shows the distribution of oxygen vacancies, produced
both by boron ions and in the cascades of displaced O
and Ti atoms. Figures 2(c) and 2(d) show the tracks
and oxygen vacancy distribution, respectively, but for
a 10 keV boron ion beam. For the lower beam energy
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Figure 2. Simulation results for a beam of 50 boron ions incident perpendicularly on the left side of the Pt-TiO,-TiO, ¢s-Pt

structure with a total thickness of 36 nm

(a) particle tracks for 5 keV boron ions, (b) Distribution of oxygen vacancies for the 5 keV boron ion beam;, (c) Particle tracks for
10 keV boron ions, (d) distribution of oxygen vacancies for the 10 keV boron ion beam

(5 keV), ion tracks and oxygen vacancies are almost
entirely contained within the stoichiometric TiO,
layer, whereas for the higher energy (10 keV), they are
spread more uniformly across the two oxide layers.
The influence of the ion beam on the resistance of the
stoichiometric region, and consequently on memristor
operation, is more pronounced for lower energy boron
ions.

Figure 3(a) shows the particle tracks when the
memristor is exposed to ten 100 keV phosphorus ions,
while fig. 3(b) presents the distribution of oxygen va-
cancies in this case. Substantial generation of oxygen
vacancies in both oxide layers is again observed.

Distributions of Ti and O ions, displaced in direct
interactions with the ions, or in subsequent cascade col-
lisions when the memristor is exposed to one hundred
50 keV iron ions are shown in fig. 4(a). It is evident that
the displacement of oxygen atoms is quite marked.
Some oxygen ions may recombine with the vacancies,

but a large portion of the newly created vacancies re-
main, with the distribution shown in fig. 4(b).

Particle trajectories along the track of a single
50 keV arsenic ion incident perpendicularly on the left
side of the Pt-TiO,-TiO, ¢s-Pt structure are shown in
fig. 5. This figure illustrates the fact that even a single
As ion traversing the memristor can create a consider-
able amount of oxygen vacancies in the stoichiometric
TiO, layer.

ANALYSIS AND DISCUSSION

As Monte Carlo simulations of ion transport
show, said radiations can generate a significant amount
of oxygen ion/oxygen vacancy pairs in both high and
low-resistance layers of titanium dioxide. A large num-
ber of titanium atom displacements also occur through-
out the oxide. Primary displaced (knock-on) titanium
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Figure 3. Simulation results for a beam of ten 100 keV
phosphorus ions incident perpendicularly on the left side
of the Pt-TiO,-TiO, os-Pt structure with a total thickness
of 36 nm

(a) Particle tracks, (b) Distribution of oxygen vacancies

and oxygen atoms cause further atomic displacements,
producing a displacement tree.

Owing to its nano-size, the titanium dioxide
memristor is immune to ions with energies >10 MeV.
The non-ionizing energy loss of these high energy ions
is significantly lower and they traverse the volume of
the device along almost straight trajectories with pro-
portionally less displacements. Whereas the electronic
conductivity of the low-resistance oxygen-poor region
is little affected by the appearance of additional vacan-
cies, the effect on the conductance of the stoichiometric
vacancy-free TiO, region can be considerable. Radia-
tion-induced emergence of oxygen vacancies in the
stoichiometric region can cause its resistance Ropp to
drop, disrupting the Ropp/Rqy ratio of the memristor.
The change of the resistance ratio affects the memristor
i-v characteristic through quantities R, and AR in eq.
(2). The effect that the decrease of Rnypr has on the
memristor i-v curve is illustrated in fig. 6.

Titanium and oxygen ions produced by radiation
in the stoichiometric layer can become interstitial at-
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Figure 4. Simulation results for a beam of one hundred
50 keV iron ions incident perpendicularly on the left side
of the Pt-TiO,-TiO ¢s-Pt structure with a total thickness
of 36 nm

(a) Distribution of displaced oxygen and titanium atoms; (b)
Distribution of oxygen vacancies
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Figure 5. Particle tracks for a single 50 keV arsenic ion
incident perpendicularly on the left side of the
Pt-TiO,-TiO, os-Pt structure

oms or migrate in the electric field. If the amplitude of
the applied voltage is high enough, oxygen ions may
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i Floee = 14 K2 ability to hold a state at zero bias. Since for the highly
25r T~ conducting boundary state, corresponding to w = D,
2t Forp=16k2 the low-resistance region stretches across the whole
15} of the oxide, the radiation produced change of Rogr
1L has no effect on state retention. The high-total-resis-
il / P tance state 'is, however, susceptible to change when
" ‘ i exposed to ion bombardment. This state, correspond-
o5l ing to w = 0, is characterized by a diminished or
) non-existent oxygen-poor region, with the total
T i memristor resistance approximately equal to Rop.
15t The decrease of Ropr caused by irradiation can there-
2f (T fore perturb this state, resulting in an error at readout
25/ S [15, 16].
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Figure 6. Current-voltage curves of a titanium dioxide
memristor plotted for three different values of the
stoichiometric region resistance: Ropr = 18 kQ, 16 kQ,
and 14 kQ

(The applied sinusoidal voltage and all other parameters are
the same as for fig. 1)

reach one of the electrodes where they can form the O,
gas and cause the deformation of the oxide/metal inter-
face, leading to a permanent disruption of memristor
operation [11, 12]. The presence of titanium and oxy-
gen atoms can also reduce the mobility of oxygen va-
cancies foy [13, 14]. According to eq. (2), a decrease
of toy affects the memristor i-v hysteresis, as shown
by example plots in fig. 7.

The specific switching functionality of a
memristor rests on the high Rope/Ro ratio which en-
ables two boundary states to be unambiguously dis-
tinguishable by a read voltage signal, as well as on its
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Figure 7. Current-voltage curves of a titanium dioxide
memristor, plotted for three different values of oxygen va-
cancy mobility: zgy; = 107 em¥/Vs, 1oy, = 0.8:10 " %cm?/Vs,
and Lov3 = 05107 em’/Vs

(The applied sinusoidal voltage and all other parameters are the
same as for fig. 1)

CONCLUSIONS

Exposure of a titanium dioxide memristor to
beams of ions can influence the device’s operation in
several ways. A significant generation of oxygen
ion/oxygen vacancy pairs in the oxide is to be expected,
as suggested by Monte Carlo simulations of ion trans-
port. Radiation induced appearance of oxygen vacan-
cies in the stoichiometric TiO, layer can cause its resis-
tance to drop, producing a counter-clockwise rotation
of the memristor i-v curve and a larger swing in its dou-
ble-loops. The presence of titanium and oxygen ions
and interstitial atoms, displaced by the radiation, can re-
duce the mobility of oxygen vacancies, causing the
memristor i-v curve to rotate clockwise. When the
memristor is operated as a switching element of a
non-volatile memory, e. g. within a crossbar array, the
high-total-resistance state, characterized by a dimin-
ished oxygen-poor region, can be perturbed by irradia-
tion and result in an erroneous readout. Finally, if the
displaced oxygen ions reach the platinum electrodes,
they can form the O, gas and cause a permanent disrup-
tion of memristor functionality.
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Hapa C. MAPJAHOBUWH, Muiom Jb. BYJUCUh, Kopmbka . CTAHKOBUW,
Hejan JECIIOTOBUH, IIpeapar B. OCMOKPOBUHh

CUMYJAIIMJA U3TATAIBA MEMPUCTOPA O[]
TUTAHNIYM-IJUOKCUJA JOHCKUM CHOIIOBUMA

Y paay ce u3ydaBajy eeKTH u3llaramba MEMpPUCTOpa Ha 0a3d TUTAHUjyM-JUOKCHA JIEjCTBY
jOHCKUX CcHOMOBa, MpuMeHOM MonTte Kapno cumynanuje Tpancnoprta dectuna. KopumrheH je mopen
MEMPHCTOPa KOj! MTPETIOCTaBIba OMCKY €JIEKTPOHCKY IPOBOJHOCT M IMHEapaH ApuQT joHa. MeMpucTop ce
CacToju Off ABOCIIOJHOT TaHKOT (puiIMa TUTAHUjyM-IUOKCH/A KOjH ce Hayla3u u3Meby JiBejy enekTpoaa of
miatuHe. [1oOujeHn pesynTaTd yKasyjy jla AyXK TpajeKTopuja joHa Yy OKCHAY AoJa3d JI0 3HaydyajHOT
reHepucama mapoBa Koje caunbhaBajy jOH KUCEOHNKA U KNCeOHMYHA BakaHuja. OB MapOBU MOTY Jla yTHYIY
Ha paji KOMIOHEHTE IyTeM CMabeHha OTIIOPHOCTH CTOMXHOMETPHjCKOT CJI0ja Y OKCHLY ¥ TOKPETIHUBOCTHI
KICEOHNYHNX BaKaHIHja. [IpoMeHe m3a3BaHe M3JarameM jOHCKOM CHOMNY YTHUYY Ha CTPYjHO-HAIIOHCKY
KapaKTEepUCTUKY MEMPHCTOpa, Kao W Ha CHOCOOHOCT 3ajipXKaBarha 3amamMheHor crama. Y ciayyajy ja
U3MEIITCHN jOHN KMCEOHUKa AOCIEjy O eJeKTpofa off miatuHe, Moryhe je o6pasoBame O, raca, mro
TpajHO HapyIaBa (PYHKIMOHATHOCT MEMPHUCTOPA.

Kmwyune peuu: mempucitiop, muitianujym-ouokcuo, joncku cHotl, Mouitie Kapao cumyaayuja



