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The effects of ex pos ing ti ta nium di ox ide memristors to ion beams are in ves ti gated through
Monte Carlo sim u la tion of par ti cle trans port. A model as sum ing ohmic elec tronic con duc -
tion and lin ear ionic drift in the memristor is uti lized. The memristor is com posed of a dou -
ble-layer ti ta nium di ox ide thin film between two plat i num elec trodes. Ob tained re sults sug -
gest that a sig nif i cant gen er a tion of ox y gen ion/ox y gen va cancy pairs in the ox ide is to be
ex pected along ion tracks. These can in flu ence the de vice’s op er a tion by low er ing the re sis -
tance of the stoichiometric ox ide re gion and the mo bil ity of the va can cies. Changes in duced
by ion ir ra di a tion af fect the cur rent-volt age char ac ter is tic and state re ten tion abil ity of the
memristor. If the dis placed ox y gen ions reach the plat i num elec trodes, they can form the O2

gas and cause a per ma nent dis rup tion of memristor func tion al ity.
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INTRODUCTION

In 2008, a two-ter mi nal phys i cal re al iza tion of a
memristor was con structed by the HP Labs, a de vice
that had been the o ret i cally an tic i pated 37 years be fore
[1, 2]. The con structed memristor is com posed of a ti -
ta nium di ox ide thin film be tween two plat i num elec -
trodes. The ox ide layer fur ther con sists of an in su lat -
ing TiO2 layer and a con duct ing ox y gen-de fi cient
TiO2–x layer. Ox y gen va can cies in the TiO2–x layer act
as mo bile pos i tively charged dop ants which can drift
in the elec tric field cre ated by a volt age ap plied to the
de vice’s ter mi nals. The to tal resitance of the de vice is
de ter mined as a se ries con nec tion of the highly re sis -
tive stoichiometric layer and the con duct ing ox y -
gen-poor layer. When a volt age is ap plied, the ox y gen
va can cies drift, shift ing the bound ary be tween the
high-re sis tance and low-re sis tance lay ers. To tal re sis -
tance is, thus, de pend ent on the charge which has
passed through the memristor. Ad di tion ally, if the ap -
plied volt age is re moved, the memristor “re mem bers”
its last state, i. e. the value of to tal resistence at the mo -
ment of volt age sus pen sion [1].

Ohm’s law re la tion be tween volt age and cur rent
is
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where w(t) is the size of the ox y gen-poor layer, while
RON and ROFF are the resistances of the ox y gen-de fi cient 
and the stoichiometric re gion, re spec tively, given for
the full length D of the de vice. Re lat ing w(t) to the elec -
tronic charge that has passed through the de vice, the
cur rent-volt age (i-v) char ac ter is tic of the memristor is
de rived as [3]
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where mOV is the mo bil ity of ox y gen va can cies in ti ta -
nium di ox ide, R0 = RON(w0/D) + ROFF(1 – w0/D) is the
ef fec tive re sis tance at t = 0, and DR = ROFF – RON. The
mi nus sign in the de nom i na tor of eq. (2) ap plies when
the ox y gen-poor re gion is ex pand ing, while the plus
sign cor re sponds to the shrink ing of this re gion. Since
the mo bil ity of ox y gen va can cies in ti ta nium di ox ide is 
low (mOV ~ 10–10 cm2/Vs [4]), memristive ef fects are
ob served only when the memristor size D is
nano-scale.

A typ i cal memristor i-v curve for a si nu soi dal
driv ing volt age, ob tained the o ret i cally from eq. (2) as
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a 2-D para met ric plot, is shown in fig. 1. It has the form 
of a dou ble-loop hys ter esis, with seg ments of neg a tive
dif fer en tial re sis tance cor re spond ing to the in ter vals
dur ing which w is in creas ing while v(t) is al ready in re -
cess, but still of same po lar ity. A sim i lar hys ter esis is
ob tained for any sym met ri cal AC volt age ap plied to
the memristor. The hys ter esis is ob served only for
small-am pli tude (~1 V) volt ages at fre quen cies be low
sev eral kHz, for which w never reaches ei ther of the
lim it ing val ues (0 or D), i. e. the low-re sis tance ox y -
gen-poor layer never stretches across the length of the
de vice, nor does it van ish com pletely. For high-fre -
quency low-am pli tude AC volt ages, the size of the ox -
y gen-de fi cient layer barely changes for the du ra tion of 
the volt age half-pe riod, mak ing the ef fec tive re sis -
tance of the memristor nearly con stant and re duc ing
the i-v hys ter esis to a straight line, which is also pre -
sented in fig. 1.

The value of w can be pushed to one of the lim its
ei ther by large ap plied volt ages or by long times un der
same po lar ity bias. Bound ary states dif fer greatly in re -
sis tance, form ing the ba sis of memristor bi po lar
switch ing. If the volt age across memristor ter mi nals is
sud denly sus pended, the value of memristance is
frozen and stays un changed while there is no bias.

Memristor re sis tance is de pend ent on the dis tri -
bu tion of ox y gen va can cies, and it is there fore to be
ex pected that the op er a tion of this de vice is sen si tive to 
ion bom bard ment which could cause dis place ments of
ad di tional ox y gen at oms and thus per turb the dis tri bu -
tion of va can cies. This pa per ex am ines the in flu ence
of ion beam ex po sure on the shape of the TiO2

memristor’s i-v hys ter esis and on state re ten tion when
the memristor is used as a switch.

RE SULTS OF ION TRANS PORT
SIM U LA TIONS

Monte Carlo sim u la tions of ion beams tra vers -
ing the Pt-TiO2-TiO2–x-Pt memristor struc ture were
per formed in the TRIM part of the SRIM soft ware
pack age [5-7]. The de fault val ues of thresh old dis -
place ment en ergy  for ox y gen and ti ta nium at oms in
the ti ta nium di ox ide pro vided by SRIM were changed
to val ues ob tained by a mo lec u lar dy nam ics sim u la -
tion study for the rutile phase of TiO2 (65 eV for ox y -
gen and 130 eV for ti ta nium) [8]. In stead of a cal cu -
lated value for the den sity of TiO1.95 of fered by SRIM,
a more re al is tic value of 4.097 g/cm3 re ported in [9]
was used. The di men sions of the memristor struc ture
are based on the val ues re ported in [10].

The sim u la tions were run with monoenergetic
uni di rec tional ion beams, in ci dent per pen dic u larly on
the sides of the stack of ma te ri als con sti tut ing the
memristor. Beam en ergy was var ied for dif fer ent ion
spe cies, com monly en coun tered in stan dard dop ing
and im plan ta tion pro cesses. All sim u la tions were per -
formed for the memristor state cor re spond ing to w =
=.D/2.

The num ber of atomic dis place ments is in di rect
pro por tion to the fluence of an in ci dent ion beam, i. e.
to the num ber of ions fol lowed in the Monte Carlo sim -
u la tion. Re sults pre sented in figs. 2 through 5 are from
sim u la tion runs with lower counts of in ci dent ions, so
that the graphs of par ti cle and ion tracks would not be
in dis cern ible. Re sults for en er gies and di rec tions of
the beams that re sulted in a sub stan tial dis place ment of 
ox y gen at oms in the stoichiometric ox ide layer, in
com par i son to the con cen tra tion of ox y gen va can cies
in the ox y gen-de fi cient layer, are pre sented se lec -
tively. The aim is to point out that par al lel ion beams of
cer tain en er gies would in deed cause mas sive pro duc -
tion of ox y gen ion/ox y gen va cancy pairs in the TiO2

re gion, even in ox ides less than 50 nm thick.
Fig ure 2(a) shows the tra jec to ries of fifty 5 keV

bo ron ions tra vers ing the memristor struc ture, along
with the ac com pa ny ing tracks of dis placed O and Ti at -
oms. The in ci dent pro ton beam is per pen dic u lar to the
sur face of the left plat i num elec trode. The thick nesses
of the lay ers along the hor i zon tal axis are as fol lows: 3
nm plat i num layer, 15 nm stoichiometric TiO2 layer,
15 nm ox y gen-de fi cient TiO2–x layer (x = 0.05), and
an other 3 nm plat i num layer. The to tal length of the ti -
ta nium di ox ide film is, then, D = 30 nm. Fig ure 2(b)
shows the dis tri bu tion of ox y gen va can cies, pro duced
both by bo ron ions and in the cas cades of dis placed O
and Ti at oms. Fig ures 2(c) and 2(d) show the tracks
and ox y gen va cancy dis tri bu tion, re spec tively, but for
a 10 keV bo ron ion beam. For the lower beam en ergy
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Fig ure 1. Cur rent-volt age char ac ter is tic of the ti ta nium
di ox ide memristor with ohmic elec tronic con duc tion and 
lin ear ionic drift of ox y gen va can cies. The ap plied volt -
age is v(t) = v0sin(wt), with v0 = 1 V and w = p/10 s–1. Other
pa ram e ters are: RON  =  100 W, ROFF  = 16 kW, D = 60 nm,
w0 = 30 nm, mOV = 10–10cm2/Vs. The dot ted plot is for a
ten-time higher fre quency of the si nu soi dal volt age



(5 keV), ion tracks and ox y gen va can cies are al most
en tirely con tained within the stoichiometric TiO2

layer, whereas for the higher en ergy (10 keV), they are
spread more uni formly across the two ox ide lay ers.
The in flu ence of the ion beam on the re sis tance of the
stoichiometric re gion, and con se quently on memristor
op er a tion, is more pro nounced for lower en ergy bo ron
ions.

Fig ure 3(a) shows the par ti cle tracks when the
memristor is ex posed to ten 100 keV phos pho rus ions,
while fig. 3(b) pres ents the dis tri bu tion of ox y gen va -
can cies in this case. Sub stan tial gen er a tion of ox y gen
va can cies in both ox ide lay ers is again ob served.

Dis tri bu tions of Ti and O ions, dis placed in di rect
in ter ac tions with the ions, or in sub se quent cas cade col -
li sions when the memristor is ex posed to one hun dred
50 keV iron ions are shown in fig. 4(a). It is ev i dent that
the dis place ment of ox y gen at oms is quite marked.
Some ox y gen ions may re com bine with the va can cies,

but a large por tion of the newly cre ated va can cies re -
main, with the dis tri bu tion shown in fig. 4(b).

Par ti cle  tra jec to ries  along the track of a sin gle
50 keV ar senic ion in ci dent per pen dic u larly on the left
side of the Pt-TiO2-TiO1.95-Pt struc ture are shown in
fig. 5. This fig ure il lus trates the fact that even a sin gle
As ion tra vers ing the memristor can cre ate a con sid er -
able amount of ox y gen va can cies in the stoichiometric
TiO2 layer.

ANAL Y SIS AND DIS CUS SION

As Monte Carlo sim u la tions of ion trans port
show, said ra di a tions can gen er ate a sig nif i cant amount
of ox y gen ion/ox y gen va cancy pairs in both high and
low-re sis tance lay ers of ti ta nium di ox ide. A large num -
ber of ti ta nium atom dis place ments also oc cur through -
out the ox ide. Pri mary dis placed (knock-on) ti ta nium
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Fig ure 2. Sim u la tion re sults for a beam of 50 bo ron ions in ci dent per pen dic u larly on the left side of the Pt-TiO2-TiO1.95-Pt
struc ture with a to tal thick ness of 36 nm
(a) par ti cle tracks for 5 keV bo ron ions; (b) Dis tri bu tion of ox y gen va can cies for the 5 keV bo ron ion beam; (c) Par ti cle tracks for
10 keV bo ron ions; (d) dis tri bu tion of ox y gen va can cies for the 10 keV bo ron ion beam



and ox y gen at oms cause fur ther atomic dis place ments,
pro duc ing a dis place ment tree.

Ow ing to its nano-size, the ti ta nium di ox ide
memristor is im mune to ions with en er gies >10 MeV.
The non-ion iz ing en ergy loss of these high en ergy ions
is sig nif i cantly lower and they tra verse the vol ume of
the de vice along al most straight tra jec to ries with   pro -
por tion ally less dis place ments. Whereas the elec tronic
con duc tiv ity of the low-re sis tance ox y gen-poor re gion
is lit tle af fected by the ap pear ance of ad di tional va can -
cies, the ef fect on the con duc tance of the stoichiometric
va cancy-free TiO2 re gion can be con sid er able. Ra di a -
tion-in duced emer gence of ox y gen va can cies in the
stoichiometric re gion can cause its re sis tance ROFF to
drop, dis rupt ing the ROFF/RON ra tio of the memristor.
The change of the re sis tance ra tio af fects the memristor
i-v char ac ter is tic through quan ti ties R0 and DR in eq.
(2). The ef fect that the de crease of ROFF has on the
memristor i-v curve is il lus trated in fig. 6.

Ti ta nium and ox y gen ions pro duced by ra di a tion 
in the stoichiometric layer can be come in ter sti tial at -

oms or mi grate in the elec tric field. If the am pli tude of
the ap plied volt age is high enough, ox y gen ions may
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Fig ure 3. Sim u la tion re sults for a beam of ten 100 keV
phos pho rus ions in ci dent per pen dic u larly on the left side
of the Pt-TiO2-TiO1.95-Pt struc ture with a to tal thick ness
of 36 nm
(a) Par ti cle tracks; (b) Dis tri bu tion of ox y gen va can cies

Fig ure 4. Sim u la tion  re sults for a beam of one hun dred
50 keV iron ions in ci dent per pen dic u larly on the left side
of the Pt-TiO2-TiO1.95-Pt struc ture with a to tal thick ness
of 36 nm
(a) Dis tri bu tion of dis placed ox y gen and ti ta nium at oms; (b)
Dis tri bu tion of ox y gen va can cies

Fig ure 5. Par ti cle tracks for a sin gle 50 keV ar senic ion
in ci dent per pen dic u larly on the left side of the
Pt-TiO2-TiO1.95-Pt struc ture



reach one of the elec trodes where they can form the O2

gas and cause the de for ma tion of the ox ide/metal in ter -
face, lead ing to a per ma nent dis rup tion of memristor
op er a tion [11, 12]. The pres ence of ti ta nium and ox y -
gen at oms can also re duce the mo bil ity of ox y gen va -
can cies mOV [13, 14]. Ac cord ing to eq. (2), a de crease
of mOV af fects the memristor i-v hys ter esis, as shown
by ex am ple plots in fig. 7.

The spe cific switch ing func tion al ity of a
memristor rests on the high ROFF/RON ra tio which en -
ables two bound ary states to be un am big u ously dis -
tin guish able by a read volt age sig nal, as well as on its

abil ity to hold a state at zero bias. Since for the highly
con duct ing bound ary state, cor re spond ing to w = D,
the low-re sis tance re gion stretches across the whole
of the ox ide, the ra di a tion pro duced change of ROFF

has no ef fect on state re ten tion. The high-to tal-re sis -
tance state is, how ever, sus cep ti ble to change when
ex posed to ion bom bard ment. This state, cor re spond -
ing to w » 0, is char ac ter ized by a di min ished or
non-ex is tent ox y gen-poor re gion, with the to tal
memristor re sis tance ap prox i mately equal to ROFF.
The de crease of ROFF caused by ir ra di a tion can there -
fore per turb this state, re sult ing in an er ror at read out
[15, 16].

CON CLU SIONS

Ex po sure of a ti ta nium di ox ide memristor to
beams of ions can in flu ence the de vice’s op er a tion in
sev eral ways. A sig nif i cant gen er a tion of ox y gen
ion/ox y gen va cancy pairs in the ox ide is to be ex pected,
as sug gested by Monte Carlo sim u la tions of ion trans -
port. Ra di a tion in duced ap pear ance of ox y gen va can -
cies in the stoichiometric TiO2 layer can cause its re sis -
tance to drop, pro duc ing a coun ter-clock wise ro ta tion
of the memristor i-v curve and a larger swing in its dou -
ble-loops. The pres ence of ti ta nium and ox y gen ions
and in ter sti tial at oms, dis placed by the ra di a tion, can re -
duce the mo bil ity of ox y gen va can cies, caus ing the
memristor i-v curve to ro tate clock wise. When the
memristor is op er ated as a switch ing el e ment of a
non-vol a tile mem ory, e. g. within a cross bar ar ray, the
high-to tal-re sis tance state, char ac ter ized by a di min -
ished ox y gen-poor re gion, can be per turbed by ir ra di a -
tion and re sult in an er ro ne ous read out. Fi nally, if the
dis placed ox y gen ions reach the plat i num elec trodes,
they can form the O2 gas and cause a per ma nent dis rup -
tion of memristor func tion al ity.
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SIMULACIJA  IZLAGAWA  MEMRISTORA  OD
TITANIJUM-DIOKSIDA  JONSKIM  SNOPOVIMA

U radu se izu~avaju efekti izlagawa memristora na bazi titanijum-dioksida dejstvu
jonskih snopova, primenom Monte Karlo simulacije transporta ~estica. Kori{}en je model
memristora koji pretpostavqa omsku elektronsku provodnost i linearan drift jona. Memristor se 
sastoji od dvoslojnog tankog filma titanijum-dioksida koji se nalazi izme|u dveju elektroda od
platine. Dobijeni rezultati ukazuju da du` trajektorija jona u oksidu dolazi do zna~ajnog
generisawa parova koje sa~iwavaju jon kiseonika i kiseoni~na vakancija. Ovi parovi mogu da uti~u
na rad komponente putem smawewa otpornosti stoihiometrijskog sloja u oksidu i pokretqivosti
kiseoni~nih vakancija. Promene izazvane izlagawem jonskom snopu uti~u na strujno-naponsku
karakteristiku memristora, kao i na sposobnost zadr`avawa zapam}enog stawa. U slu~aju da
izme{teni joni kiseonika dospeju do elektroda od platine, mogu}e je obrazovawe O2 gasa, {to
trajno naru{ava funkcionalnost memristora.

Kqu~ne re~i: memristor, titanijum-dioksid, jonski snop, Monte Karlo simulacija


