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Monte Carlo sim u la tions of pro ton ir ra di a tion on phase change mem ory cells were con ducted 
and the pro ton dose, in both the whole mem ory cell and in its ac tive layer, cal cu lated. The
mem ory cell was mod eled by a multi-layer stack con sist ing of two TiW elec trodes and
ZnS-SiO2 films as in su la tors sur round ing the ac tive re gion. Ma te ri als con sid ered for the ac -
tive re gion were Ge2Sb2Te5, AgSbSe2, and Si2Sb2Te5. The ef fects of ex pos ing phase change
mem ory cells to pro ton beams were in ves ti gated for var i ous thick nesses of phase change ma -
te ri als and dif fer ent pro ton en er gies. Ra di a tion-in duced changes in the in ves ti gated mem ory
cells are pre sented, in clud ing the ac cu mu la tion of atomic dis place ments and the ther mal heat -
ing of the ac tive re gion. Pos si ble ef fects of these changes on cell op er a tion are dis cussed.
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IN TRO DUC TION

Phase change mem ory (PCM) is a term used to
de scribe a class of non-vol a tile mem ory de vices that ex -
ploit the unique be hav ior of phase change ma te ri als to
store in for ma tion. In 1968, elec tronic switch ing in
amor phous chalcogenides was first ob served, open ing
the way to ap pli ca tions in elec tronic stor age [1]. The
first PCM mem ory ar ray was dem on strated in 1970 [2].
Re cent prog ress has en abled the use of phase change al -
loys for prac ti cal high per for mance mem ory de vices.
Prog ress was made in the de vel op ment of rapid crys tal -
li za tion al loys, as well as in the un der stand ing of de vice
prop er ties. PCM is con sid ered one of the most prom is -
ing can di dates for the next gen er a tion of non-vol a tile
mem o ries due to its good sta bil ity, high den sity and
speed, sim ple cell struc ture, fast writ ing and read ing
abil ity, good en dur ance, non-vol a til ity, and good com -
pat i bil ity with the com ple men tary metal-ox ide-semi -
con duc tor (CMOS) tech nol ogy [3-5].

Ev ery elec tronic de vice is sub jected to ra di a tion.
In re cent years, ra di a tion ef fects on elec tronic de vices
have be come a ma jor con cern for man u fac tur ing com -
pa nies. Nearly ev ery chip is hit by some sort of ra di a -
tion. The ex is tence of in tense re gions of en er getic pro -
ton ra di a tion in space has stim u lated con sid er able

in ter est in the ef fects of pro ton ra di a tion on semi con -
duc tor de vices dur ing the last sev eral years. En er getic
pro tons ex ist in the near-earth en vi ron ment and are one
of the most prom i nent sources of dam age in elec tronic
de vices. They range in en ergy from tens of keV to hun -
dreds of MeV, with fluxes as high as 105 pro tons/cm2s
for pro tons with en er gies higher than 30 MeV. Pro tons
with these en er gies are able to eas ily pen e trate shield ing 
and im pinge on elec tron ics in side a space craft [6].

Since PCM could soon be ap plied in space in -
dus try and other ra di a tion en vi ron ments [7], it is im -
por tant to ex plore their ra di a tion tol er ance and be hav -
ior.

Pre vi ous cal cu la tions of the pro ton dose  and ab -
sorbed dose from ion beams in mem ory com po nents
mostly used, have now a days shown that there are ir ra -
di a tion con di tions and dose lev els for ev ery type of
mem ory cell when ra di a tion-in duced changes of char -
ac ter is tics and func tion al ity of these cells should be
ex pected [8-10]. 

It has been a prac tice in pre vi ous years that ir ra -
di a tion sim u la tions and cal cu la tions of the dose range
where the ra di a tion ef fects in a par tic u lar com po nent
struc ture  are ex pected should be con ducted be fore
costly and time-con sum ing com po nent ir ra di a tions at
ac cel er at ing fa cil i ties. More over, ir ra di a tion ex per i -
ments on mem ory chips can mask the in for ma tion of
the ab sorbed dose in the ac tive layer of the mem ory

N. S. Zdjelarevi}, et al.: Sim u la tion-Based Cal cu la tions of the Pro ton Dose in ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2013, Vol. 28, No. 3, pp. 299-307 299

* Cor re spond ing au thor; e-mail: nena_flo@hotmail.com



cell alone. This is be cause in this case, the ra di a tion in -
ter acts not only with the mem ory cell, but with the
whole mem ory chip whose pe riph eral cir cuits can be
more ra di a tion sen si tive.   Due to this fact, it is pos si ble 
that prob lems may arise when these re sults have to be
ap plied on the dif fer ent struc tures or com po nents con -
tain ing the same ac tive layer.

This pa per pres ents the re sults of sim u la -
tion-based cal cu la tions of the pro ton dose in PCM
cells, as well as in their ac tive layer, for a typ i cal en -
ergy range and for dif fer ent ma te ri als and thick nesses
of the ac tive layer.

OP ER A TION PRIN CI PLES AND
STRUC TURE OF A PCM CELL

The char ac ter is tics of phase change ma te ri als
have been the sub ject of in tense re search over the last
de cade be cause of their unique prop er ties [3-5]. There
are var i ous kinds of phase change ma te ri als. Most of
them are chalcogenide com pounds, in clud ing
Ge2Sb2Te5 (GST), AgSbSe2 (ASS), and Si2Sb2Te5

(SST), with GST be ing the most com monly used
phase change ma te rial in PCM [11-16]. They have two 
sta ble phys i cal states: amor phous and crys tal line. In
the amor phous state, the ma te rial is highly dis or dered
and ex hib its high re sis tiv ity. In the crys tal line state, the 
ma te rial has a reg u lar crys tal line struc ture and ex hib its 
low re sis tiv ity. Elec tri cal resistivities of the crys tal line
and the amor phous phase dif fer by sev eral or ders of
mag ni tude. PCM ex ploits this large re sis tiv ity dif fer -
ence be tween the two phases to store data [17].

The PCM has the abil ity to elec tri cally in duce
the switch ing be tween amor phous and crys tal line
states by means of Joule heat ing pro duced by the cur -
rent flow. Since both states are sta ble, no ad di tional en -
ergy is re quired to store the data [18].

Typ i cally, a cell in the amor phous state is re -
garded as a logic “0” (RE SET state), and a cell in the
crys tal line state is re garded as a logic “1” (SET state).
As fab ri cated, the phase change ma te rial is in the crys -
tal line state be cause the pro cess ing tem per a ture of the
metal in ter con nect lay ers is suf fi cient to crys tal lize the
phase change ma te rial. To RE SET the PCM cell into
the amor phous phase, the pro gram ming re gion is first
melted and then rap idly quenched by ap ply ing a large
elec tri cal cur rent pulse for a short time pe riod. Do ing
so leaves a re gion of amor phous, highly re sis tive ma -
te rial in the cell. This amor phous re gion is in se ries
with any crys tal line re gion of the PCM and ef fec tively
de ter mines the re sis tance of the PCM cell be tween the
top and bot tom elec trode con tacts. To SET the PCM
cell into the crys tal line phase, a lower am pli tude cur -
rent pulse is ap plied to an neal the pro gram ming re gion
at a tem per a ture above its crys tal li za tion tem per a ture,
but be low its melt ing tem per a ture over a pe riod of
time. To READ the state of the pro gram ming re gion,

the re sis tance of the cell is mea sured by pass ing an
elec tri cal cur rent small enough not to dis turb its phase. 
Sche matic pulse shapes are sum ma rized in fig. 1. The
time re quired for switch ing to the amor phous state is
typ i cally less than 100 ns, and the ther mal time con -
stant of the cell struc ture is typ i cally only a few ns [14].

Fig ure 2 shows the struc ture of a typ i cal PCM
cell. The phase change layer (i. e. ac tive layer) is
sandwiched be tween two TiW elec trodes. These two
TiW lay ers are iso lated by ZnS-SiO2 films. The thick -
ness  of  the  phase  change layer  is  in the range from
50 nm to 200 nm [19].

Al most any ma te rial in clud ing met als, semi con -
duc tors, and in su la tors can ex ist in an amor phous
phase and a crys tal line phase. How ever, a very small
sub set of these ma te ri als si mul ta neously have all of the  
prop er ties that make them use ful for data stor age tech -
nol o gies where the in for ma tion is stored in the form of
phase change ma te rial (i. e. large re sis tiv ity con trast
be tween the crys tal line and amor phous phase and the
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Fig ure 1. Elec tri cal pro gram ming of a PCM cell, i. e.
tem per a ture in the pro grammed vol ume vs. time  dur ing
SET and RE SET pro gram ming pulses. Tc and Tm in di -
cate the crys tal li za tion tem per a ture and the melt ing
point, re spec tively

Fig ure 2. Struc ture of a typ i cal PCM cell [19]



abil ity to be rap idly and re peat edly switched be tween
these phases us ing elec tri cal pulses). Three most com -
monly used ma te ri als (GST, ASS, and SST) were in -
ves ti gated as the PCM cell's phase change layer in sim -
u la tions and cal cu la tions of the pro ton dose con ducted
in the pres ent study.

SIM U LA TION AND
CAL CU LA TION METH ODS

PCM cells are af fected by three pro ton en ergy
loss mech a nisms: ion iza tion, phononic ex ci ta tions of
the crys tal lat tice, and atomic dis place ment. All three
modes of en ergy de po si tion are in cluded in the cal cu -
lated val ues of the ab sorbed dose [20].

When pro ton pen e trates into the ma te rial, it first
in ter acts with its elec trons, both the sin gle ones and
col lec tively. The pro ton loses en ergy to ma te rial elec -
trons in a pro cess known as ion iza tion. It loses en ergy
to ma te rial elec trons through ion iza tion, thus in creas -
ing the concentration of free elec trons or elec tron-hole 
pairs [20].

To wards the end of the pro ton's tra jec tory, ion -
iza tion be comes less ef fi cient and nu clear col li sions
be gin to dom i nate. When the pro ton col lides with a tar -
get nu cleus, it im parts some re coil en ergy to its atom.
If the trans ferred en ergy is larger than the thresh old
dis place ment en ergy, the in ci dent pro ton will dis place
at oms in the ma te rial from their lat tice sites. The re -
sult ing de fects al ter the elec tronic char ac ter is tics of
the ma te rial. If the trans ferred en ergy is less than the
thresh old dis place ment en ergy, it is as sumed that the
atom re turns to its lat tice site and its en ergy is trans -
ferred into tar get phon ons [20].

Sim u la tions of pro tons pass ing through a PCM
cell were per formed us ing the Monte Carlo pro gram
called TRIM (TRans port of Ions in Ma ter) which is a
part of the SRIM soft ware suite. TRIM is based on the
Monte Carlo sim u la tion method, namely the bi nary
col li sion ap prox i ma tion with a ran dom se lec tion of the 
im pact pa ram e ter on the col lid ing ion. It cal cu lates the
stop ping and range of ions into mat ter us ing the quan -
tum me chan i cal treat ment of ion-atom col li sions. The
ion and atom suf fer a screened Cou lomb col li sion in -
clud ing ex change and cor re la tion in ter ac tions be -
tween the over lap ping elec tron shells. The ion cre ates
elec tron ex ci ta tions and plasmons within the tar get by
long-range in ter ac tions. The ion charge state within
the tar get is de scribed us ing the con cept of the ef fec -
tive charge that in cludes a charge state that de pends on
ve loc ity and long-range screen ing, due to the col lec -
tive elec tron sea of the tar get. TRIM cal cu lates all rel e -
vant ki netic phe nom ena as so ci ated with the pro ton's
en ergy loss: ion iza tion, atomic dis place ments, and
phonon pro duc tion [21]. 

The TRIM pro gram has two main lim i ta tions:
the first is that there is no build-up of ions or dam age in
the tar get, the sec ond one is that the tar get tem per a ture
is con sid ered to be 0 ºK. In spite of these lim i ta tions,
sev eral ex per i ments have been re ported at very low
tem per a tures (15-40 K), val i dat ing the TRIM re sults
[21]. Also, TRIM has been suc cess fully used for sim u -
la tions of ra di a tion ef fects in var i ous kinds of mem ory
cells and com po nents [8-10, 22].

The sim u la tions were re stricted to monoenergetic
uni di rec tional beams, per pen dic u larly in ci dent on the
PCM cell sur face. As a type of TRIM cal cu la tions, a
De tailed Cal cu la tion with Full Dam age Cas cades has
been cho sen in the TRIM Setup Win dow in or der to ob -
tain the most de tailed files on ion in ter ac tions.

In the setup, the Win dow tar get was de fined with
6 dif fer ent lay ers: 180 nm TiW (layer 1), 100 nm
ZnS-SiO2 (layer 2), 20 nm TiW (layer 3), a vary ing
thick ness phase change layer (layer 4), 100 nm
ZnS-SiO2 (layer 5), and 200 nm TiW (layer 6). TRIM
di vides the tar get ma te rial into 100 equal sub units (seg -
ments) and the pro gram out put files con tain data for
each of these seg ments re gard ing de po si tion en ergy in
the ma te rial.

The den si ties given by TRIM for the con sti tu tive 
com pounds of the PCM cell were changed to more ac -
cu rate val ues: 14.8 g/cm3 for TiW, 3.65 g/cm3 for
ZnS-SiO2, and 6.15 g/cm3 for Ge2Sb2Te5 [19].

Pro ton en ergy was var ied across the low en ergy
part (50-200 keV) of the typ i cal pro ton spec tra pres ent
in the space en vi ron ment, with a 25 keV step, and to tal  
num ber of pro tons set to 1000. At each pro ton en ergy,
sim u la tions  were con ducted for 7 dif fer ent thick -
nesses of the phase change layer, rang ing from 50 nm
to 200 nm with a 25 nm step.

Af ter con duct ing these sim u la tions, out put files
from TRIM, con tain ing pro ton en ergy losses in the
ma te rial, as well as struc ture di men sions and den si ties
of the con sti tut ing ma te ri als, were used as in put data
for a MatLab code that cal cu lated the pro ton ab sorbed
dose (pro ton dose) in the en tire PCM cell (Dcell), as
well as in the phase change layer of the cell (Dlayer).

Four SRIM files called RANGE.TXT,
IONIZ.TXT, VA CANCY.TXT, and PHONON.TXT
were used for cal cu la tions of the pro ton dose.
RANGE.TXT file con tains the ion range dis tri bu tion,
where dis tri bu tion units are (at oms per cm3)/(at oms
per cm2). The file IONIZ.TXT pro vides the en ergy
loss of ions to the tar get elec trons, i. e. ion iza tion loss
rates in units eV/Å per ion (1Å = 10–10 m). The file VA -
CANCY.TXT tab u lates the en ergy loss to the tar get
pro duc ing va can cies in unit va can cies/Å per ion, while 
the file PHONON.TXT pro vides the ion's en ergy loss
to the tar get phon ons in units eV/Å per ion. All four
files give spa tial in for ma tion in units of Å. The text at
the be gin ning (and end, in the case of VA -
CANCY.TXT) of these files had been de leted prior use 
in MatLab code. From these four files, two col umns of
data were used: the first col umn rep re sent ing ion depth 
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and the sec ond rep re sent ing ion dis tri bu tion, ion iza -
tion losses, va cancy or phonon pro duc tion, de pend ing
on the file used. The pro ton dose in the whole PCM
cell has been cal cu lated ac cord ing to the fol low ing
equa tion
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whereas the pro ton dose in the ac tive layer is
determined as
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where, e is the el e men tary elec tric charge, a – the depth 
seg ment (in units cm), ri – the den sity of layer i (in
units g/cm3), fj  – the ion fluence (in units ions per cm2)
in j-th seg ment. Rj – the ion dis tri bu tion in seg ment j
[in units (at oms per cm3)/(at oms per cm2)] and Ij, Vj,
and Pj are en ergy losses due to ion iza tion, va cancy
pro duc tions, and phon ons, re spec tively (in units
eV/cm/ion). To ob tain the en ergy loss due to vacancy
pro duc tion in ap pro pri ate units (eV/cm per ion), the
data from the file VA CANCY.TXT should be mul ti -
plied by the bind ing en ergy of the atom to its lat tice site 
(in units eV per va cancy). Fluence in seg ment j is
given by

f f R f aj j j j= -- - -1 1 1 (3)

for the val ues of j from 2 to 100, while f1 is the ion
fluence in ci dent on the first layer.

RE SULTS OF PRO TON DOSE
CAL CU LA TIONS AND DIS CUS SION 

The re sults of cal cu la tions of the pro ton dose in
phase change mem ory cells are shown in figs. 3-6.

Fig ure 3 shows the cal cu lated value of  the pro -
ton dose in the whole PCM cell vs. pro ton en ergy (Ep)
for dif fer ent thick nesses of the phase change layer.
Fig ures 3(a)-(c) show the pro ton dose when the phase
change ma te rial is GST, ASS, and SST, re spec tively.
The low est en ergy used in the sim u la tions is 50 keV.
When  pro ton  en ergy  in creases  to  100  keV,  the  pro -
ton dose in creases mildly. For en er gies higher than
200 keV, the pro ton dose drops rap idly. It can be no -
ticed that for lower val ues of the phase change layer
thick ness, the max i mum pro ton dose is ob tained at low 
pro ton  en er gies. For  thicker  phase  change lay ers
(175 nm and 200 nm), a pla teau is vis i ble, i. e. the max -
i mum pro ton dose is ob tained in a wide range of en er -
gies (100-150 keV). When GST is used for the ac tive
layer of the PCM cell, this pla teau is wid est and most
ob vi ous.

Max i mum and min i mum val ues of the pro ton
dose in the en tire PCM cell for the spec i fied range of
en er gies and thick nesses, for all three ac tive layer ma -
te ri als, are given in tab. 1.

Fig ure 4 pres ents the cal cu lated val ues of the
pro ton dose in the ac tive layer of the PCM cell vs. pro -
ton en ergy (Ep) for dif fer ent thick nesses of the phase
change layer. Fig ures 4(a)-(c) show the pro ton dose
when the phase change ma te rial is GST, ASS, and
SST, re spec tively. As the graphs in fig. 4 show, Dlayer

peaks dis tinctly around 75-100 keV. The rise to this
peak value at lower pro ton en er gies is steep, while the
de cline at higher pro ton en er gies is much more grad u -
ate. The max i mum and min i mum val ues of Dlayer for
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Fig ure 3. Pro ton dose in the whole PCM cell (Dcell) vs.
pro ton en ergy (Ep) for dif fer ent thick nesses of the phase
change layer, where the ma te rial used for this ac tive
layer is (a) GST, (b) ASS,  and (c) SST



the spec i fied range of en er gies and thick nesses for all
three ac tive layer ma te ri als are  given in tab. 1, also.

Fig ure 5 pres ents the cal cu lated value of the pro -
ton dose in the whole PCM cell (Dcell) vs. thick nesses
of the phase change layer (d) for dif fer ent pro ton en er -
gies. Fig ures 5(a)-(c) show the pro ton dose when the
phase change ma te rial is GST, ASS, and SST, re spec -
tively.

In fig. 5 there are two dis tinct set of curves. The
first set con tains two curves rep re sent ing Dcell de pend -
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Ta ble 1. Max i mum and min i mum val ues of the pro ton
dose in the whole PCM cell and in the ac tive layer, for the
spec i fied range of en er gies and thick nesses and for all
three ac tive layer materials

Phase
change
material

Dcell [Gy] Dlayer [Gy]

Maximum
value

Minimum
value

Maximum
value

Minimum
value

GST
58809

(100 keV,
100 nm)

2618.1
(200 keV,

50 nm)

25572
(100 keV,
200 nm)

0
(200 keV,

50 nm)

ASS
57826

(100 keV,
125 nm)

3651.1
(200 keV,

50 nm)

26328
(100 keV,
200 nm)

0
(200 keV,

50 nm)

SST
58765

(100 keV,
150 nm)

3273.1
(200 keV,

75 nm)

23884
(100 keV,
200 nm)

230.98
(200 keV,

75 nm)

Fig ure 4. Pro ton dose in the ac tive layer of the PCM cell
(Dlayer) vs. pro ton en ergy (Ep) for dif fer ent thick nesses of
the phase change layer, where the ma te rial used for this
ac tive layer is (a) GST, (b) ASS, and (c) SST

Fig ure 5. Pro ton dose in the whole PCM cell (Dcell) vs. the
thick nesses of the phase change layer (d) for dif fer ent
pro ton en er gies, where the ma te rial used for the ac tive
layer is (a) GST, (b) ASS, and (c) SST



ence on the ac tive layer thick ness for in ci dent pro ton
en er gies of 175 keV and 200 keV. For lower en er gies
(50, 75, 100, and 125 keV), there is a sec ond group of
curves with val ues of Dcell that are sev eral times
higher.

For SST-based PCM cells and thick nesses
higher  than  100  nm,  the  max i mum  value  of  Dcell  is
ob tained with 100 keV pro tons, while for thick nesses
bel low   this  value,  max i mum  Dcell  is  reached  with
75 keV pro tons. The same re la tion ap plies to
GST-based PCM cells, but with the thresh old ac tive
layer thick ness of 75 nm.

Fig ure 6 pres ents the cal cu lated val ues of the
pro ton dose in the ac tive layer of the PCM cell (Dlayer)
vs. the thick ness of the phase change layer (d) for dif -
fer ent pro ton en er gies. Fig ures 6(a)-(c) show the pro -
ton dose when the phase change ma te rial is GST, ASS,
and SST, re spec tively.

By in spect ing fig ures shown be low, it be comes
clear that the re la tion be tween the Dlayer and ac tive
layer thick ness is nearly con stant for en er gies of 50,
175 and 200 keV. For all three ma te ri als, there are two
curves that stand apart from the rest, cor re spond ing to
pro ton en er gies of 75 and 100 keV. The Dlayer for these
pro ton en er gies is one or two or ders of mag ni tude
higher than for other pro ton en er gies used in the sim u -
la tions. This im plies that the PCM layer is most sen si -
tive in the nar row range of en er gies be tween 75 and
100 keV. The low est val ues of Dlayer are found at pro -
ton en er gies of 50 keV and 200 keV.

An other im por tant quan tity to ex am ine is the rel -
a tive ab sorbed dose (Drel), de fined as the per cent age
ra tio of Dcell to Dlayer. Val ues for all three ac tive layer
ma te ri als are given in tabs. 2-4. Val ues of Drel are in the 
range of 1% to over 40%. Max i mum Dlayer/Dcell ra tios
for all three ma te rial are ob tained for pro ton en ergy of
100 keV and an ac tive layer thick ness of 200 nm.

ANAL Y SIS OF POS SI BLE
RA DI A TION-IN DUCED
EF FECTS IN THE PCM CELL

Based on ex per i men tally ob tained ra di a tion ef -
fects in dif fer ent types of mem o ries (EPROM and
EEPROMs) [23, 24], the in flu ence of ra di a tion on
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Ta ble 2. Rel a tive ab sorbed dose (Drel) de pend ence on the thick ness of the phase change layer (d) and pro ton en ergy (Ep),
where the ma te ri als used for the ac tive layer is GST

Drel [%]

50 keV 75 keV 100 keV 125 keV 150 keV 175 keV 200 keV

50 nm 1.0780 10.2200 6.1120 4.0247 2.8400 1.2725 0

75 nm 1.3535 17.3918 9.1823 5.8866 3.3657 2.9429 11.0398

100 nm 1.4540 30.8514 16.5325 6.1328 3.2940 4.0116 3.6627

125 nm 0.9440 32.4810 18.6045 7.6897 3.3748 2.0749 7.9205

150 nm 0.9017 34.6125 28.8450 11.3528 6.3620 4.5173 9.0820

175 nm 1.6488 36.4948 38.7138 11.8646 6.1323 5.5743 12.4180

200 nm 1.7879 34.1329 47.2374 15.2634 7.1853 4.7279 6.6502

Fig ure 6. Pro ton dose in the ac tive layer of the PCM cell
(Dlayer) vs. the thick nesses of the phase change layer (d)
for dif fer ent pro ton en er gies, where the ma te rial used for 
this ac tive layer is (a) GST, (b) ASS, and (c) SST



PCM cell's char ac ter is tics, func tion al ity and hard ness
is  an a lyzed  in the fol low ing para graphs.

The ob tained re sults of the pro ton dose rep re sent 
the con tri bu tion of three types of en ergy losses:  ion -
iza tion, phononic ex ci ta tions of the crys tal lat tice, and
atomic dis place ment.

The part of the pro ton dose that cor re sponds to
phononic ex ci ta tions man i fests it self as ther mal heat -
ing of the ac tive layer ma te rial [25]. Spe cial at ten tion
should be paid to ion en ergy losses to phon ons in PCM
cells due to its unique way of func tion ing based on
phase tran si tion. Tem per a tures that lead to phase tran -
si tions, i. e. tran si tion tem per a tures (Tt) in GST, SST,
and  ASS  ma te ri als, are in the range from 100 °C to
300 °C [14, 26, 27]. Based on these tran si tion tem per a -
tures,  ac ti va tion  en er gies  which  lead  to  phase  tran -
si tions are as sessed as Ea = kBTt, where kB is the
Boltzmann con stant and Tt is the tran si tion tem per a -
ture. The as sessed value of Ea is of the or der of 10–21 J.
Val ues of en ergy trans ferred from pro tons to phon ons
(Ephon) were ex tracted from the out puts of the per -
formed sim u la tions, in the crit i cal pro ton en ergy range
(75-100 keV), and found to be of the or der of 10–15 J. It
is ob vi ous that Ephon ? Ea, which im plies that the heat -
ing of the ac tive ma te rial in duced by a pro ton beam
may change its phase, i. e. the logic state of the PCM
cell could be per turbed. RE SET to SET tran si tions are
less likely to be in duced in ir ra di ated PCM cells, due to 
the in her ent im mu nity of the amor phous phase to ra di -
a tion ef fects, while ra di a tion-in duced SET to RE SET
tran si tions have ac tu ally been ob served in ex per i -
ments [28].

An other pos si ble sce nario for ra di a tion-in duced
changes in a PCM cell in volves the ac cu mu la tion of
atomic dis place ments in the ac tive layer ma te rial. Ra -
di a tion could cause the crys tal line-to-amor phous
phase change by cre at ing a large num ber of atomic dis -
place ments which dis rupt the highly or dered lat tice
struc ture of the crys tal line phase [25]. Re sults of pro -
ton trans port sim u la tions have shown that the larg est
num ber of dis place ments oc cur in ASS, at a pro ton en -
ergy of 75 keV and ac tive layer thick ness of 100 nm.

Sin gle event ef fects in phase change mem o ries
have pre vi ously been in ves ti gated in [29]. The ab -
sorbed dose from high est-LET ions used in that pa per
(Xe), at fluences ap plied therein, has been es ti mated at
~102 Gy, while in our in ves ti ga tions the cal cu lated
doses  in  the  phase change ma te rial were in the
102-104 Gy range. Al though the re sults in [29] sug gest
that PCM cells are in sen si tive to heavy-ion strikes,
they could be prone to ef fects of higher ab sorbed doses 
that we have ob tained. Our cal cu la tions in di cate that
cer tain re al is tic fluence val ues of low en ergy pro tons
can de posit these high doses in PCM cells, ei ther over
a long time pe riod or in high dose-rate ir ra di a tion con -
di tions.

Even if ra di a tion-in duced changes alone are not
able to ini ti ate a phase change from the crys tal line to
the amor phous state, when su per im posed with ther -
mally gen er ated Frenkel pairs and other ran dom de -
fects pres ent in the crys tal, they could push the cell
state be yond a mar gin level into an un de fined logic
state, cor re spond ing to the ac tive ma te rial be ing in a
glassy phase, be tween the polycrystalline and amor -
phous ones.
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Ta ble 3. Rel a tive ab sorbed dose (Drel) de pend ence on the thick ness of the phase change layer (d) and pro ton en ergy (Ep),
where the ma te ri als used for the ac tive layer is ASS

Drel [%]

50 keV 75 keV 100 keV 125 keV 150 keV 175 keV 200 keV

50 nm 0.8925 12.1635 5.3372 3.5938 2.9342 4.1074 0

75 nm 1.3767 23.5265 8.5653 6.6089 3.9527 3.7563 2.8055

100 nm 1.4938 29.8896 19.3694 7.7863 5.1388 4.3249 7.4172

125 nm 1.0163 33.9992 22.8602 8.6741 7.8063 3.8980 13.2756

150 nm 0.9640 37.3309 33.3407 14.0762 5.4220 8.3200 6.1249

175 nm 1.8179 33.1526 41.8403 15.0502 5.1947 6.6929 8.3798

200 nm 1.1847 37.2446 48.4735 15.9657 9.4824 7.8936 4.4915

Ta ble 4. Rel a tive ab sorbed dose (Drel) de pend ence on the thick ness of the phase change layer (d) and pro ton en ergy (Ep),
where the ma te ri als used for the ac tive layer is SST

Drel [%]

50 keV 75 keV 100 keV 125 keV 150 keV 175 keV 200 keV

50 nm 0.7944 11.9085 3.4007 2.8895 1.7779 0.9663 5.1519

75 nm 1.0376 18.8840 9.0905 4.9605 5.3562 6.6049 7.0572

100 nm 2.2828 32.1989 15.0377 5.6441 4.0583 6.379 12.3152

125 nm 1.0243 27.3154 18.9381 5.8681 4.7952 5.9838 6.6461

150 nm 1.1410 32.5274 23.5418 10.2426 5.8391 6.4457 12.0051

175 nm 1.6207 39.9038 37.0418 11.8207 6.4491 7.6638 12.7521

200 nm 1.2874 37.5340 43.4429 17.0891 6.1740 4.3161 12.6753



Ther mal an neal ing of ir ra di ated ma te ri als is
com monly per formed by sub stan tially heat ing and
grad u ally cool ing the ma te rial, whereby ra di a tion pro -
duced de fects re com bine. In the PCM cell, ther mal an -
neal ing could be achieved by a mod i fied SET op er a -
tion.  In  case  of  an  ir reg u lar state of the mem ory cell,
i. e. when the cell is in-be tween crys tal line and amor -
phous phases, the cell state could be un am big u ously
de fined by in tro duc ing an ad di tional SET pulse, which 
would bring the mem ory cell to a well de fined SET
state. Af ter this pro ce dure, how ever, the logic state of
the mem ory cell would be “1”, re gard less of its pre vi -
ous state, i. e. the stored data would be lost.

CON CLU SIONS

Sim u la tions of pro ton in ter ac tions with the PCM 
cell were con ducted. Val ues of pro ton en ergy loss
were used to cal cu late the pro ton ab sorbed dose in the
en tire cell and in the phase change layer alone. The
val ues ob tained for the ab sorbed dose in in ves ti gated
PCM cells are of the or der of mag ni tude of  104 Gy
which is in com pli ance with the re ported re sults of
pro ton dose as sess ment in sim i lar nanometer  mem ory
cell struc tures [8]. Three most com monly used phase
change ma te ri als were in ves ti gated. The re sults of
these sim u la tion-based cal cu la tions of the pro ton dose
sug gest that the in ves ti gated phase change ma te ri als
are most sen si tive within the nar row range of pro ton
en er gies be tween 75 and 100 keV. With an in crease in
the thick ness of phase change ma te rial, the pro ton
dose in the whole PCM cell re mains nearly con stant,
while the ac tive layer dose in creases sig nif i cantly in
the crytical pro ton en ergy range (75-100 keV). The ex -
po sure of PCM cells to pro ton beams could in flu ence
the de vice's op er a tion in sev eral ways: ther mal heat ing 
of the ac tive ma te rial and ac cu mu la tion of atom dis -
place ments which, in syn ergy with other pos si ble de -
fects in the cell, could af fect the sta bil ity of the PCM
cell. The an neal ing of a PCM cell brought to an un de -
fined logic state by ir ra di a tion can be ac com plished by
in tro duc ing a mod i fied SET pulse, at the ex pense of
los ing pre vi ously stored data and slow ing down mem -
ory op er a tion.

This type of cal cu la tions al low the as sess ment of 
the pro ton dose and the over view of ra di a tion ef fects in 
the ac tive layer of the PCM cell and the PCM cell it self
for pro ton fluences that rep re sent real ra di a tion en vi -
ron ment, whereas ac tual ex per i ments can not sep a rate
the in flu ence of ra di a tion on the PCM cell alone, with -
out in clud ing the ef fects on pe riph eral cir cuits.
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PRORA^UN  PROTONSKE  DOZE  U  MEMORIJSKIM  ]ELIJAMA  SA
FAZNO  PROMENQIVIM  SLOJEM  ZASNOVAN  NA  SIMULACIJI

U radu se odre|uje protonska doza u celoj memorijskoj }eliji sa fazno promenqivim
aktivnim slojem, kao i u samom aktivnom sloju }elije, kori{}ewem Monte Karlo simulacija
transporta protona. Model memorije sastoji se od aktivnog sloja koji je sme{ten izme|u dve TiW
elektrode i dva ZnS-SiO2 izolatorska filma. Kori{}eni fazno promenqivi materijali su:
Ge2Sb2Te (GST), AgSbSe2 (ASS) i Si2Sb2Te5 (SST). Prou~avani su efekti izlagawa ovih memorija
razli~itih debqina protonima razli~itih energija. Prikazane su promene izazvane prolaskom
protona u ispitivanim memorijama, ukqu~uju}i akumulaciju izme{tenih atoma i termalno
zagrevawe aktivnog sloja. Razmatrani su mogu}i efekti ovih promena na funkcionisawe
memorijskih }elija.

Kqu~ne re~i: memorijske }elije sa fazno promenqivim slojem, fazno promenqivi materijal,
,,,,,,,,,,,,,,,,,,,,,,,,,,izlagawe protonskim snopovima, Monte Karlo metoda, apsorbovana doza


