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The Monte Carlo sim u la tions of charged par ti cle trans port are used to in ves ti gate the ef fects
of ex pos ing ul tra-thin lay ers of in su la tors (com monly used in in te grated cir cuits) to beams of
pro tons, al pha par ti cles and heavy ions. Ma te ri als con sid ered in clude sil i con di ox ide, alu mi -
num nitride, alu mina, and polycarbonate – lexan. The pa ram e ters that have been var ied in
sim u la tions in clude the en ergy of in ci dent charged par ti cles and in su lat ing layer thick ness.
Ma te ri als are com pared ac cord ing to both ion iz ing and non-ion iz ing ef fects pro duced by the
pas sage of ra di a tion.
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IN TRO DUC TION

The thin in su lat ing lay ers ap pear in all kinds of
mi cro elec tronic com po nents. The pur pose of these in -
su la tors ranges from sur face passivation of chips to
more spe cific func tions, such as lat eral in su la tion of
com po nents in pla nar tech nol ogy, ca pac i tor di elec -
trics, or tun nel ox ides in flash mem ory cells. De pend -
ing on their role in var i ous de vices, the in su lat ing lay -
ers are pro duced from dif fer ent ma te ri als and with
var i ous thick nesses.

Many mi cro elec tronic parts and de vices are rou -
tinely op er ated in ra di a tion en vi ron ments. It is, there -
fore, use ful to be able to pre dict ra di a tion ef fects in in -
su la tors they com prise. The ac tual ir ra di a tion at
ac cel er a tor fa cil i ties can be costly and time con sum -
ing, which is why the ra di a tion hard ness of ma te ri als
and com po nents is of ten tested through sim u la tions of
ra di a tion trans port.

The pres ent study in ves ti gates the ef fects of the
heavy charged par ti cle beams on five in su lat ing ma te -
ri als, com monly en coun tered in mod ern day elec tronic 
com po nents: sil i con di ox ide, sil i con nitride, alu mi -
num nitride, alu mina, and polycarbonate. The ra di a -
tion ef fects are pre dicted and com pared on the ba sis of
Monte Carlo sim u la tions of par ti cle trans port through
the ul tra-thin lay ers of these in su la tors.

RA DI A TION EF FECTS IN IN SU LA TORS

The in su la tors are a broad class of ma te ri als that
in clude crys tals, amor phous ma te ri als, and organics

(poly mers). The re sponse of in su la tors to the ir ra di a -
tion is de ter mined by their struc tural prop er ties and
elec tronic con fig u ra tion [1,2].

The in ter ac tion of heavy charged par ti cles with a 
ma te rial through which they pass re sults in two ma jor
ef fects: the ion iza tion en ergy loss and the non-ion iz ing 
en ergy loss (NIEL). The in ter ac tions of in com ing par -
ti cles which re sult in elec tronic ex ci ta tion or the ion -
iza tion of at oms are re ferred to as ion iza tion en ergy
loss. In NIEL pro cesses, the en ergy im parted by the in -
ci dent par ti cles re sults in atomic dis place ments, or in
col li sions where the pri mary knock-on atom (PKA)
re mains in its lat tice po si tion, in which case the en ergy
is con verted to lat tice vi bra tions (phon ons). The dis -
placed at oms can also un dergo both elec tronic and dis -
place ment en ergy losses to dis si pate their en ergy in -
side the me dium.

The sec ond ary elec trons cre ated by ion iza tion
en ergy losses af fect elec tri cal prop er ties of crys tal line
in su la tors in a tran sient man ner, ex cept if these elec -
trons get trapped at elec tri cally ac tive point de fects in
the crys tal lat tice. The point de fects, that serve as
charge-car rier traps or do nors, arise in ir ra di ated in su -
la tors as a re sult of atomic dis place ments, i. e. of NIEL. 
The poly mer in su la tors ex hibit cer tain spe cific ra di a -
tion ef fects, in clud ing the chain scission and
cross-link ing, which can sig nif i cantly al ter the in su la -
tor's phys i cal prop er ties.

A heavy charged par ti cle can trans fer only a
small frac tion of its en ergy in a sin gle elec tronic col li -
sion, and its de flec tion in the col li sion is neg li gi ble. It
there fore has an al most straight tra jec tory in mat ter,
los ing en ergy con tin u ously in small amounts through
col li sions with atomic elec trons, leav ing ion ized and
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ex cited at oms along its path. Only oc ca sion ally does it
un dergo a sub stan tial de flec tion, due to the elas tic
scat ter ing from an atomic nu cleus [1-3].

For heavy charged par ti cles (i.  e. pro tons, alphas 
and heavy ions), the ion iza tion and elec tronic ex ci ta -
tion en ergy losses are rep re sented by the elec tronic
stop ping power (also called col li sion stop ping power,
which is a mis no mer, since all in ter ac tions can be con -
sid ered col li sions) of the ma te rial through which they
prop a gate. The stop ping power of a me dium for a
charged par ti cle is the av er age lin ear rate of the ion iz -
ing en ergy loss of the par ti cle in the me dium, i. e. the
en ergy lost by the heavy charged par ti cle in elec tronic
in ter ac tions per unit of trav eled dis tance. It is, there -
fore, equal to the un re stricted lin ear en ergy trans fer
(LET).

The sev eral semi-em pir i cal stop ping power for -
mu las have been de vised. The SRIM code, used for
sim u lat ing charged par ti cle trans port in the pres ent pa -
per, im ple ments the so called ZBL stop ping, which is
based on the model given by Ziegler, Biersack, and
Littmark.

The dis place ment dam age can oc cur in crys tal
in su la tors when the en ergy trans ferred to lat tice at oms
ex ceeds the thresh old dis place ment en ergy (Ed). The
ir ra di a tion of ma te ri als with elec trons and light ions
in tro duces pre dom i nantly iso lated in ter sti tial at oms
and va can cies (Frenkel pairs) and small clus ters of
these point de fects, be cause of the low av er age re coil
atom en er gies (0.1-1 keV). The en er getic heavy ion ir -
ra di a tions, on the other hand, pro duce the en er getic
dis place ment cas cades that can lead to a di rect for ma -
tion of de fect clus ters within the iso lated dis place ment
cas cades, due to the more en er getic av er age re coil
atom en er gies (>10 keV) [4, 5]

The ef fects of ir ra di a tion on the elec tri cal pa ram -
e ters of many ma te ri als have been found to dis play a
sim ple, of ten lin ear, re la tion ship with NIEL. The
NIEL is the rate at which en ergy is lost on non-ion iz ing 
events. It is a di rect an a log to the stop ping power for
ion iza tion events. The units of NIEL are typ i cally
MeV/cm, or MeV cm2/g if mass NIEL is con sid ered.
The cal cu la tion of NIEL re quires in for ma tion re gard -
ing the dif fer en tial cross-sec tion for atomic dis place -
ments (ds/dW), the av er age re coil en ergy of the tar get
at oms (Er), and a term which par ti tions the en ergy into
ion iz ing and non-ion iz ing events, called the Lindhard
par ti tion fac tor (L). The NIEL can be writ ten as an in -
te gral over solid an gle
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where NA is the Avo ga dro's num ber, A – the atomic
mass, and qmin – the scat ter ing an gle for which the re -
coil en ergy equals the thresh old for atomic dis place -
ment. For pro tons hav ing non-rel a tiv is tic en ergy, the

Rutherford dif fer en tial cross-sec tion can be used for
elas tic scat ter ing at atomic nu clei [6-9].

RE SULTS OF PAR TI CLE
TRANS PORT SIM U LA TIONS

It has be come a stan dard prac tice in in ves ti ga -
tions of ra di a tion ef fects in ma te ri als and elec tronic
com po nents to rely on sim u la tions of ra di a tion trans -
port. The re sults ob tained from such nu mer i cal cal cu -
la tions have un cer tain ties com pa ra ble to or lower than
the typ i cal mea sure ment un cer tain ties of re sults ac -
quired in lab o ra tory ex per i ments per formed un der the
cor re spond ing con di tions, as our pre vi ous in ves ti ga -
tions have shown [10, 11].

The Monte Carlo sim u la tions of charged par ti cle 
trans port through thin lay ers of in su la tors were per -
formed in the TRIM mod ule of the SRIM soft ware
pack age [12]. The sim u la tions used the monoenergetic 
uni di rec tional beams, in ci dent per pen dic u larly on the
film's sur face. Heavy charged par ti cles used in
sumulations in cluded pro tons, al pha par ti cles, light
and heavy ions. The par ti cle en ergy was var ied from
10 keV to 5 MeV. At each value of beam en ergy, the
thick ness of the in su lat ing film was in creased un til the
whole beam was stopped within it. The film thick ness
in that case ex ceeded the max i mum range of both pro -
tons and any sec ond ary charged par ti cles, which cor -
re sponds to a max i mum ra di a tion ef fect in the in su la -
tor.

The re sults in fig ures 1-4 pres ent some of the
most sig nif i cant ex am ples, cho sen among a mul ti tude
of graphs pro duced dur ing our in ves ti ga tions. The va -
cancy depth dis tri bu tion plots, LET vs. depth plots and
NIEL vs. depth plots were ob tained from SRIM out -
puts, fol low ing the pro ce dure out lined in [13]. The
plots are il lus tra tive for the dif fer ent im pacts that pro -
tons, alphas and heavy ions have on thin in su lat ing
films. The iron ions have been cho sen as a typ i cal rep -
re sen ta tive of a heavy ion in ci dent ra di a tion, not least
be cause they ap pear in cos mic rays, to which elec -
tronic com po nents in spacecrafts are ex posed. For eas -
ier com par i son, all pre sented re sults per tain to the
same in ci dent beam en ergy of 0.1 MeV.

The rate of va cancy for ma tion can be con verted
into NIEL us ing the mod i fied Kinchin-Pease re la tion -
ship be tween the num ber of atomic dis place ments Nd

and the non-ion iz ing en ergy En

N
E

Ed
d

n= 08
2

. (2)

where Ed is the thresh old en ergy for atomic dis place -
ment. Equa tion (2) ap plies for En > 2.5Ed [13]. The dis -
tri bu tions of atomic va can cies, cre ated within the in su -
lat ing films by the NIEL of both in ci dent charged
par ti cles and re coil nu clei, are shown in to tal (curves
de noted by “To tal va can cies” in the graphs), but also
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for each kind of dis placed atom sep a rately (e. g. curves 
de noted by “Sil i con va can cies” or “Ox y gen va can -
cies”). The curves of to tal va cancy con cen tra tion
along the depth of the in su lat ing film are, un der stand -
ably, al ways the top ones in these graphs.

ANAL Y SIS OF THE RE SULTS

The sim u la tion re sults (omit ted from this pa per)
have shown that the thin in su lat ing films in ves ti gated
herein are im mune to the pas sage of pro tons, al pha
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Fig ure 1. Plots of va cancy con cen tra tions and mass en ergy losses (LET and NIEL di vided by material den sity) along the
depth of a sil i con di ox ide (SiO2) in su lat ing film. The re sults were ob tained from sim u la tions of 104 pro ton his to ries (a) and
(b),  104 al pha par ti cle his to ries (c) and (d), and 103 iron ion his to ries (e) and (f), which in cluded subcascades of re coil ing
sil i con and ox y gen at oms. The en ergy of in ci dent heavy charged par ti cles is 0.1 MeV in all cases.



par ti cles and ions with en er gies ex ceed ing 1-2 MeV.
Heavy charged par ti cle beams with en er gies higher
than this ex pe ri ence in con sid er able en ergy loss, ei ther
ion iz ing or non-ion iz ing, for the con sid ered range of
in su lat ing film thick ness (from 100 nm to 20 mm). A
sig nif i cant en ergy loss is ob served only for ra di a tion
en er gies be low ~1 MeV.

Of the four in ves ti gated in su la tors, the charged
par ti cles pen e trated deeper into sil i con di ox ide and

lexan than  in  the  other  two  ma te ri als.  In SiO2, there
is a some what greater con cen tra tion of sil i con va can -
cies than ox y gen ones, de spite the 2:1 stoichiometric
ra tio of  ox y gen  to  sil i con  at oms, be cause the thresh -
old dis place ment  en ergy of  Si is con sid er ably  lower 
(EdSi = 15 eV) than that of ox y gen (EdO = 28 eV).

For pro tons, the ion iz ing en ergy losses (LET)
dom i nate NIEL by 1 to 3 or ders of mag ni tude in all
four in su la tors.
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Fig ure 2. Plots of va cancy con cen tra tions and mass en ergy losses (LET and NIEL di vided by material den sity) along the
depth of a alu mi num nitride (AlN) in su lat ing film. The re sults were ob tained from sim u la tions of 104 pro ton his to ries (a)
and  (b), 104  al pha  par ti cle  his to ries  (c)  and  (d),  and  103  iron  ion  his to ries  (e)  and  (f),  which  in cluded subcascades of
re coil ing sil i con and ox y gen at oms. The en ergy of in ci dent heavy charged par ti cles is 0.1 MeV in all cases.



For al pha par ti cles, close to ma te rial sur face, LET 
is 100 times larger than NIEL in SiO2, AlN, and Al2O3,
but only 10 times larger in lexan. This dif fer ence be -
comes smaller with depth, and the two modes of en ergy
loss are com pa ra ble near the end of al pha par ti cle

tracks, where nu clear elas tic scat ter ing, that gives rise to 
atomic dis place ments, be comes more prob a ble, while
elec tronic collisional events sub side, since alphas tend
to cap ture elec trons, which makes their ef fec tive charge
lower than 2e (where e = 1.6·10–19 C is the unit charge).
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Fig ure 3. Plots of va cancy con cen tra tions and mass en ergy losses (LET and NIEL di vided by material den sity) along the
depth of an alu mina (Al2O3) in su lat ing film. The re sults were ob tained from sim u la tions of 104 pro ton his to ries (a) and (b),
104 al pha par ti cle his to ries (c) and (d), and 103 iron ion his to ries (e) and (f), which in cluded subcascades of re coil ing sil i con
and ox y gen at oms. The en ergy of in ci dent heavy charged par ti cles is 0.1 MeV in all cases.



As op posed to pro tons and alphas, in case of iron
ions, in all ma te ri als but lexan NIEL is greater than
LET at all depths figs. 1(f), 2(f), and 3(f), while in
lexan the two ways of en ergy loss are pres ent in ap -
prox i mately equal mea sures, fig. 4(f).

The iron ions re quire the thin nest lay ers of in su -
la tors to be com pletely stopped within the ma te rial.

This is most no ta ble in alu mina, where the 0.1 MeV
iron ion beam and all re coil ing at oms are fully con -
tained within a layer as thin as 100 nm fig. 3(e).

The en ergy loss vs. depth plot be gins to take the
clas sic shape of a Bragg curve only at the higher in ci -
dent par ti cle en er gies (ap prox i mately >0.5 MeV for
pro tons, >0.8 MeV for alphas, and >1-2 MeV for
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Fig ure 4. Plots of va cancy con cen tra tions and mass en ergy losses (LET and NIEL di vided by material den sity) along the
depth of a lexan (polycarbonate) in su lat ing film. The re sults were ob tained from sim u la tions of 104 pro ton his to ries (a) and 
(b),  104  al pha par ti cle his to ries (c) and (d), and 103 iron ion his to ries (e) and (f), which in cluded subcascades of re coil ing
sil i con and ox y gen at oms. The en ergy of in ci dent heavy charged par ti cles is 0.1 MeV in all cases.



ions). For ex am ple, as pro ton en ergy is in creased from
0.1 MeV,  it  is first the NIEL curve that starts ex hib it -
ing a peak near the max i mum pen e tra tion depth.
Around 1 MeV in ci dent en ergy, both LET and NIEL
curves peak to ward the end of the pen e tra tion depth,
giv ing shape to the Bragg peak, ob served much more
clearly when the scale of the mass en ergy loss axis is
lin ear, as in fig. 5 plot ted for 1 MeV pro tons in SiO2.
How ever, as the fig ure il lus trates, the Bragg peak
shows only in much thicker lay ers of in su lat ing ma te -
ri als than the ones used for fig ures 1-4.

If one cas cade cre ates more than 8000 re coil at -
oms, SRIM dis cards the at oms be yond 8000, which
causes cer tain in ac cu racy in va cancy cal cu la tions.
Dur ing our sim u la tions, this hap pened for pro tons
with en er gies higher than ~1 MeV in lexan films. In a
hy dro gen-rich me dium such as lexan, high en ergy in -
ci dent pro tons give rise to a large num ber of en er getic
hy dro gen knock-ons, which re sults in a mul ti tude of
highly branched cas cades.

The chem i cal struc ture unit of polycarbonate
con tains 14 at oms of hy dro gen, 16 of car bon, and 3 of
ox y gen. The stoichiometric ra tio of the three el e ments, 
along  with  their  thresh old dis place ment en er gies
(EdH  = 10 eV, EdC = EdO = 28 eV), ac counts for the ob -
served ra tios of va cancy con cen tra tion curves seen in
figs. 4(a, c, and e).

The poly mers, such as lexan, ex hibit cer tain spe -
cific changes when ex posed to a ra di a tion that set them
apart from the other three in ves ti gated in su la tors. The
sec ond ary elec trons, pro duced by the ion iza tion en ergy
losses, in ter act fur ther with poly mer macromolecules,
caus ing their ion iza tion and ex ci ta tion. The re lax ation
of ex cited mol e cules and lo cally formed ion iza tion
clus ters re sults in a for ma tion of large amounts of free
rad i cals. Highly re ac tive free rad i cals cause de struc tion
of poly mer chains, by ei ther chain scission (ran dom
rup tur ing of bonds) or cross-link ing (for ma tion of large

3-D mo lec u lar net works). As a re sult of chain scission,
low-mo lec u lar-weight frag ments, gas evo lu tion, and
un sat u rated bonds may ap pear [14]. Many im por tant
phys i cal and chem i cal prop er ties of poly mers can be
mod i fied by ir ra di a tion. Among these are mo lec u lar
weights, chain length, en tan gle ment, polydispersity,
branch ing, and chain ter mi na tion. These struc tural
changes also af fect the elec tri cal in su lat ing prop er ties
of polycarbonate films [15].

CON CLU SIONS

The Monte Carlo sim u la tions of heavy charged
par ti cle trans port through thin films of SiO2, AlN,
Al2O3, and polycarbonate have shown that the in ves ti -
gated in su lat ing films are im mune to the pas sage of
par ti cles with en er gies higher than ~1 MeV. The
non-ion iz ing en ergy loss of these high en ergy par ti cles 
is low, and they tra verse the films with out much
atomic dis place ment. In the lower part of the in ves ti -
gated en ergy range (from 100 keV to 1 MeV), how -
ever, the sub stan tial ion iza tion losses and NIEL are to
be ex pected. The ion iza tion and dis place ment dam age
pro duced by pro tons, al pha par ti cles, and heavy ions
could in flu ence the prop er ties of these in su la tors and
com pro mise their re li abil ity within the com plex struc -
tures and de vices. The point de fects, some of which
are charge-car rier do nors, arise in ir ra di ated in su la tors
as a re sult of atomic dis place ments. Highly re ac tive
free rad i cals, that can ap pear in ir ra di ated lexan, cause
chain scission and/or cross-link ing, which then af fects
the in su lat ing prop er ties of polycarbonate films.
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SIMULACIJA  EFEKATA  ZRA^EWA  U  ULTRA TANKIM
IZOLATORSKIM  SLOJEVIMA

Efekti izlagawa ul tra tankih slojeva izolatora (koji se uobi~ajeno koriste u
integrisanim kolima) snopovima protona, alfa ~estica i te{kih jona analizirani su pomo}u
Monte Karlo simulacija transporta naelektrisanih ~estica. Razmotreni materijali ukqu~uju
silicijum dioksid, aluminijum nitrid, aluminu i polikarbonat-leksan. Parametri koji su mewani
tokom simulacija su energija upadnih naelektrisanih ~estica i debqina sloja izolatora.
Materijali su upore|eni sa stanovi{ta jonizuju}ih efekata koji nastaju prolaskom zra~ewa.

Kqu~ne re~i: izolator, pro ton, alfa ~estica, jonski snop, efekat zra~ewa, Monte Karlo
..........................simulacija


