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The Monte Carlo simulations of charged particle transport are used to investigate the effects
of exposing ultra-thin layers of insulators (commonly used in integrated circuits) to beams of
protons, alpha particles and heavy ions. Materials considered include silicon dioxide, alumi-
num nitride, alumina, and polycarbonate - lexan. The parameters that have been varied in
simulations include the energy of incident charged particles and insulating layer thickness.
Materials are compared according to both ionizing and non-ionizing effects produced by the

passage of radiation.
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INTRODUCTION

The thin insulating layers appear in al kinds of
microel ectronic components. The purpose of thesein-
sulators ranges from surface passivation of chips to
more specific functions, such as lateral insulation of
components in planar technology, capacitor dielec-
trics, or tunnel oxidesin flash memory cells. Depend-
ing ontheir rolein various devices, theinsulating lay-
ers are produced from different materials and with
various thicknesses.

Many microel ectronic partsand devicesarerou-
tinely operated in radiation environments. It is, there-
fore, useful to be ableto predict radiation effectsinin-
sulators they comprise. The actual irradiation at
accelerator facilities can be costly and time consum-
ing, which iswhy the radiation hardness of materials
and componentsis often tested through simul ations of
radiation transport.

The present study investigates the effects of the
heavy charged particle beams on fiveinsulating mate-
rials, commonly encountered in modern day electronic
components. silicon dioxide, silicon nitride, alumi-
num nitride, alumina, and polycarbonate. The radia-
tion effects are predicted and compared on the basi s of
Monte Carlo simulations of particle transport through
the ultra-thin layers of these insulators.

RADIATION EFFECTSIN INSULATORS

Theinsulators are abroad class of materialsthat
include crystals, amorphous materials, and organics
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(polymers). The response of insulators to the irradia-
tion is determined by their structura properties and
electronic configuration [1,2].

Theinteraction of heavy charged particleswitha
material through which they pass resultsin two major
effects: theionization energy lossand the non-ionizing
energy loss (NIEL). Theinteractions of incoming par-
ticles which result in electronic excitation or the ion-
ization of atoms are referred to as ionization energy
loss. InNIEL processes, the energy imparted by thein-
cident particles results in atomic displacements, or in
collisions where the primary knock-on atom (PKA)
remainsinitslattice position, in which casethe energy
is converted to lattice vibrations (phonons). The dis-
placed atoms can al so undergo both electronic and dis-
placement energy losses to dissipate their energy in-
side the medium.

The secondary electrons created by ionization
energy losses affect electrical properties of crystalline
insulators in atransient manner, except if these elec-
trons get trapped at electrically active point defectsin
the crystal lattice. The point defects, that serve as
charge-carrier trapsor donors, ariseinirradiated insu-
latorsasaresult of atomicdisplacements,i. e. of NIEL.
The polymer insulators exhibit certain specific radia-
tion effects, including the chain scisson and
cross-linking, which can significantly alter theinsula-
tor's physical properties.

A heavy charged particle can transfer only a
small fraction of itsenergy in asingle electronic colli-
sion, and itsdeflection inthe collision isnegligible. It
therefore has an aimost straight trgjectory in matter,
losing energy continuously in small amounts through
collisions with atomic electrons, leaving ionized and
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excited atomsalong its path. Only occasionally doesit
undergo a substantial deflection, due to the elatic
scattering from an atomic nucleus [1-3].

For heavy charged particles(i. e. protons, aphas
and heavy ions), the ionization and electronic excita-
tion energy losses are represented by the electronic
stopping power (also called collision stopping power,
whichisamisnomer, sinceall interactions can be con-
sidered collisions) of the material through which they
propagate. The stopping power of a medium for a
charged particleisthe average linear rate of theioniz-
ing energy loss of the particlein the medium, i. e. the
energy lost by the heavy charged particlein electronic
interactions per unit of traveled distance. It is, there-
fore, equal to the unrestricted linear energy transfer
(LET).

The several semi-empirical stopping power for-
mulas have been devised. The SRIM code, used for
simulating charged particletransport in the present pa-
per, implements the so called ZBL stopping, which is
based on the model given by Ziegler, Biersack, and
Littmark.

The displacement damage can occur in crystal
insulatorswhen the energy transferred to | attice atoms
exceeds the threshold displacement energy (Eg). The
irradiation of materials with electrons and light ions
introduces predominantly isolated interstitial atoms
and vacancies (Frenkel pairs) and small clusters of
these point defects, because of the low average recail
atom energies(0.1-1 keV). Theenergetic heavy ionir-
radiations, on the other hand, produce the energetic
displacement cascades that can lead to adirect forma-
tion of defect clusterswithin theisol ated displacement
cascades, due to the more energetic average recoil
atom energies (>10 keV) [4, 5]

Theeffectsof irradiation ontheel ectrical param-
eters of many materials have been found to display a
simple, often linear, relationship with NIEL. The
NIEL istherate at which energy islost onnon-ionizing
events. It isadirect analog to the stopping power for
ionization events. The units of NIEL are typically
MeV/cm, or MeV cm?/g if mass NIEL is considered.
The calculation of NIEL requires information regard-
ing the differential cross-section for atomic displace-
ments (do/d(2), the average recoil energy of thetarget
atoms(E,), and aterm which partitionsthe energy into
ionizing and non-ionizing events, called the Lindhard
partition factor (L). The NIEL can bewrittenasanin-
tegral over solid angle

NIEL(E):N—A‘\‘T d"gZ’E)T(e,E)L[T(e,E)]dQ (1)
Onin

where N, is the Avogadro's number, A — the atomic
mass, and 6, — the scattering angle for which there-
coil energy equals the threshold for atomic displace-
ment. For protons having non-relativistic energy, the

Rutherford differential cross-section can be used for
elastic scattering at atomic nuclei [6-9].

RESULTS OF PARTICLE
TRANSPORT SIMULATIONS

It has become a standard practice in investiga-
tions of radiation effects in materials and electronic
components to rely on simulations of radiation trans-
port. The results obtained from such numerical calcu-
|ations have uncertainties comparableto or lower than
the typical measurement uncertainties of results ac-
quired in laboratory experiments performed under the
corresponding conditions, as our previous investiga-
tions have shown [10, 11].

TheMonte Carlo simulations of charged particle
transport through thin layers of insulators were per-
formed in the TRIM module of the SRIM software
package[12]. Thesimulationsused the monoenergetic
unidirectional beams, incident perpendicularly on the
film's surface. Heavy charged particles used in
sumulations included protons, alpha particles, light
and heavy ions. The particle energy was varied from
10 keV to 5 MeV. At each value of beam energy, the
thickness of theinsulating film wasincreased until the
whole beam was stopped within it. The film thickness
in that case exceeded the maximum range of both pro-
tons and any secondary charged particles, which cor-
responds to a maximum radiation effect in theinsula-
tor.

The results in figures 1-4 present some of the
most significant examples, chosen among amultitude
of graphs produced during our investigations. Theva-
cancy depth distribution plots, LET vs. depth plotsand
NIEL vs. depth plots were obtained from SRIM out-
puts, following the procedure outlined in [13]. The
plotsareillustrative for the different impacts that pro-
tons, aphas and heavy ions have on thin insulating
films. Theiron ions have been chosen asatypical rep-
resentative of aheavy ion incident radiation, not |east
because they appear in cosmic rays, to which elec-
tronic componentsin spacecraftsare exposed. For eas-
ier comparison, all presented results pertain to the
same incident beam energy of 0.1 MeV.

The rate of vacancy formation can be converted
into NIEL using the modified Kinchin-Peaserelation-
ship between the number of atomic displacements Ny
and the non-ionizing energy E,

e @

2E,
where E4 is the threshold energy for atomic displace-
ment. Equation (2) appliesfor E,>2.5E4[13]. Thedis-
tributionsof atomic vacancies, created within theinsu-
lating films by the NIEL of both incident charged
particles and recoil nuclei, are shown in total (curves
denoted by “Total vacancies” in the graphs), but also

N, =08
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Figure 1. Plots of vacancy concentrations and massenergy losses (LET and NIEL divided by material density) along the
depth of asilicon dioxide (SiO,) insulating film. Theresultswer eobtained from simulationsof 10* proton histories(a) and
(b), 10* alphaparticle histories(c) and (d), and 10%iron ion histories (e) and (f), which included subcascades of recoiling
silicon and oxygen atoms. The energy of incident heavy charged particlesis0.1 MeV in all cases.

for each kind of displaced atom separately (e. g. curves
denoted by “Silicon vacancies’ or “Oxygen vacan-
cies’). The curves of total vacancy concentration
along the depth of theinsulating film are, understand-
ably, always the top onesin these graphs.

ANALYSISOF THE RESULTS

The simulation results (omitted from this paper)
have shown that the thin insulating films investigated
herein are immune to the passage of protons, apha
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Figure2. Plots of vacancy concentrations and massenergy losses (LET and NIEL divided by material density) along the
depth of aaluminum nitride (AIN) insulating film. Theresultswer e obtained from simulationsof 10* proton histories (a)
and (b), 10* alpha particle histories (c) and (d), and 10°iron ion histories (€) and (f), which included subcascades of
recoiling silicon and oxygen atoms. The ener gy of incident heavy charged particlesis0.1 MeV in all cases.

particles and ions with energies exceeding 1-2 MeV.
Heavy charged particle beams with energies higher
than thisexperienceinconsiderable energy loss, either
ionizing or non-ionizing, for the considered range of
insulating film thickness (from 100 nm to 20 um). A
significant energy loss is observed only for radiation
energies below ~1 MeV.

Of the four investigated insulators, the charged
particles penetrated deeper into silicon dioxide and

lexanthan in the other two materials. In SiO,, there
isasomewhat greater concentration of silicon vacan-
cies than oxygen ones, despite the 2:1 stoichiometric
ratio of oxygen to silicon atoms, becausethethresh-
old displacement energy of Siisconsiderably lower
(Egg = 15 eV) than that of oxygen (E,q = 28 eV).

For protons, the ionizing energy losses (LET)
dominate NIEL by 1 to 3 orders of magnitude in all
four insulators.
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Figure 3. Plots of vacancy concentrationsand massenergy losses (LET and NIEL divided by material density) along the
depth of an alumina (Al,O3) insulating film. Theresultswer eobtained from simulationsof 10* proton histories(a) and (b),
10*alphaparticlehistories(c) and (d), and 10 iron ion histories(e) and (f), which included subcascadesof recoiling silicon
and oxygen atoms. The energy of incident heavy charged particlesis0.1 MeV in all cases.

For alphaparticles, closeto material surface, LET
is100 timeslarger than NIEL in SIO,, AIN, and Al,Os,
but only 10 times larger in lexan. This difference be-
comes smaller with depth, and the two modes of energy
loss are comparable near the end of apha particle

tracks, wherenuclear el astic scattering, that givesriseto
atomic displacements, becomes more probable, while
electronic collisiona events subside, since alphas tend
to capture el ectrons, which makestheir effective charge
lower than 2e (wheree= 1.6-10"2° Cistheunit charge).
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Figure4. Plots of vacancy concentrationsand massenergy losses (LET and NIEL divided by material density) along the
depth of alexan (polycar bonate) insulating film. Ther esultswer eobtained from simulationsof 10* proton histories(a) and
(b), 10* alpha particlehistories(c) and (d), and 10%iron ion histories(e) and (f), which included subcascades of recoiling
silicon and oxygen atoms. The energy of incident heavy charged particlesis0.1 MeV in all cases.

Asopposed to protonsand a phas, in case of iron
ions, in all materials but lexan NIEL is greater than
LET at al depths figs. 1(f), 2(f), and 3(f), while in
lexan the two ways of energy loss are present in ap-
proximately equal measures, fig. 4(f).

Theironionsrequire the thinnest layers of insu-
lators to be completely stopped within the material.

Thisis most notable in aumina, where the 0.1 MeV
iron ion beam and all recoiling atoms are fully con-
tained within alayer asthin as 100 nm fig. 3(e).

The energy loss vs. depth plot beginsto take the
classic shape of aBragg curve only at the higher inci-
dent particle energies (approximately >0.5 MeV for
protons, >0.8 MeV for alphas, and >1-2 MeV for
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Figureb. Plot of themassLET for 1 MeV protonsalong
thedepth of a 15um thick silicon dioxidefilm. The scale
of the energy loss axis is linear, in contrast to figs. 1-4
whereit'slogarithmic

ions). For example, asproton energy isincreased from
0.1 MeV, it isfirst the NIEL curvethat starts exhibit-
ing a peak near the maximum penetration depth.
Around 1 MeV incident energy, both LET and NIEL
curves peak toward the end of the penetration depth,
giving shape to the Bragg peak, observed much more
clearly when the scale of the mass energy loss axisis
linear, asin fig. 5 plotted for 1 MeV protonsin SiO,.
However, as the figure illustrates, the Bragg peak
shows only in much thicker layers of insulating mate-
rials than the ones used for figures 1-4.

If one cascade creates more than 8000 recoil at-
oms, SRIM discards the atoms beyond 8000, which
causes certain inaccuracy in vacancy calculations.
During our simulations, this happened for protons
with energies higher than ~1 MeV inlexanfilms. Ina
hydrogen-rich medium such as lexan, high energy in-
cident protons giveriseto alarge number of energetic
hydrogen knock-ons, which results in a multitude of
highly branched cascades.

The chemical structure unit of polycarbonate
contains 14 atoms of hydrogen, 16 of carbon, and 3 of
oxygen. Thestoichiometricratio of thethreeelements,
along with their threshold displacement energies
(Egq =108V, Ey- = Eyo = 28 €V), accountsfor the ob-
served ratios of vacancy concentration curves seenin
figs. 4(a, c, and e).

The polymers, such aslexan, exhibit certain spe-
cific changeswhen exposed to aradiation that set them
apart from the other three investigated insulators. The
secondary el ectrons, produced by theionization energy
losses, interact further with polymer macromolecules,
causing their ionization and excitation. The relaxation
of excited molecules and locally formed ionization
clusters results in aformation of large amounts of free
radicals. Highly reactive freeradical s cause destruction
of polymer chains, by either chain scission (random
rupturing of bonds) or cross-linking (formation of large

3-D molecular networks). Asaresult of chain scission,
low-molecular-weight fragments, gas evolution, and
unsaturated bonds may appear [14]. Many important
physical and chemical properties of polymers can be
modified by irradiation. Among these are molecular
weights, chain length, entanglement, polydispersity,
branching, and chain termination. These structura
changes also affect the electrical insulating properties
of polycarbonate films[15].

CONCLUSIONS

The Monte Carlo simulations of heavy charged
particle transport through thin films of SiO,, AIN,
Al,O3, and polycarbonate have shown that theinvesti-
gated insulating films are immune to the passage of
particles with energies higher than ~1 MeV. The
non-ionizing energy lossof thesehigh energy particles
is low, and they traverse the films without much
atomic displacement. In the lower part of the investi-
gated energy range (from 100 keV to 1 MeV), how-
ever, the substantial ionization losses and NIEL areto
be expected. Theionization and displacement damage
produced by protons, alpha particles, and heavy ions
could influence the properties of these insulators and
compromisetheir reliability within the complex struc-
tures and devices. The point defects, some of which
arecharge-carrier donors, ariseinirradiated insulators
as a result of atomic displacements. Highly reactive
freeradicals, that can appear inirradiated lexan, cause
chain scission and/or cross-linking, which then affects
the insulating properties of polycarbonate films.
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Jbyonnko b. TUMOTUJEBUH, Munom Jb. BYJUCHR, Kosnska . CTAHKOBUHR

CUMYIIALIMJA E®EKATA 3PAYEBA Y YITPA TAHKUM
N30JATOPCKUM CIOJEBUMA

EdekTn u3narama yaTpa TaHKUX CliojeBa m3oyiaTopa (KOju ce yoOWdajeHO KOpHCTe Y
MHTETPUCAHNM KOJIFMa) CHOIIOBAMa NPOTOHA, anda YecTHNa M TeIIKUX joHa aHAJIM3WpaHu cy momohy
Moute Kapno cumynanuja TpaHCIIOpTa HaeJIEKTPHUCAHUX YECTHIA. Pa3MOTpeHM MaTepHjalu yKIbydyjy
CHJIMLIUjYM JUOKCHJ, AIyMUHUjYM HUTPUJ, aJlyMUHY U IONIMKapOoHaT-liekcaH. [lapaMeTpu Koju cy MElaHu
TOKOM CHMyJlalldja Cy €HEpruja YMaJHUX HAEJEKTPUCAHUX 4YECTUIIAa M JeOJbMHA Clloja M30JaTOopa.
Marepujanu cy ynopebeHu ca craHoBHILITA joHM3Yjyhux epekaTa KOju HACTajy IPOIACKOM 3payueha.

Kwyune peuu: uzoaaitiop, ipoition, asgha vecitiuua, joHcku cHoll, egpexaitl 3payerba, Monitie Kap.ao

cumyaavuja



