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This pa per in ves ti gates pos si ble ef fects of al pha par ti cle and ion beam ir ra di a tion on the prop -
er ties of the superinsulating phase, re cently ob served in ti ta nium nitride films, by us ing nu -
mer i cal sim u la tion of par ti cle trans port. Unique phys i cal prop er ties of the superinsulating
state are con sid ered by re ly ing on a two-di men sional Josephson junc tion ar ray as a model of
ma te rial struc ture. It is sug gested that ra di a tion-in duced change of the Josephson junc tion
charg ing en ergy would not af fect the cur rent-volt age char ac ter is tics of the superinsulating
film sig nif i cantly. How ever, it is the o rized that a re lapse to an in su lat ing state with ther mally
ac ti vated re sis tance is pos si ble, due to ra di a tion-in duced dis rup tion of the fine-tuned gran u -
lar struc ture. The break ing of Coo per pairs caused by in ci dent and dis placed ions may also de -
stroy the con di tions for a superinsulating phase to ex ist. Fi nally, even the en ergy loss to
phonons can in flu ence the superinsulating state, by in creas ing the ef fec tive tem per a ture of the 
phonon ther mo stat, thereby re es tab lish ing means for an en ergy ex change that can sup port
Coo per pair tun nel ing.
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IN TRO DUC TION

Ti ta nium nitride has long been known to
superconduct be low 5.6 K. It is only re cently, how -
ever, that an in fi nite-re sis tance phase of TiN films, ap -
pear ing at ex tremely low-tem per a tures, has been ob -
served and stud ied [1-3]. This newly ob served state,
re ferred to as superinsulating, is thought to be dual to
that of a su per con duc tor, van ish ing when the mag netic 
field, tem per a ture or volt age ex ceed cer tain crit i cal
val ues. TiN achieves the superinsulating state through
an other dis tinct in su lat ing phase, that of a Coo per-pair
in su la tor, in close re la tion to the super con duct ing
state.

Coo per-pair in su la tors are ma te ri als that ex hibit
super con duct ing be hav ior, but un der spe cific con di -
tions (re gard ing film thick ness, bias volt age, ap plied
mag netic field, and pres ence of mag netic im pu ri ties)
act as in su la tors with ther mally ac ti vated Coo per pairs
as charge car ri ers [4-8]. Be side TiN, such be hav ior has 
been found in InOx and Be films [7, 9]. It has been pro -
posed, and even tu ally ver i fied through sim u la tion and
ex per i ment, that this in su lat ing phase is char ac ter ized

by a gran u lar like struc ture, con sist ing of super con -
duct ing drop lets dis trib uted through out a ma trix of
nor mal ma te rial [10-13]. It ap pears spon ta ne ously in
the ma te rial as a con se quence of in creased dis or der.
The phe nom e non of super con duct ing ma te ri als turn -
ing into in su la tors is there fore of ten re garded as a dis -
or der-driven su per con duc tor-in su la tor tran si tion.

The gran u lar super con duct ing struc ture can be
mod eled by 2-D Josephson junc tion ar ray (2D JJA)
[1,4,14]. It is a sys tem con sist ing of small super con -
duct ing is lands, each cou pled to its near est neigh bors
by Josephson weak links. Each junc tion is char ac ter -
ized by the Josephson cou pling en ergy,
E I eJ c= h / ,2 where Ic is the Josephson crit i cal cur rent,
as well as by charg ing en er gies Ec and Ec0, re lated to
inter-is land ca pac i tance and ca pac i tance to ground, re -
spec tively. The charg ing en ergy Ec is the en ergy
needed for a Coo per pair to be trans ferred be tween
neigh bor ing is lands.

Ex ten sive stud ies of the con di tions un der which
the stated ma te ri als act as ei ther su per con duc tors or in -
su la tors at tem per a tures be low 1 K have shown that, in
terms of the JJA model, the in su lat ing phase emerges
only when the con di tions de ter min ing the de gree of
dis or der make the charg ing en er gies larger than the
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cou pling en ergy (Ec, Ec0 > EJ), with the super con duct -
ing gap still ex ceed ing the inter-is land charg ing en -
ergy (D > Ec) [6, 7]. At the ap pli ca tion of an ex ter nal
volt age, in ad di tion to lo cal phase co her ence and spa -
tial con fine ment of Coo per pairs, wave func tion phase
syn chro ni za tion of all Coo per pairs in the JJA oc curs,
giv ing rise to a col lec tive cur rent state. Josephson cur -
rent cou ples the phases of ad ja cent junc tions, so as to
pro vide min i mal power dis si pa tion in the ar ray. This
es tab lishes a global phase-syn chro nized state, and
trans port oc curs as a si mul ta neous ther mal ac ti va tion
of Coo per pairs through the whole ar ray [4, 8]. Re sis -
tance fol lows an Arrhenius-like tem per a ture de pend -
ence
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where Dc is the col lec tive Cou lomb bar rier of the ar ray, 
kB – the Boltzman con stant, and T –  the ab so lute tem -
per a ture. For the 2-D JJA this bar rier is

Dc c= E
L

d
ln (2)

where L be ing the char ac ter is tic lin ear size of the sys -
tem, and d – the size of an el e men tal cell in the ar ray
[4].

When a film made of TiN that be haves as a Coo -
per-pair in su la tor is cooled be low ap prox i mately 0.1 K 
it un der goes a tran si tion into the zero-con duc tiv ity
superinsulating state. Tran si tion from ther mally ac ti -
vated in su la tor to superinsulator oc curs at the tem per -
a ture TSI ~ Ec/kB [1, 2]. A the o ret i cal ex pla na tion for
this tran si tion has re cently been pro duced [3]. Tun nel -
ing through mesoscopic junc tions, such as those be -
tween super con duct ing is lands in a TiN film, re quires
an ex change of en ergy be tween the tun nel ing charge
car ri ers and some kind of ex ci ta tion modes, to com -
pen sate for the dif fer ence in en ergy lev els at junc tion
banks. At low tem per a tures char ac ter is tic of the Coo -
per-pair in su la tor phase, charge trans fer is ac com pa -
nied by a two-stage en ergy ex change. The tun nel ing
Coo per pairs gen er ate elec tron-hole pairs that serve as
an en vi ron ment ex chang ing en ergy with the tun nel ing
cur rent and then slowly los ing it to phon ons. At the
nano-scale typ i cal of the gran u lar struc ture in TiN
films, the Cou lomb in ter ac tion ac quires a log a rith mic
de pend ence on the dis tance be tween charges. At ex -
tremely low tem per a tures, be low TSI, this Cou lomb in -
ter ac tion drives the en vi ron ment of un bound elec trons
and holes through a Berezinskii-Kosterlitz-Thouless
(BKT) tran si tion. This opens an en ergy gap in the elec -
tron-hole spec trum that pre vents en ergy trans fer from
Coo per pairs to the elec tron-hole en vi ron ment, and
thus sup presses the Coo per-pair tun nel ing cur rent.

In the superinsulating phase, tem per a ture de -
pend ence of the re sis tance be comes dou ble-ex po nen -
tial [2]
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where Dc is the col lec tive Cou lomb bar rier of eq. (2).
The low-bias cur rent-volt age char ac ter is tic in the
superinsulating state also has a dou ble-ex po nen tial
form

I I
eV

E

E

k T
= -

- æ

è
ç
ç

ö

ø
÷
÷

é

ë
ê
ê

ù

û
ú
ú

c
c

c c

c

B

exp
( )

exp
D

D

2

2
(4)

where Ic is the Josephson crit i cal cur rent, and
e = 1.6  ·10–19 C is the el e men tary charge [1].

This pa per in ves ti gates the ef fects of al pha par ti -
cle and ion beam ir ra di a tion on the prop er ties of the
TiN superinsulating phase. Ra di a tion ef fects are an a -
lyzed by com bin ing re sults ob tained from Monte
Carlo sim u la tions of par ti cle trans port with the the o -
ret i cal model de scrib ing the superinsulating state.
Sim u la tions were per formed in the TRIM (trans port of 
ions in mat ter) part of the SRIM soft ware pack age
[15], which has been proved to pro vide re sults in sig -
nif i cant agree ment with ex per i ments. Its con tin u ous
up grades dur ing the past de cade have made it into a
fore most tool for nu mer i cal anal y sis of in ter ac tion of
ions with mat ter and val i da tion of the o ret i cal pre dic -
tions [16-18]. TRIM cal cu lates the range of ions in
mat ter, but also de tails many other as pects of the dam -
age done to the tar get dur ing the ion beam slow -
ing-down pro cess, such as cas cades of dis placed tar get 
at oms. It makes cal cu la tions for one ion at a time, in or -
der to make pre cise eval u a tions of the phys ics of each
en coun ter be tween the ion and a tar get atom. The ac cu -
racy of a sim u la tion run is de ter mined by the num ber
of ions, i. e., his to ries fol lowed. A cal cu la tion for 1000
in ci dent ions will give better than 10% ac cu racy [15].

SIM U LA TION OF HEAVY
ION TRANS PORT

Monte Carlo sim u la tions of ion beams tra vers -
ing 5 nm thick plane-par al lel TiN films were con -
ducted with ions cho sen to rep re sent cer tain well
known ra di a tion fields, such as those en coun tered in
the space en vi ron ment [19, 20], or beams com monly
used in ion im plan ta tion pro cesses. Sim u la tions were
re stricted to monoenergetic uni di rec tional beams, in -
ci dent per pen dic u larly on thin film sur face. Beam en -
ergy was var ied across typ i cal en ergy spec tra of dif fer -
ent ion spe cies. Each sim u la tion run fol lowed 10000
ion his to ries and took be tween 10 and 15 min utes to
com plete. Re sults in this pa per are pre sented se lec -
tively for en er gies and types of beams that re sulted in
sub stan tial dam age within TiN films. That were the re -
sults such as these that al lowed a mean ing ful dis cus -
sion of the pos si ble ra di a tion ef fects, based on the the -
o ret i cal model for the superinsulating phase.

Dis tri bu tions of dis placed ti ta nium and ni tro gen
at oms in a 5 nm thick TiN film, for four ion beam types
with dif fer ent energies, are shown in fig. 1. Vol ume
con cen tra tion of dis placed Ti or N at oms at a spe cific
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depth within the tar get film is ob tained in units of at -
oms/cm3 by mul ti ply ing the cor re spond ing value from 
the plot by the ion beam fluence ex pressed in units of
ions/cm2. Out of the four ion spe cies, ar senic causes
most atomic dis place ments per unit fluence of the in ci -
dent beam. In all four cases, dis place ment dam age
peaks be tween 3 nm and 4 nm in the film.

Ion iza tion en ergy losses per unit depth by ions
and re coils (dis placed Ti and N ions) are shown in fig.
2, for the same four beams as in fig. 1. It is no tice able
that ion iza tion losses are mostly due to the in ci dent
ions. In case of heavy ion beams, such as those of ar -
senic or iron, dis place ment col li sions oc cur with a
larger rel a tive en ergy trans fer to re coil ing at oms of Ti
and N. The dis placed at oms then cause more ion iza -
tion, and pos si bly cas cad ing atom dis place ments, re -
sult ing in the rise of over all ion iza tion dam age to ward

the back side of the ir ra di ated film, ob served in fig.
2(d).

Graphs in fig. 3 pres ent en ergy losses per unit
depth by ions and re coils to phon ons. As op posed to
ion iza tion losses, which are mostly due to the in ci dent
ions, phononic en ergy losses are al most com pletely
due to the dis placed ti ta nium and ni tro gen ions.

DIS CUS SION OF THE
POS SI BLE RA DI A TION EF FECTS

Ow ing to their small thick ness (~10 nm), ti ta -
nium nitride films are im mune to ions with en er gies
above 1 MeV. Non-ion iz ing en ergy loss of high en ergy 
ions is very low, and they tra verse the films with out de -
flec tion, caus ing only slight dam age [21-23]. Sim u la -
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Fig ure 1. Dis tri bu tion of dis placed Ti and N at oms in a 50 nm thick TiN film ir ra di ated by a beam of ten thou sand
(a) 10 keV al pha par ti cles, (b) 15 keV bo ron ions, (c) 30 keV ox y gen ions, and (d) 0.1 MeV ar senic ions



tions of ion trans port sug gest, how ever, that for cer tain 
ion spe cies there are en ergy ranges in which a great
num ber of atom dis place ments would oc cur in ir ra di -
ated TiN films. The num ber of atomic dis place ments is 
in di rect pro por tion to the fluence of in ci dent ra di a -
tion, i. e., the num ber of par ti cle his to ries fol lowed in
the Monte Carlo sim u la tion. Ion iza tion en ergy losses
by both the in ci dent ions and the re coil ions of ti ta nium 
and ni tro gen can cause the break ing of Coo per pairs in
super con duct ing is lands. Cer tain amount of ion en -
ergy is also lost to phononic ex ci ta tions of the lat tice,
as ev i denced by sim u la tion re sults.

There are sev eral pos si ble ways in which ra di a -
tion ef fects pro duced by ions could af fect the
superinsulating TiN films [24-26].

Space charge cre ated by the dis placed ions that fi -
nally take in ter sti tial po si tions could af fect the size of
the Josephson junc tion charg ing en ergy Ec, which then

changes the col lec tive Cou lomb bar rier Dc ac cord ing to
eq. (1). Sim u la tion re sults show that Ti ions would suf -
fer much more dis place ments than N at oms for all used
ion beams. This would make the space charge pos i tive,
caus ing a de crease of the charg ing en ergy. Nev er the -
less, the dou ble-ex po nen tial dependences of eqs. (3)
and (4) are in sen si tive to any changes in the charg ing
en ergy that could pos si bly be caused by the tra vers ing
ions and sec ond ary par ti cles they dis lodge. The cur rent
re mains nearly zero for all changes of Ec that could be
ex pected to arise from ra di a tion ef fects, while the rel a -
tive change of film re sis tance is neg li gi ble.

The sta bil ity of the superinsulating state is, how -
ever, crit i cally de pend ent on the value of Ec, and only
ex ists when Ec > kBT. If the ra di a tion dam age pro duced 
by the ion beams is large enough to dis rupt this con di -
tion, the thin film may re vert to ther mally ac ti vated be -
hav ior and the plain ex po nen tial i-v de pend ence.
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Fig ure 2. Ion iza tion en ergy loss by ions and re coils (dis placed Ti and N ions) in a 50 nm thick TiN film for an in ci dent beam
of ten thou sand (a) 10 keV al pha par ti cles, (b) 15 keV bo ron ions, (c) 30 keV oxygen ions, and (d) 0.1 MeV ar senic ions



Ion iza tion cal cu lated from the sim u la tions re fers 
to the gen er a tion of elec tron-hole pairs in the nor mal
phase, but points to the pos si bil ity of sub stan tial Coo -
per pair dis so ci a tion in the supeinsulating state. Ion -
iza tion losses of both the in ci dent and the dis placed
ions could cause enough Coo per pairs to break, that
the ba sic con di tion for superinsulating be hav ior, that
of global phase co her ence of these pairs across the
whole sam ple, would van ish. Ra di a tion in duced dis so -
ci a tion of Coo per pairs has al ready been linked to the
re duc tion of the crit i cal tem per a ture in super con duct -
ing ma te ri als [27].

En ergy losses to phon ons in crease the ef fec tive
tem per a ture of the phonon ther mo stat. Phononic ex ci -
ta tions that are nor mally sup pressed at low tem per a -
tures are thereby re es tab lished. En ergy ex change pro -
cesses that ac com pany Coo per pair tun nel ing can then

be me di ated by these phononic ex ci ta tions, and the
tun nel ing cur rent can re ap pear.

CON CLU SION

Al though TiN films are im mune to the pas sage
of high en ergy ions, sim u la tions of ion trans port re veal 
that sig nif i cant ion iza tion, phononic ex ci ta tion, and
pro duc tion of dis placed at oms can be ex pected for
some en er gies, fluencies, and types of ions en coun -
tered in cos mic rays and used for im plan ta tion pro -
cesses. Dis place ment dam age, af fect ing pri mar ily the
value of inter-is land charg ing en ergy in the 2-D
Josephson junc tion ar ray that rep re sents the ma te rial
in the superinsulating phase, has lit tle in flu ence on ei -
ther the cur rent-volt age char ac ter is tics or the re sis -
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Fig ure 3. En ergy loss to phon ons by ions and re coils (dis placed Ti and N ions) in a 50 nm thick TiN film for an in ci dent beam
of ten thou sand (a) 10 keV al pha par ti cles, (b) 15 keV bo ron ions, (c) 30 keV ox y gen ions, and (d) 0.1 MeV ar senic ions



tance, due to their dou ble-ex po nen tial dependences on 
this en ergy. The con di tions for the superinsulating
state to sub sist may, how ever, be dis rupted by ir ra di a -
tion, through the de crease of the charg ing en ergy, the
break ing of Coo per pairs, or the reemergence of
phononic ex ci ta tion modes.
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SIMULACIJA  DEJSTVA  ZRA^EWA  NA  SUPERIZOLATORSKU
FAZU  FILMOVA  TITANIJUM  NITRIDA

U radu se, primenom numeri~ke simulacije transporta ~estica, razmatra dejstvo koje
ozra~ivawe alfa ~esticama i jonskim snopovima mo`e da ima na karakteristike superizolatorske
faze, nedavno uo~ene u filmovima titanijum nitrida. Jedinstvene fizi~ke osobine
superizolatorskog stawa obuhva}ene su oslawawem na model dvodimenzionalnog niza Xozefsonovih 
spojeva za opis strukture materijala. Pokazuje se da promene energije naelektrisavawa
Xozefsonovog spoja izazvane zra~ewem ne bi zna~ajno uticale na strujno-naponsku karakteristiku
superizolatorskog filma. S druge strane, teorijska razmatrawa ukazuju da naru{avawem precizne
granularne strukture usled dejstva zra~ewa mo`e da do|e do povratka u izolatorsko stawe sa
termi~ki aktiviranom otporno{}u. Raskidawe Kuperovih parova dejstvom upadnih i izme{tenih
jona tako|e mo`e da uni{ti uslove postojawa superizolatorske faze. Kona~no, ~ak i fononski
mehanizam gubitka energije mo`e da uti~e na superizolatorsko stawe, pove}awem efektivne tem -
per a ture fononskog okru`ewa, ~ime se ponovo uspostavqaju uslovi za razmenu energije koja
omogu}ava tunelovawe Kuperovih parova.
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