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This paper investigates possible effects of alpha particle and ion beam irradiation on the prop-
erties of the superinsulating phase, recently observed in titanium nitride films, by using nu-
merical simulation of particle transport. Unique physical properties of the superinsulating
state are considered by relying on a two-dimensional Josephson junction array as a model of
material structure. It is suggested that radiation-induced change of the Josephson junction
charging energy would not affect the current-voltage characteristics of the superinsulating
film significantly. However, it is theorized that a relapse to an insulating state with thermally
activated resistance is possible, due to radiation-induced disruption of the fine-tuned granu-
lar structure. The breaking of Cooper pairs caused by incident and displaced ions may also de-
stroy the conditions for a superinsulating phase to exist. Finally, even the energy loss to
phonons can influence the superinsulating state, by increasing the effective temperature of the
phonon thermostat, thereby reestablishing means for an energy exchange that can support

Cooper pair tunneling.
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INTRODUCTION

Titanium nitride has long been known to
superconduct below 5.6 K. It is only recently, how-
ever, that an infinite-resistance phase of TiN films, ap-
pearing at extremely low-temperatures, has been ob-
served and studied [1-3]. This newly observed state,
referred to as superinsulating, is thought to be dual to
that of a superconductor, vanishing when the magnetic
field, temperature or voltage exceed certain critical
values. TiN achieves the superinsulating state through
another distinct insulating phase, that of a Cooper-pair
insulator, in close relation to the superconducting
state.

Cooper-pair insulators are materials that exhibit
superconducting behavior, but under specific condi-
tions (regarding film thickness, bias voltage, applied
magnetic field, and presence of magnetic impurities)
act as insulators with thermally activated Cooper pairs
as charge carriers [4-8]. Beside TiN, such behavior has
been found in InO, and Be films [7, 9]. It has been pro-
posed, and eventually verified through simulation and
experiment, that this insulating phase is characterized
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by a granular like structure, consisting of supercon-
ducting droplets distributed throughout a matrix of
normal material [10-13]. It appears spontaneously in
the material as a consequence of increased disorder.
The phenomenon of superconducting materials turn-
ing into insulators is therefore often regarded as a dis-
order-driven superconductor-insulator transition.

The granular superconducting structure can be
modeled by 2-D Josephson junction array (2D JJA)
[1,4,14]. It is a system consisting of small supercon-
ducting islands, each coupled to its nearest neighbors
by Josephson weak links. Each junction is character-
ized by the Josephson coupling energy,
E; =hl /2e, where I is the Josephson critical current,
as well as by charging energies £, and E,, related to
inter-island capacitance and capacitance to ground, re-
spectively. The charging energy E_ is the energy
needed for a Cooper pair to be transferred between
neighboring islands.

Extensive studies of the conditions under which
the stated materials act as either superconductors or in-
sulators at temperatures below 1 K have shown that, in
terms of the JJA model, the insulating phase emerges
only when the conditions determining the degree of
disorder make the charging energies larger than the
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coupling energy (£, £, > E;), with the superconduct-
ing gap still exceeding the inter-island charging en-
ergy (A > E,) [6, 7]. At the application of an external
voltage, in addition to local phase coherence and spa-
tial confinement of Cooper pairs, wave function phase
synchronization of all Cooper pairs in the JJA occurs,
giving rise to a collective current state. Josephson cur-
rent couples the phases of adjacent junctions, so as to
provide minimal power dissipation in the array. This
establishes a global phase-synchronized state, and
transport occurs as a simultaneous thermal activation
of Cooper pairs through the whole array [4, 8]. Resis-
tance follows an Arrhenius-like temperature depend-

ence !
R «cex ¢ 1
P(k T] (1)

B

where A is the collective Coulomb barrier of the array,
kg — the Boltzman constant, and 7— the absolute tem-
perature. For the 2-D JJA this barrier is

L
A =FE_In— 2
C C d ( )

where L being the characteristic linear size of the sys-
tem, and d — the size of an elemental cell in the array
[4].

When a film made of TiN that behaves as a Coo-
per-pair insulator is cooled below approximately 0.1 K
it undergoes a transition into the zero-conductivity
superinsulating state. Transition from thermally acti-
vated insulator to superinsulator occurs at the temper-
ature Tg; ~ E Jkg [1, 2]. A theoretical explanation for
this transition has recently been produced [3]. Tunnel-
ing through mesoscopic junctions, such as those be-
tween superconducting islands in a TiN film, requires
an exchange of energy between the tunneling charge
carriers and some kind of excitation modes, to com-
pensate for the difference in energy levels at junction
banks. At low temperatures characteristic of the Coo-
per-pair insulator phase, charge transfer is accompa-
nied by a two-stage energy exchange. The tunneling
Cooper pairs generate electron-hole pairs that serve as
an environment exchanging energy with the tunneling
current and then slowly losing it to phonons. At the
nano-scale typical of the granular structure in TiN
films, the Coulomb interaction acquires a logarithmic
dependence on the distance between charges. At ex-
tremely low temperatures, below T, this Coulomb in-
teraction drives the environment of unbound electrons
and holes through a Berezinskii-Kosterlitz-Thouless
(BKT) transition. This opens an energy gap in the elec-
tron-hole spectrum that prevents energy transfer from
Cooper pairs to the electron-hole environment, and
thus suppresses the Cooper-pair tunneling current.

In the superinsulating phase, temperature de-
pendence of the resistance becomes double-exponen-

tial [2]
R« exp{gi exp [ ZII;CT ﬂ (3)

where A, is the collective Coulomb barrier of eq. (2).
The low-bias current-voltage characteristic in the
superinsulating state also has a double-exponential

form
2
I=1_exp _4; —eV) exp Ee (4)
EA 2%k T

C

where /. is the Josephson critical current, and
e=1.6-10" C is the elementary charge [1].

This paper investigates the effects of alpha parti-
cle and ion beam irradiation on the properties of the
TiN superinsulating phase. Radiation effects are ana-
lyzed by combining results obtained from Monte
Carlo simulations of particle transport with the theo-
retical model describing the superinsulating state.
Simulations were performed in the TRIM (transport of
ions in matter) part of the SRIM software package
[15], which has been proved to provide results in sig-
nificant agreement with experiments. Its continuous
upgrades during the past decade have made it into a
foremost tool for numerical analysis of interaction of
ions with matter and validation of theoretical predic-
tions [16-18]. TRIM calculates the range of ions in
matter, but also details many other aspects of the dam-
age done to the target during the ion beam slow-
ing-down process, such as cascades of displaced target
atoms. It makes calculations for one ion at a time, in or-
der to make precise evaluations of the physics of each
encounter between the ion and a target atom. The accu-
racy of a simulation run is determined by the number
of ions, i. e., histories followed. A calculation for 1000
incident ions will give better than 10% accuracy [15].

SIMULATION OF HEAVY
ION TRANSPORT

Monte Carlo simulations of ion beams travers-
ing 5 nm thick plane-parallel TiN films were con-
ducted with ions chosen to represent certain well
known radiation fields, such as those encountered in
the space environment [19, 20], or beams commonly
used in ion implantation processes. Simulations were
restricted to monoenergetic unidirectional beams, in-
cident perpendicularly on thin film surface. Beam en-
ergy was varied across typical energy spectra of differ-
ent ion species. Each simulation run followed 10000
ion histories and took between 10 and 15 minutes to
complete. Results in this paper are presented selec-
tively for energies and types of beams that resulted in
substantial damage within TiN films. That were the re-
sults such as these that allowed a meaningful discus-
sion of the possible radiation effects, based on the the-
oretical model for the superinsulating phase.

Distributions of displaced titanium and nitrogen
atoms in a 5 nm thick TiN film, for four ion beam types
with different energies, are shown in fig. 1. Volume
concentration of displaced Ti or N atoms at a specific
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Figure 1. Distribution of displaced Ti and N atoms in a 50 nm thick TiN film irradiated by a beam of ten thousand
(a) 10 keV alpha particles, (b) 15 keV boron ions, (c) 30 keV oxygen ions, and (d) 0.1 MeV arsenic ions

depth within the target film is obtained in units of at-
oms/cm? by multiplying the corresponding value from
the plot by the ion beam fluence expressed in units of
ions/cm?. Out of the four ion species, arsenic causes
most atomic displacements per unit fluence of the inci-
dent beam. In all four cases, displacement damage
peaks between 3 nm and 4 nm in the film.

Ionization energy losses per unit depth by ions
and recoils (displaced Ti and N ions) are shown in fig.
2, for the same four beams as in fig. 1. It is noticeable
that ionization losses are mostly due to the incident
ions. In case of heavy ion beams, such as those of ar-
senic or iron, displacement collisions occur with a
larger relative energy transfer to recoiling atoms of Ti
and N. The displaced atoms then cause more ioniza-
tion, and possibly cascading atom displacements, re-
sulting in the rise of overall ionization damage toward

the back side of the irradiated film, observed in fig.
2(d).

Graphs in fig. 3 present energy losses per unit
depth by ions and recoils to phonons. As opposed to
ionization losses, which are mostly due to the incident
ions, phononic energy losses are almost completely
due to the displaced titanium and nitrogen ions.

DISCUSSION OF THE
POSSIBLE RADIATION EFFECTS

Owing to their small thickness (~10 nm), tita-
nium nitride films are immune to ions with energies
above 1 MeV. Non-ionizing energy loss of high energy
ions is very low, and they traverse the films without de-
flection, causing only slight damage [21-23]. Simula-
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Figure 2. Ionization energy loss by ions and recoils (displaced Ti and N ions) in a 50 nm thick TiN film for an incident beam
of ten thousand (a) 10 keV alpha particles, (b) 15 keV boron ions, (c) 30 keV oxygen ions, and (d) 0.1 MeV arsenic ions

tions of ion transport suggest, however, that for certain
ion species there are energy ranges in which a great
number of atom displacements would occur in irradi-
ated TiN films. The number of atomic displacements is
in direct proportion to the fluence of incident radia-
tion, i. e., the number of particle histories followed in
the Monte Carlo simulation. Ionization energy losses
by both the incident ions and the recoil ions of titanium
and nitrogen can cause the breaking of Cooper pairs in
superconducting islands. Certain amount of ion en-
ergy is also lost to phononic excitations of the lattice,
as evidenced by simulation results.

There are several possible ways in which radia-
tion effects produced by ions could affect the
superinsulating TiN films [24-26].

Space charge created by the displaced ions that fi-
nally take interstitial positions could affect the size of
the Josephson junction charging energy £, which then

changes the collective Coulomb barrier A according to
eq. (1). Simulation results show that Ti ions would suf-
fer much more displacements than N atoms for all used
ion beams. This would make the space charge positive,
causing a decrease of the charging energy. Neverthe-
less, the double-exponential dependences of egs. (3)
and (4) are insensitive to any changes in the charging
energy that could possibly be caused by the traversing
ions and secondary particles they dislodge. The current
remains nearly zero for all changes of £, that could be
expected to arise from radiation effects, while the rela-
tive change of film resistance is negligible.

The stability of the superinsulating state is, how-
ever, critically dependent on the value of £, and only
exists when E_ > kg T. If the radiation damage produced
by the ion beams is large enough to disrupt this condi-
tion, the thin film may revert to thermally activated be-
havior and the plain exponential i-v dependence.
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Figure 3. Energy loss to phonons by ions and recoils (displaced Ti and N ions) in a 50 nm thick TiN film for an incident beam
of ten thousand (a) 10 keV alpha particles, (b) 15 keV boron ions, (¢) 30 keV oxygen ions, and (d) 0.1 MeV arsenic ions

Ionization calculated from the simulations refers
to the generation of electron-hole pairs in the normal
phase, but points to the possibility of substantial Coo-
per pair dissociation in the supeinsulating state. lon-
ization losses of both the incident and the displaced
ions could cause enough Cooper pairs to break, that
the basic condition for superinsulating behavior, that
of global phase coherence of these pairs across the
whole sample, would vanish. Radiation induced disso-
ciation of Cooper pairs has already been linked to the
reduction of the critical temperature in superconduct-
ing materials [27].

Energy losses to phonons increase the effective
temperature of the phonon thermostat. Phononic exci-
tations that are normally suppressed at low tempera-
tures are thereby reestablished. Energy exchange pro-
cesses that accompany Cooper pair tunneling can then

be mediated by these phononic excitations, and the
tunneling current can reappear.

CONCLUSION

Although TiN films are immune to the passage
ofhigh energy ions, simulations of ion transport reveal
that significant ionization, phononic excitation, and
production of displaced atoms can be expected for
some energies, fluencies, and types of ions encoun-
tered in cosmic rays and used for implantation pro-
cesses. Displacement damage, affecting primarily the
value of inter-island charging energy in the 2-D
Josephson junction array that represents the material
in the superinsulating phase, has little influence on ei-
ther the current-voltage characteristics or the resis-



M. Lj. Vujisi¢, et al.: Simulated Radiation Effects in the Superinsulating Phase ...
Nuclear Technology & Radiation Protection: Year 2011, Vol. 26, No. 3, pp. 254-260

259

tance, due to their double-exponential dependences on
this energy. The conditions for the superinsulating
state to subsist may, however, be disrupted by irradia-
tion, through the decrease of the charging energy, the
breaking of Cooper pairs, or the reemergence of
phononic excitation modes.

ACKNOWLEDGMENT

The Ministry of Education and Science of the

Republic of Serbia supported this work under contract
171007.

REFERENCES

(1]

(2]

[10]

[11]

[14]

Vinokur, V. M., et al., Superinsulator and Quantum
Synchronization, Nature, 452 (2008), 7187, pp.
613-615

Baturina, T. L., ez al., Hyperactivated Resistance in TiN
Films on the Insulating Side of the Disorder-Driven Su-
perconductor-Insulator Transition, JETP Letters, 88
(2008), 11, pp. 752-757

Chtchelkatchev, N. M., Vinokur, V. M., Baturina, T. 1.,
Hierarchical Energy Relaxation in Mesoscopic Tun-
nel Junctions: Effect of a Nonequilibrium Environ-
ment on Low-Temperature Transport, Phys. Rev.
Lett., 100 (2009), 24, 247003

Fistul, M. V., Vinokur, V. M., Baturina, T. 1., Collec-
tive Cooper-Pair Transport in the Insulating State of
Josephson Junction Arrays, Phys. Rev. Lett., 100
(2008), 8, 086805

Stewart Jr., M. D, et al., Superconducting Pair Corre-
lations in an Amorphous Insulating Nanohoneycomb
Film, Science, 318 (2007), 5854, pp. 1273-1275
Baturina, T. L., ef al., Localized Superconductivity in
the Quantum-Ceritical Region of the Disorder-Driven
Superconductor-Insulator Transition in TiN Thin
Films, Phys. Rev. Lett., 99 (2007), 25, 257003
Sambandamurthy, G., et al., Superconductivity-Re-
lated Insulating Behavior, Phys. Rev. Lett., 92 (2004),
10, 107005

Sambandamurthy, G., et al., Experimental Evidence
for a Collective Insulating State in Two-Dimensional
Superconductors, Phys. Rev. Lett., 94 (2005), 1,
017003

Bielejec, E., Ruan, J., Wu, W., Hard Correlation Gap
Observed in Quench-Condensed Ultrathin Beryllium,
Phys. Rev. Lett., 87 (2001), 4, 036801

Dubi, Y., Meir, Y., Avishai, Y., Nature of the Super-
Conductor-Insulator Transition in Disordered Super-
Conductors, Nature, 449 (2007), 7164, pp. 876-880
Dubi, Y., Meir, Y., Avishai, Y., Theory of the
Magnetoresistance of Disordered Superconducting
Films, Phys. Rev. B, 73 (2006), 5, 054509
Feigel’man, M. V., et al., Eigenfunction Fractality and
Pseudogap State Near the Superconductor-Insulator
Transition, Phys. Rev. Lett., 98 (2007), 2, 027001
Sacepe, B., et al., Disorder-Induced Inhomogeneities
of the Superconducting State Close to the Supercon-
ductor-Insulator Transition, Phys. Rev. Lett., 101
(2008), 15, 157006

Imry, Y., Strongin, M., Homes, C. C., An
Inhomogeneous Josephson Phase in Thin-Film and
High-Tc Superconductors, Physica C, 468 (2008), 4, pp.
288-293

[15]

[16]

[17]

(22]

(23]

[24]

Ziegler, J. F., Biersack, J. P., Ziegler, M. D., SRIM
(The Stopping and Range of lons in Matter), Avaliable
online: http://www.srim.org

Warner, J. H., et al.,.Displacement Damage Correla-
tion of Proton and Silicon Ion Radiation in GaAs,
IEEE Trans. Nucl. Sci., 52 (2005), 6, pp. 2678-2682
Stevens, A. A. E., et al., Amorphous Silicon Layer
Characteristics During 70-2000 eV Ar+-lon Bom-
bardment of Si(100), Journal of Vacuum Science &
Technology A: Vacuum, Surfaces, and Films, 24,
(2006), 5, p. 1933-1940

Vujisi¢, M., et al., Simulated Effects of Proton and Ion
Beam Irradiation on Titanium Dioxide Memristors,
IEEE Trans. Nucl. Sci., 57 (2010), 4, pp. 1798-1804
Barth, J. L., Dyer, C. S., Stassinopoulos, E. G., Space,
Atmospheric, and Terrestrial Radiation Environments,
IEEE Trans. Nucl. Sci., 50 (2003), 3, pp. 466-482
Xapsos, M. A., et al., Characterizing Solar Proton En-
ergy Spectra for Radiation Effects Applications, /[EEE
Trans. Nucl. Sci., 47 (2000), 6, pp. 2218-2223
Marjanovi¢, N. S., et al., Simulated Exposure of Tita-
nium Dioxide Memristors to lon Beams, Nuclear Tech-
nology & Radiation Protection, 25 (2010), 2, pp.
120-125

Holmes-Siedle, A. G., Adams, L., Handbook of Radia-
tion Effects, 2™ ed., Oxford University Press, USA,
2002

Nikoli¢, D., et al., Unexpected Irreversible Changes of
Photodiode Structure due to Multiple Gamma Irradia-
tion, AMIM, 2 (2010), 1, pp. 45-52

Djeki¢, S., et al., Conditions for the Applicability of the
Geometrical Similarity Law to Impulse Breakdown in
Gases, IEEE Trans. Dielectr: Electr. Insul., 17 (2010), 4,
pp. 1185-1195

Osmokrovi¢, P, Mari¢, R., Stankovi¢, K., Ili¢, D.,
Vujisi¢, M., Validity of the Space-Time Enlargement
Law for Vacuum Breakdown, Vacuum, 85 (2010), pp.
221-230

Stankovi¢, K., et al., Time Enlargement Law for Gas
Pulse Breakdown, Plasma Sources Sci. Technol., 18
(2009), 2, 025028

Jackson, E. M., et al., Radiation-Induced 7, Reduction
and Pair Breaking in High-7, Superconductors, Phys.
Rev. Lett., 74 (1995), 15, pp. 3033-3036

Received on June 6, 2011
Accepted on July 7, 2011



M. L. Vujisié, et al.: Simulated Radiation Effects in the Superinsulating Phase ...
260 Nuclear Technology & Radiation Protection: Year 2011, Vol. 26, No. 3, pp. 254-260

Munowt Jb. BYJUCUR, dyman C. MATUJAMIEBUh, Enqun 'h. JOJIUWHhAHUH,
Ipeapar B. OCMOKPOBHW'h

CUMYJTAIIMJA JEJCTBA 3PAYEIbA HA CYIEPU30JATOPCKY
DOA3ZY OPNIMOBA TUTAHNIJYM HUTPUIOA

Y paay ce, IpUMEHOM HyMEpHYKE CHMYyJalyje TPaHCHopTa YecTula, pa3MaTpa JiejcTBO Koje
o3paunBame ajia yectulama u JOHCKMM CHOIIOBUMAa MOXKE fla UMa Ha KapaKTEePUCTUKE Cylepu30IaTOpCKe
aze, HegaBHO youeHe Yy (PUIMOBMMA TUTAHUjyM HUTpHUAA. JeAMHCTBEHe (pU3MUKE OCOOUHE
CyIIepHU30JIaTOPCKOT cTamba 00yxBaheHe cy ocnamameM Ha MOJIes ABOUMEH3UOHATHOT Hi3a Llo3edconoBux
criojeBa 3a ONHUC CTPYKType Martepujana. [lokasdyje ce fa IMpoMeHe €eHepruje HaeJieKTpucaBamba
Llo3edconoBor cnoja n3a3BaHe 3padyetheM He Ou 3Ha4ajHO yTULAJIe Ha CTPYJHO-HAIIOHCKY KapaKTEPUCTUKY
cynepusonatopckor gpunma. C apyre crpane, Teopujcka pa3MaTpama yKasyjy ia HapyllaBamkeM Npelu3He
rpaHyJapHe CTPYKTYpe yClefl fiejcTBa 3paueka MOXKe Aa fobe Ao MOBpaTKa y M30JaTOPCKO CTame ca
TEpMUYKU aKTUBUPAHOM oTnopHouthy. Packugame KynepoBux naposa aejcTBOM yHaJHUX U U3MEIITEHUX
joHa Takobe MoXe [la YHUILITH YCIOBE IIOCTOjama cynepusosnaTopcke dase. Konauno, yak u poHOHCKI
MeXaHM3aM ry0uTKa eHepruje Moxe jla yTuye Ha Cylepu30IaTOpCKO CTame, noBehameM e(peKTUBHE TEM-
neparype (hOHOHCKOT OKpYXKEHa, UYNME Ce NOHOBO YCIOCTaB/bajy YCJIOBU 3a pa3MEHy eHepruje Koja
omoryhasa TyHesnoBame Kyneposux naposa.

Kmwyune peuu: cyiiepuzonaitiop, egpexitiu 3paviersa, wiuitianujym Huitipuo, Mownitie Kapao cumyaavuja




