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This paper investigates possible radiation effects in the Cooper-pair insulator state of indium
oxide films. Radiation effects are predicted on the basis of Monte Carlo simulations. Results
of a combined theoretical and numerical analysis suggest that radiation-induced changes in
the investigated films could significantly affect their current-voltage characteristics, and that
a transition to a metallic state is possible, due to radiation-induced disruption of the
fine-tuned granular structure. Dissociation of Cooper pairs, caused by both the incident radi-
ation and the ions displaced within InO, films, can also destroy the conditions for this specific

insulating state to subsist.
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INTRODUCTION

Cooper-pair insulators (CPI) are materials that
exhibit superconducting behavior, but under specific
conditions (regarding film thickness, bias voltage, ap-
plied magnetic field, and presence of magnetic impuri-
ties) act as insulators with thermally activated Cooper
pairs as charge carriers [1-3]. Such behavior has been
observed in thin films of indium oxide [4-7]. This in-
sulating phase is characterised by a granularlike struc-
ture, consisting of superconducting droplets (i. e. is-
lands of localized Cooper pairs) distributed
throughout a matrix of normal material [8-11]. Under
suitable conditions, the islanding of Cooper pairs ap-
pears spontaneously in the material as a consequence
of increased disorder. The phenomenon of supercon-
ducting materials turning into insulators is therefore
often regarded as a disorder-driven superconduc-
tor-insulator transition [10-13].

The granular structure of a CPI can be modeled by
a two-dimensional Josephson junction array (2D JJA)
[1, 14].Itis a system consisting of small superconducting
islands, each coupled to its nearest neighbours by
Josephson weak links. Each junction is characterized by
the Josephson coupling energy, E; = 7l /(2e), where I,
being the Josephson critical current and e the elementary
charge, as well as by charging energies £, and £, related
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to inter-island capacitance and capacitance to ground
(substrate), respectively. The charging energy E. is the
energy needed for a Cooper pair to be transferred be-
tween neighbouring 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 dis-
order make the charging energies larger than the cou-
pling energy (E,, E., > Ej), with the superconducting
gap still exceeding the inter-island charging energy (4 >
>E ) [5, 6]. At the application of an external voltage, in
addition to local phase coherence and spatial confine-
ment of Cooper pairs, wave function phase synchroni-
zation of all Cooper pairs in the JJA occurs, giving rise
to a collective current state. Dc Josephson current cou-
ples 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 [1, 2]. Resistance follows an
Arrhenius-like temperature dependence.

The uncertainty principle applied to a Josephson
junction gives ApAn > 1, where ¢ is the phase differ-
ence across the junction, and » is the number of Coo-
per pairs transferred through the junction.

Detailed physical explanation for the insula-
tor-superinsulator transition is based upon energy re-
laxation from the tunneling Cooper pairs not only to
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the phonons, but also to intermediate bosonic modes
(electromagnetic or electron-hole excitations) [15].
Tunneling through mesoscopic junctions, such as
those between superconducting islands in a 2D JJA,
requires an exchange of energy between the tunneling
charge carriers and some kind of excitation modes, to
compensate for the difference in energy levels at junc-
tion banks. At low temperatures characteristic of the
CPI phase, charge transfer is accompanied by a
two-stage energy exchange. The tunneling Cooper
pairs generate electron-hole pairs that serve as an envi-
ronment exchanging energy with the tunneling current
and then slowly losing it to phonons. At the nano-scale
typical of the granular structure in InO films, the Cou-
lomb interaction acquires a logarithmic dependence
on the distance between charges.

This paper investigates the effects of ionizing ra-
diation on the properties of the Cooper-pair insulator
state of indium oxide films, by using numerical simu-
lation of particle transport.

SIMULATION OF RADIATION TRANSPORT

Monte Carlo simulations of ion beams traversing
InO films of different thickness (10 nm to 20 nm) were
performed in the TRIM part of the SRIM software
package [16]. The fact that TRIM calculations assume
target temperature to be absolute zero makes it an ap-
propriate tool for modeling radiation effects in the Coo-
per pair insulating state, which exists only at very low
temperatures anyway, so that thermal diffusion and an-
nealing of displaced atoms in the film can be neglected.
Another approximation inherent in TRIM is that there is
no build-up of radiation damage in the target, i. e. for
each new incident ion the film is assumed to contain no
damage produced by previous ions. Any assessment of
the degree of radiation damage in the film is therefore
an underestimation of the damage that a real ion beam
would have caused. Since we were primarily interested
in ion beam effects in superconducting islands within
the granular structure of CPI, we used TRIM’s calcula-
tion of ionization losses to estimate the scope of Cooper
pair breaking in these islands, by substituting atom ion-
ization energies with depairing energies in each of the
investigated materials.

Simulations were conducted with ions chosen to
represent certain well known radiation fields, such as
those encountered in the space environment (hydro-
gen, helium, lead) [17, 18], or beams commonly used
in ion implantation processes (phosphorus, boron, ar-
senic). Simulations were restricted to monoenergetic
unidirectional beams, incident perpendicularly on the
film surface. Beam energy was varied across typical
energy spectra of different ion species.

Example plots obtained from the simulations are
shown in figs. 1 and 2. Distributions of displaced in-
dium and oxygen atoms in a 20 nm thick InO film irra-

diated by a beam of five hundred 10 keV boron ions
are shown in fig. 1. Results in fig. 2 present ionization
energy losses per unit depth by ions and recoils (dis-
placed In and O ions) in a 20 nm thick InO film irradi-
ated by a beam of five hundred 50 keV iron ions.
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Figure 1. Distribution of displaced indium and oxygen
atoms in a 20 nm thick InO film irradiated by a beam of
five hundred 10 keV boron ions
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Figure 2. Ionization energy loss by ions and recoils
(displaced In and O ions) in a 20 nm thick InO film for
an incident beam of five hundred 50 keV iron ions

DISCUSSION OF THE POSSIBLE
RADIATION EFFECTS

Owing to their small thickness, the investigated
films are immune to high energy ions. Non-ionizing
energy loss of high energy ions is low, and they tra-
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verse the films without deflection, causing inconsider-
able damage [19-22].

Simulations of ion transport suggest, however,
that for certain ion species there exist energy ranges in
which a great number of atom displacements would
occur in irradiated films. The number of atomic dis-
placements is in direct proportion to the fluence of in-
cident radiation, i. e. the number of particle histories
followed in the Monte Carlo simulation. Space charge
created by the displaced ions that finally take intersti-
tial positions could affect the size of the Josephson
junction charging energy E, which then changes the
collective Coulomb barrierA .. The low-bias (eV <« A4,)
current-voltage dependence in the temperature inter-
val E, <kgT<A,is [1]

2
I=1, exp[—(A;A_ke\QJ (1)
c*B

where [ is the Josephson junction critical current. The
change in the I-V curve, resulting from the radia-
tion-induced change of E, is illustrated for indium ox-
ide in fig. 3.
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Figure 3. Indium oxide film I-V curves for three values of
the Josephson junction charging energy E.. The 5%
change in E, occurs due to the space charge of the dis-
placed ions which become interstitials in the irradiated
film

The stability of the investigated insulating state
is dependent on the value of £, and only exists when
E > E;. If the radiation damage produced by ion beams
is large enough to disrupt this condition, the thin film
may revert to the ordinary metallic state.

lonization energy losses by both the incident and
the recoil ions observed in simulations point to a possi-
ble breaking of Cooper pairs in superconducting is-
lands, that could destroy the insulating state during ir-
radiation. With other conditions unchanged, this effect
is expected to gradually vanish once irradiation
ceases. The Cooper pairs may then reform and restore
the insulating state.

CONCLUSIONS

In spite of the investigated indium oxide CPI
films being immune to the passage of high energy ions,
simulations of ion transport reveal that significant ion-
ization, phononic excitation, and production of dis-
placed atoms can be expected for some energies,
fluences, and types of ions encountered in cosmic rays
and used for implantation processes. Displacement
damage, affecting primarily the value of inter-island
charging energy in the 2D JJA that represents the ma-
terial in the CPI phase affects the film’s current-volt-
age charactersitics. Moreover, the conditions for the
insulating state to subsist in InO may be disrupted by
irradiation, through the decrease of the charging en-
ergy or the breaking of Cooper pairs.
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Hophe P. TASAPEBUh, Munom Jb. BYJUCUh, Kosuska b. CTAHKOBUHR,
Enun 'h. JOJIWHhAHUH, IIpegpar B. OCMOKPOBHUh

PAIUJAIIMOHA OTIHHOPHOCT ®UJIMOBA UHIANIJYM-OKCUJA Y
CTABY U30JATOPA CA KYIIEPOBUM INAPOBUMA

Y papny ce uzyuaBajy Moryhu pajgujaiionun e(eKTH KOj (pUIMOBAa MHAMjYM-OKCHIA Y CTaHy
m3onatopa ca KymepoBum mapoBuma. Edektn 3pauema mnpensmbajy ce Ha ocHOBy Monte Kapmio
cumynanmje. Pe3yiaTaTm KOMOMHOBaHE TEOPHjCKE M HyMEpHUYKE aHAJM3e yKa3dyjy fa MpPOMEHEe y
UCMIUTUBAHUM (PUIIMOBHMMA M3a3BaHE 3pauyeH-EM MOTY 3HAYajHO Jla YTUUY Ha FUXOBE CTPYjHO-HAMOHCKE
KapaKTEepUCTHKE, Kao M Aa je MOryh Impenasak maTepujaja y HPOBOJHO CTame, YCIe[ HapyllaBama
rpaHyJapHe CTpPyKType MaTepujana. Packimgame KynepoBux maposa, 10 Kora goJ1a3u y HHTepakIiyjaMa ca
yIagHUM 3pavekheM W jOHMMa y3MakiamM yHyTap InO, ¢unmoBa, Takobe MoxXKe ma pa3pymu yciIoBe
HEOIIXOJIHE 32 OICTajale OBOT CIENU(PUIHOT N30JIATOPCKOT CTakba.

Kwyune peuu: unoujym-okcuo, uzoaaiiop ca Kyiieposum ilaposuma, paoujayuona owitieherba, Monitie
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