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Onset and growth of conduction in polyimide Kapton induced by swift heavy-ion irradiation

J-P. Salvetat, J-M. Costantini, and F. Brisard
Service de Physique et Techniques Naicks, Commissariat #Energie Atomique, BP 12, F-91680, Brugs-le-Chael, France

L. Zuppiroli
Laboratoire de Physique des Solides Semi-cristallins, IGA/DP, Ecole Polytechnigigsaleede Lausanne,
CH-1015, Lausanne, Switzerland
(Received 28 May 1996; revised manuscript received 15 Novemben 1996

In order to follow the insulator to conductor transition in a polymer when it is subject to a progressive
degradation process, we have irradiated about 50 samples ¢inpiolg) Kapton with heavy ions and measured
their conductivities as functions of temperature, electric field, and frequency. Electron spin resonance mea-
surements gave the spin susceptibility, linewidfHtiactor, and relaxation times along each step of transforming
the conductivity of the material. We defined a single damage parameter that characterizes a unique damage
scale for the four different ions and the different irradiation energies that we used. From the point of view of
the electronic properties, the degradation process consists mainly of the nucleation and growth of carbon
disordered clusters which are rich #iconjugated bonds. During the transformation, the conductivity reflects
the competition between two contributions, one of which is related to an initial disordered irradiation-doped
polymeric substrate and the second to a hopping network progressively built from the merging of the clusters.
The initial substrate contribution, visible in the first stage of irradiation, corresponds to a simple temperature-
activated behavior and to a clear Poole-Frenkel dependence with the electric field, while the latter shows all the
features of nonadiabatic hopping in a granular system. Adiabatic hopping within the clusters invades progres-
sively all the sample in the final stagé&0163-182@7)07309-§

[. INTRODUCTION production of dangling bonds and free radicals. At this stage,
resistivity is still very high, but ESR, optics, and many other
Since the late 1950s and early 1960s, solid state chemistaore chemical techniques allow an accurate probing of this
and physicists have been interested in the thermal process pfocess. The second stage occurs when most of the gases
transforming organic materials into carbon. In the compresuch as hydrogen have left the polymer: Dangling bonds can
hensive review article “The chemistry of the Pyrolitic con- thus recombine into some kind of disordered network of
version of organic compounds to carbon” by Fitzer, Mueller, m-conjugated bonds. At this stage, room temperatiR€)
and Schaefef1971), the qualitative nature of the transforma- conductivity is of the order of 1 S/cm and the tempera-
tion is already reasonably understdo@ihereafter, electron ture dependence of the dc conductivity varies as
spin resonancESR and dc-conductivity measurements ex;{—(TO/T)”Z], which is usually attributed to the inhomo-
were also performed in these disordered materials in order tgeneous character of this network leading to a granular ma-
follow the insulator-conductor transitidn. terial. A third stage is usually ascribed to the recrystallization
Many years later, ion irradiation was also used to creat®f the material into more “metallic” graphitic clusters.
charge carriers in organic insulating materials through a deg- Although some of the results could suggest a kind of an
radation proces$The potential applications of this process insulator-conductor transition in which the polymer band gap
for the microelectronic industry or in the design of progressively closes and a high density of states at the Fermi
microwave-absorbing layers have stimulated a large amounével is created, many questions still remain unanswered.
of work in this area(see, for example, the review of Ven-  Classical interpretations are always based on a single-
katesaret al?). electron picture. It is well known in disordered conducting
Interest in the physics of electron transport in these matepolymers, which are also based on networkscofind
rials increased markedly when, in 1980, Bratal. made a  carbon bonds, that polaronic species appear due to a strong
detailed comparison between the properties of pyrolizeaffective electron-phonon couplifgAre these excitations
Kapton and those of doped polyacetyléndt that time, important in this case? Recent models of conducting poly-
most of the interpretations regarding the electronic propertiemers also include an on-site Coulomb interaction of the order
of these disordered materials did not only refer to smallof U~5-10 eV on a single carbon site abld~1-2 eV on a
graphite clusters as in previous interpretations, but also teonjugated phenyl ringls this interaction crucial in the pic-
disordered conducting polymers as well. These interpretature of the insulator to conductor transition in these materi-
tions are discussed extensively in the literature. Here wals?
summarize a few ideas that have gained wide acceptance in Most authors studying the electron transport in these sys-
the field? tems use classical hopping models such as variable-range
The first stage of the polymer degradation that createfopping or granular modefswithout considering the precise
deep states in the gap of the initial insulating polymer is thenature of the hopping process: Is it adiabatic or not? Is it a
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TABLE I. Film thicknessesl{), mean electronic€), and nuclear$n) stopping powers, mean projected
ranges R,), and effective track radiiR;) in poly(imide) Kapton-H (densityp=1.43 g cn d).

lon h (um) pSe(MeV um™1) pSn(meV um™?) Rp (um) R, (nm)
60 MeV %cu 75 5.4+0.6 3x10°2 145 2.3
50 MeV %5 7.5 3.3+0.1 71073 17.4 1.6
30 MeV °F 125 1.56:0.03 2x1073 20.2 0.8
30 MeV ’C 125 0.6 +0.01 41074 39.5 0.35

multiphonon or a single-phonon process like in the model otrack, per unit length, is just proportional Rf, i.e., propor-
Miller and Abrahams®? In this work, we attempt to address tional to S&. The model is compatible with calculations of
these issues and to provide partial answers to these quethe radial energy distributiolf. Thus an appropriate param-
tions. eter representing the primary damage in the sample is not
For this purpose, we gathered an extensive and consistejust the fluencebt (number of ions per unit surfagéut the
set of data from about 50 irradiated samples. ESR and dc armgtoduct®tS €, which permits a rescaling of the different ion
ac conductivity measurements have been performed on eadtnadiations. All experimental data corresponding to a given
of them. While the damage produced in the track of eachmeasurement merge on a single curve independently of the
incident ion is obviously not known in detail, our knowledge incident ion, when the parametdrtS€ is used instead of
of the radiation damage process is sufficient to provide @he simple absorbed dogetSe!®°In the rest of this work,
good damage scale for all our samples. The effect of oxygethis damage parametdrtSé& will be used most of the time
both on the transport properties and the spin susceptibilitas the abscissa of our curves, which permits an illustration
was also studied carefully. Even though the effect of oxygenhat is independent of the precise characteristics of the inci-
is well known on carbon-based materiédslong time ago in  dent ions and the details of the interactions.
organic chars and more recently in polyacetyleffeand Oxygen is well known to act as a trap for carriers in
fullerenes®), to our knowledge these effects have never beeronducting polymerg as well as fullerene®’ Thus the re-
clearly addressed in irradiation-damaged carbon-based matsults obtained with samples exposed to oxygen are very dif-
rials. ferent from those corresponding to samples irradiated and
Finally, this set of recent data was analyzed according taneasured in vacuum or in inert gases. In fact, the insulator to
new ideas which recently have been shown to be relevant faronductor transition is delayed in the presence of oxygen,
the study of disordered conducting polymé&ts.The but it does not modify the main trendFortunately, in most
insulator-conductor transition in PMDA-ODA polyimide cases, the effect of oxygen is reversible and this gas can be
(Kapton-H induced by ion irradiation was first investigated eliminated by heating up to 120—150 °C under vacuum for
by Hioki and co-workerS*® with high-energy N* ions un-  several hours. All our measurements shown below were done
der implantation conditions. The present work extends sigin oxygen-free atmosphere.
nificantly their results in order to provide a deeper under-
standing of charge and spin dynamics at each stage of the
insulator-conductor transition. Ill. EXPERIMENTAL DETAILS

A. Irradiations
Il. IRRADIATION DAMAGE SCALE AND THE EFFECTS

OF OXYGEN Thin poly(imide) Kapton-H films were irradiated with

swift heavy ions(*?C, %, 325, ®3Cu) in the MeV amu'!

The heavy ions used in the present work to damage theange at room temperature under high vacu(Bx 10’
samples, the characteristics of which are reported in Table lmbap. The ion beams were delivered by the 7-MV Van de
have been accelerated in the MeV arhuange in order to  Graaff tandem accelerator at CEA Brugs-le-Chgel. An
traverse the whole sample. Energy was then lost essentiallectrostatic scan ensured a homogeneous irradiation of the
in the sample by an electronic slowing down process. Theargets. Beam currents were limited below 30 nA for S and
stopping powerspSe=—(dE/dx), (p being the polymer Cu ions and 100 nA for C and F ions to avoid any macro-
mass density representing the average energy loss rate ofcopic heating of the target. Fluences were measured by
the ion along its trajectory by electronic excitations and ion-counting the backscattered ions from a 100-nm gold layer
izations, ranged from 600 eV nim for 30 MeV '%C to 5400  deposited on aluminum masks or directly on the samples.
eV nm ! for 60 MeV ®3Cu. With such high-energy deposi- Calibration was achieved by measuring the beam current
tion, local chemistry occurs along the ion trajectory and thewith a Faraday cup. This ensured a 10% relative accuracy.
ions are well known to leave tracks of transformed materiaFilm thicknesse47.5 and 12.5um) were such that the ions
within the pristine polymet’ We found that the lateral limit were transmitted through the targets. Energy was then lost
of the track corresponds approximately to a local thresholassentially by an electronic slowing down process along the
of deposited energy of about 14 eV nfm below which no  ion trajectory. The stopping powers calculated by the
significant damage results in the polynf&Thus a model of  TRIM-90 codé® ranged from 600 eV nim' for 30 MeV °C to
saturated track leads to the determination of track radfii 5400 eV nm* for 60 MeV %3Cu and varied only by 10—20%
about 1 nm, which increase rather linearly with the stopping along the ion path. The main characteristics of the ion beams
power (R,>Sé€. Then the total damage left in an individual are displayed in Table I.
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B. Electrical measurements

o 102L @) ) qeessss
RT ac and dc measurements were taken inside and/or out- - | Y ol .
side the irradiation chamber under vacuum or under various 101 [ | I ]
air, oxygen, nitrogen, and helium pressures. Transv@ae —~ i | & ! ]
pacito) and longitudinal(gap configuration two-point dc oLt I | It ;" m | v
resistances were measured. Ohmic contacts between copper 4 F ! ! . ]
wires and vacuum-deposited gold electrodes were done with 107 - : v | ]
silver paste. The electric field dependence was measured in b§ 100 [ : ’ | | ]
the transverse geometry, which permits dc fields as high as - [ f ! ! 1
10°Vem ™ 10t [ A i ]
ac measurements were performed with an HP-4192A im- i LA : ! ]
pedance meter between 10 Hz and 1 MHz. The temperature 10°%¢ . e
dependence of the resistance and dielectric properties were 0% N — 12
measured outside the irradiation chamber under vacuum in (b) | | | o
the 150-450 K range or in a liquid helium or nitrogen cry- ! ! l 110
ostat down to 1.5 K. ~ 9 Poe 1,
T, 107 %% e "l %ee 8
g o o 1% I I
C. ESR measurements 3 °e ] : : . 6 ‘E
After irradiation, an inert gagN, or He) was introduced 'i o t : : o . ‘A
into the chamber to restore the atmospheric pressure and ma- £ 10 <, C0 | 14 8
nipulate the samples. The irradiated specimens were quickly Q’ . ' ' lo —
inserted into a quartz tube, which was then evacuated to I 0: : 12
prevent prolonged contact with air. This procedure required 18 | §° o 09
less than 2 min. Tests under various atmospheres could then 10 " e s e . e N — PR (1)
be performed. 10%  10° 10* 10 10 10
The RT ESR measurements were carried out mostly with ®t.Se? (Gy>.m?)

a Varian E-line X-band spectrometer, operating with a
douple cavity. A Ipck—ln detectllon was employed with four g5 ¢ (@) The RT conductivity(cso ) and (b) the paramag-
available modulatlpn freq_uenc@??O Hz, 1 kHz, 10 kHz, netic center density [¥,) and the peak-to-peak ESR linewidth
100 kH2. Comparison with calibrated samples guaranteegay ) are plotted vs the irradiation parameter, i.e., the fluence
very good accuracy in susceptibility amdfactor measure-  (@t) times the square of electronic energy 1¢S#) for different
ments. Spin-lattice relaxation times were deduced mainlyons and energietsee Table)l The insulator-conductor transition
from continuous saturation eXperimentS on nearly homogei'n poly(imide) Kapton proceeds along four stages, which are
neous lines. RTQ-band experiments were performed on amarked by vertical dashed lines. In stage | the damage is limited to
Bruker apparatus to test the frequency sensitivity of the inthe single-ion tracks. The onset and growth of the conduction in
homogeneous linewidth. The temperature dependence of theages Il and Ill are related to the damaged volume fraction by a
various featuregespecially susceptibility and linewidtivas  percolation mechanism. In these stagdes,, , decreases. Stage IV
recorded with a BrukeX-band spectrometer equipped with a corresponds to the saturation of the conductivity at a level close to
liquid helium cryostat. that of polycrystalline graphite, the spin pairing leads to a clear
decrease oD, , andAH, , increases due to adiabatic hopping of

IV. MAIN EXPERIMENTAL RESULTS polaronic carriers.

In Fig. 1 we report the RT conductivitysy, « [Fig. 1(a)], )
the density of paramagnetic centels, and the ESR line- this stage ll(AH, , decreases from 9 to 1)Geveals some
width [Fig. 1(b)] for several samples as a function of the €xchangeor motior) of spins.
damage paramet@btS¢€ defined here above. The data de- (i) In stage Ill, the slope of the conductivity versus the
pict a 16 orders of magnitude-change of the room temperaifradiation parameter decreases slightly; we will see further
ture conductivity and a corresponding two orders of magni-on that the conduction mechanism is different than in stage
tude in the paramagnetic center density as a function of thd. A saturation of the paramagnetic center density is mea-
damage parameter. The consideration of these three curvesred, and the ESR linewidth remains constant of the order
together permits a clear identification of four regimes num-of 1 G.
bered I, II, lll, and IV in the figures. (iv) In stage IV, the saturation of the conductivity to a
(i) In stage |, where no significant conductivity has yetvalue of about 100 S cnt is accompanied by a singlet pair-
appeared, isolated paramagnetic centers are produced piiog of a significant fraction of the spins.
portional to the damage parametbtS¢. We emphasize that Fig. 1 contains experimental points
(i) In stage Il, the conductivity increases abruptly; theconcerning irradiations with four different ions. They all
typical volume fraction of irradiated samples at this stage isnerge on single curves provided that the damage parameter
50%; one can speak about some kind of percolation throug®tS€ is used.
the samplgwe do not use this word here to describe a criti-  The temperature and field dependences of the dc conduc-
cal phenomend). The narrowing of the ESR line during tivity also contain important information about the transport
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0 005 01 015 02 025 03 035 04 vs frequency at various temperatufetage Il of the transition The
T (g 12 sample used here has been irradiated with 50 MeV S ions,

®tSe€=1.35x10"2 Gy’ m?. This behavior is typical of disordered

FIG. 2. (a) Typical behavior of the electrical conductivity in solids.

stage II. The logarithm of the dc conductivity is plotted US?,

showing a simple activated behavior. The inset shows the deperf3X10 3<dtSe€<3x10 ). The discussion will reveal that
dence of the sample resistanceBX%/ T, which is characteristic of ~this behavior is characteristic for disordered or inhomoge-
a Poole-Frenkel mechanism. The sample has been irradiated witheous semiconductors.

50 MeV S ions(®@tS&=1.35x10 2 Gy? m?). (b) The logarithm of Figure 4 represents the spin susceptibility of three
the dc conductivity is plotted v~ for a series of samples in samples irradiated at the respective irradiation parameter
stage IIl of the transition. These linear plots are typical of granularptSe=0.2, 0.5, and 3 GQymz. In the last stage the spin
metals. Here the “metallic” grains are conjugatedtlusters where susceptibility departs from a Curie law in the high-
the conduction proceeds by adiabatic hopping. The sipele-  temperature rang@ >200 K). The upturn at high irradiation

creases inversely with the fluence from X:0° to 50 K. The val-  goses and high temperatures will be explained in the last part
ues of the irradiation parameter are quoted in the figure. of the discussion.

process. Figure(@) represents a simple activated behavior of 100 IR

the conductivity

[{ —a+,8\/E)
o=0¢eXg ———|,

kgT

—e—#1 (stage (ll)
—8— #2 (stage IV)
—o—#3 (stage IV)

10 L

x(T) (arb. units)

and the field dependence shown in the inset gives a typical
Poole-Frenkel behavit®?3 during the stage Il of irradiation
(the field E was varied from 100 to fov cm™?, the tem-
perature between 70 and 145).Kincreasing further the
irradiation dose (stage Il), the conduction mechanism
changes as Illustrated in Fig.(l®: The well-known
o=0y exf —(T,/T)*?] hopping behavidr® is observed. FIG. 4. The spin susceptibility of three samples in stages Il

Figure 3 represents typical dielectric constant and ac conand IV have been measured as a function of the temperditufae
ductivity curves recorded between 100 Hz and 1 MHz, afrradiation parameter is 0.2, 0.5, and 3%Gy for samples 1, 2, and
temperatures between 105 and 310 K, for a sample of stagk respectively. The solid lines correspond to a fit using the model
Il exhibiting already a significant dc conductivity discussed in the text.

0,1

10 100 1000

T (K)
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For the sake of clarity, part of the results will be presenteder energy associated with the pair of centers agdis the
together with the discussion. energy related to the relative position of the localized levels
with  respect to the Fermi energy. Through
t;j =toexp(—R;;/L), the hopping rate depends on the relative
distanceR;; between the hopping centis is a localization
length. Thus the nonadiabatic jump rate falls with increasing
A. Hopping models intersite separation, while in the adiabatic jump the distance

When the disordered network ef-conjugated bonds ex- between sites does not appear explicitly in the rates.

o Itis clear, by using, for instance, the percolation argument
tends over the sample, the conductivity must be understood ’ P ’ e
b vy of Ambegaokar, Halperin, and Lang€rthat these difficult

in terms of hopping. It is a phonon-assisted tunneling be- : o i .
tween localized states. The solution of the whole conductioﬁonad'abat'c jumps do dominate the resistance of the sample.

problem involves the understanding of two basic processeéf. we belleve. that Co_ulomb interactions play a non-
negligible role in these disordered carbonaceous materials of

local jumping between adjacent sites and “percolation”. L !
through the whole sample. More precisely, once the IOCa|nterest here, this intercluster hopping can be calculated ac-

jumping problem has been solved for each pair of sites, thgording to the granular model of Sheng, Abeles, and Atie,

carrier transport is reduced to a random walk in a randon){vhiCh h?‘S been extended recently 1o the case of disordered

medium conducting polymers by one of @k.Z.).2* This will explain
Instead of immediately invoking traditional interpreta- thf temf)e_:_aglfrrel/z] dgpendzn.cep of the conductivity

tions like variable-range hoppifityas well as Coulomb gap o=0gexf—(To/T)™"] observed in Fig. @).

models?® it is important to define somewhat better the “hop-

ping ground.” As suggested by other authors, we believe B. Poole-Frenkel regime

that in the present materials this ground is not really homo- |, the beginning of stage liwhen the volume fraction

geneous. In fact, it is composed of clusters of sites connectelg:q)sz of the damaged material is higher than )08

by typical = transfer integrgls of' about 2 eV. These _clust_ersradiated Ktapton seems to behave like a heavily doped poly-
or granules, the size of which will grow all along the iradia- e The defect centers corresponding to a broad distribution
tion, are not necessarily only ordered graphite particles ang |ocgjized states within the gap consist of single defects,
may a_lso include localized electronic states; nevertheless, t%irs, and small clusters. At this stage, these defects are not
7-conjugated bonds ensure a good transfesetween these  ocessarily connected into coherent hopping paths. Thus one
states inside the disordered clusters. At the border of thesg e possible conduction mechanisms is just the excitation
clusters, which we can define as the ensemble of s@es whicl the charge carriers occupying the shallowest states in the
are not connected to the outside by suchonds, the inter- o5, cose to the band edge. This hypothesis is consistent with

ruptic_)n of the conjugation hqs drastic consequences on thee observed activated behavior ayexp(— alkgT) with ac-
hopping. There, the transfer integrals have typical vatyes ation energies of a few tenths of eV. It accounts for the

of a few hundredths of eV. In the former casg)(hopping is  ;onqyctivities of 106 S cm* or less measured at this stage.

adiabatic, while in the latter casey) it is nonadiabatic. More interesting is the field-dependent dc conductivity
What is this important distinction? Our discussion will be \\ hich varies like

based on the works of Holstéfhand Emin?’
A hop between two localized electronic states occurs
4 —a+t [%/E)
o=0peXp ——F— =

V. BRIEF REVIEW OF THE MAIN MODELS
OF INTEREST

when (as a result of the electron-lattice interacliotine
atomic vibratory motion changes the relative energy of these
localized states. For an adiabatic hop, the electron transfer

energy between the sites involved in a hop is large enougBver a large range of fields from 100 to 16 V cm™™.
(typically is greater than phonon enejgso that the elec- In the classical interpretation of the Poole-Frenkel depen-
tronic carrier follows the changing atomic configuration. dence(see for example, the review papers of Hitand Jon-
Since the electronic carrier in an adiabatic-hop always folscher and Hiff?), this dependence is due to the lowering of
lows the atomic motion, the jump rate in this regime is notthe barrier for escape of the electron by the field. It is impor-
limited by the magnitude of the electronic transfer energytant to notice that the/E dependence, in this approach,
Indeed, the phonon-assisted jump rate in the adiabatic reging@mes from the Coulombic form of the potential well. Hill
only depends on parameters which define the atomic motioshows, for instance, that the lowering produced by the field
and the electron-lattice coupling. In the complementary situin a pair of Coulombic wells would lead to a linerdepen-
ation, the nonadiabatic regime, the electronic transfer energgence instead of thgE. If we follow closely this interpre-
between the two sites is so smékss than phonon energy tation, we should admit that only isolated shallow centers
that the electronic carrier can only occasionally respond tglay the major role in the dc conduction in stage Il and not
favorable changes of atomic configuration by moving be-the pairs.

tween sites. In these instances, the jump rate is limited by the Because of the wide applicability of the Poole-Frenkel
magnitude of the electronic transfer energy. In particular, ifformula to glassy solids as silicon monoxide Sjdoron
these situations the transition rate is proportional to theniitride, amorphous germanium, and even amorphous
square of the electronic transfer energy associated with thearbon® several authors have tried to extend the applicabil-
pair of sites as in the famous Miller-Abrahams jump rateity of the initial Poole-Frenkel model by exploring less re-
which is widely used in hopping problemd®: strictive transport mechanisms than the field-assisted separa-
Ty= ytﬁ- exd—(Aj;/kgT)], wheret;; is the electronic trans- tion of a charge bound in a Coulomb well.

kgT
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from Table I. Our results show that the single-ion track is not

-8
10 : ' (a) a conducting wire(even under high electric fieldwhich
short-circuits the insulating Kapton matrix. In fact, the track
10° | appears as a constant low-loss insuffftevith an effective
= dielectric constant of around 4, where charges cannot move
TE ion track away, but are very strongly localized. We think that charge
% 1010 4 localization by spatial disorder arises mainly from the inho-
=, mogeneous track morphology. Indeed, neutron and small-
o angle x-ray scattering data suggest the formation of small
10 . particles$®>*¢in such a track.
A single slightly asymmetric inhomogeneous line is ob-
1 served inX-band andQ-band EPR measurements at RT. A
10 ' ' ' AH, . of 10 G is observed when tracks begin to get in con-
4,2 . . . tact[see Fig. 1b)]. Theg factor measured at the crossing of
(b) the derivative signal with the base line is about 2.004, rather
41 ] far from the typical value form electrons in amorphous
5 carbon®’ Increasing the microwave power level shows that
gl 584107 the signal saturates easily in air or inert gas, suggesting a
@ M slow spin-lattice relaxation raf€;. The study of the satura-
@ 3.6x10° tion curves lead to values df, of the order 10 s in inert
3,6 | gas and 10° s in air. We checked that the spin susceptibility
% L8x10° versus temperature, obtained by numerical double integra-
34 R 1 tion, follows a Curie law up to 500 K. All these ESR results
0 confirm that spins are strongly localized on single sites,
3,2 L L ‘ pairs, and very small clusters.
100 1000 10* 10° 108
f (Hz) B. Onset and growth of the conductivity (stages Il and IIl)

During these two stages, a three-dimensiof&) ran-
dom resistor network is progressively built. The building
blocks are disordered clusters nfconjugated bonds, which
are created by irradiation inside a single track or in the track

FIG. 5. The increase of th@) ac conductivity andb) the di-
electric constanfmeasured under vacuyrim stage | of the transi-
tion is well described by a simple effective medium approximation

illustrated together with the equivalent circuit in the insetgan . . .

The irradiation parameters with 60 MeV Cu ions are given in theoverlap regions. In stage (D.OO:Kd)tSe2<O.03, see Fig. .

. ) . : . .. 1), these clusters are too far from each other for a dc hopping
figure. The ion track is a low-loss inhomogeneous medium with & . -
dielectric constant of around 4. See details in the text. path to be established all over the sample. They just act as
dopants, and the substrate polymer between the clusters still
1plays the major role. The frequency dispersion of the

Their approach, based on Monte Carlo simulations Olielectric constant and the conductivity reflects that the sub-

MlIIer-Abr_ahams hopp_mg networ_k"§, IS more dn‘f_lcult to strate is inhomogeneou§ig. 3. In stage 111(0.03<dtS¢E
e\_/arllluate In terms ofd3|mpledphy5|cfal r:deas, and mhour Calse<0.3), the hopping network is definitely established and cov-
wit I?L:r culr.ren_t understanding bo blt € sﬁ)_/s_tem, the Poo ®ers the whole sample. It is composedmElectron-rich clus-
Frenkel qualitative picture is probably sufficient. ters where all sites are connected by the high transfer integral

t. (see Sec. V Aand hopping is adiabatic; the clusters are

VI. DETAILED DISCUSSION OF THE DIFFERENT connected to each other by more difficult steps with transfer
STAGES OF THE INSULATOR integralst,, and nonadiabatic hopping. Then with the reason-
TO CONDUCTOR TRANSITION able assumptions preS(/ented in Sec. V A, it is easy to explain
. the o=ogexd —(To/T)¥?] dependence for this granular
A. Single track stage material.“?
This stage corresponds tth§<0.003 Gy m?, where The second stage of the transition presents the following

the paramagnetic center density is directly proportional tacharacteristics. We checked that transverse and longitudinal
the fluencgFig. 1(b)]. Here the material exhibits a very an- conductivities are of the same order of magnitude, which
isotropic conductivity due to the existence of individual proves the new isotropic character of the material. The dc
tracks parallel to each othdupper sketch in Fig. ®].  conductivity is temperature activatgilig. 2(a)] with an elec-
When measured in the transverse configuration, the dielectrizic field (E) dependence which is Poole-Frenkel like on a
behavior is typical of a simple effective medium symbolizedvery wide range of electric fieldenset of Fig. Za)], i.e.,

by two parallelR C circuits, the first one corresponding to the o=0, exd —(a— BEY?)/kgT]. The maximum measured ac-
ion tracks, the other to the original Kapton matfiower tivation energy(«) is around 0.3 eV near RT. It is worth
sketch in Fig. %a)]. Then ex=(1—-P)e+Pe, and noting that electrode effects have been ruled out by varying
oei=(1—P) o+ Po,, where P=®t7R?Z represents the the size of two samples irradiated to the same fluence and
track volume fraction, ande( ,o,) and (,,0;) are, respec- under the same conditions. Such a field dependence is then a
tively, the Kapton and the ion track dielectric constants andeal bulk effect, and not an electrode injection Schottky ef-
conductivities. P is calculated using the track radiR() fect. Moreover, Ohmic currents are observed at low dc bias.
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102l . | ®tSE&. The decrease towards the amorphous carbon value
. (2.0027 illustrates the carbonization process.
10° . ‘ . ‘ - . ; . ;
100 10° 10° 107 10° 10% Hopping is well known to produce a dispersion in the

dielectric respons&:**However, many authors have empha-
sized that spatial inhomogeneities may give rise to the same
FIG. 6. The presence of a loss pe@k and the proportionality ~Pehavior in a disordered semiconductr!®Considering the
between the RT loss peak frequency and the RT dc conductivitf0ole-Frenkel mechanism which is present in our system in
o(0) suggest that dc and ac conductivities are due to the samstage Il, it is possible here that the dielectric behavior is
mechanisms. These curves have been established from the RT dgaverned mainly by electrical inhomogeneities, such as po-
of o, vs frequency, not shown here. tential fluctuations, charged defects, and so on, and not by a
microscopic hopping mechanism. The neutral localized
We found thatoy is atmosphere dependent. It decreasestates present near the band edges should also affect the ac
when dry oxygen or air is allowed in the vacuum chamberconduction process by multitrapping effettdvleasurements
We also observe that water vapor absorption increases tha a wider frequency range should be performed to clarify
conductivity and the dielectric constant, in contrast with thethis point.
effects of oxygen. This effect is more pronounced on WhendtSe&<0.03(stage IlI), RT conductivity increases
samples stored in air for a long time. gradually with the damage. The temperature dependence is
The experimentaB values vary weakly with fluence and of the type o=oyexd—(Ty/T) 2] over many orders of
atmosphere, but are temperature independent, which is natagnitude[Fig. 2b)]. This behavior is typical in granular
found in all glassy solid&® Taking &,~4 for the dielectric  disordered solids, which arises from Coulomb interactions
constant, the theoretical Poole-Frenkgk(e® meqe,)Y?  (via the charging energy® The carriers are self-trapped on
value should be 0.38 meV W2 cmY2 Our values are near disordered structures rich im bonding. The high electronic-
0.25 meV V ¥2cm'’2 It is usual to findB values lower than transfer integrals which link the carbon atoms of the grains
the theoretical ones in amorphous systéfiale thus believe  ensure a fast adiabatic hopping within the grain while inter-
that in this substage the conductivity is not yet controlled bygrain hopping is nonadiabatic. We found tfigt decreases
the growth of clusters, but the damaged polymer behaves agith fluence, but increases when oxygen comes into contact
a doped disordered semiconductor, so that the field depemvith the porous solidT, values as high as 1:410° K have
dence of the conductivity can be explained by a classicabeen measured for air-exposed samples.
Poole-Frenkel model. Following the ESR data, all along stages Il and Ill, we
However, in a classical semiconductor, the carrier movestart from a nearly Lorentzian homogeneously narrowed line.
freely in a band and the mobility is quite high so that the acA decrease of thg value from 2.004 in stage | to 2.0028 is
conductivity is frequency independeiand equal to the also observedFig. 7). The inhomogeneous character of the
dc conductivity. In our case the conductivity increases line completely disappears with increasing fluence, and the
with frequency [Fig. 3b)] as in many amorphous line shape becomes more and more Lorentzian. This behav-
semiconductors? We found also an increase of the dielectric ior is observed even at helium temperature, where dc hop-
constant at low frequencigldmig. 3(@]. ac conduction in ping conduction is frozen out. Therefore, we suggest that
glasses is a long-standing problem, not still completelyexchange interactions should be responsible for such narrow-
solved(see, for example, the reviews by LEAg). An im-  ing at low temperaturé’!® The temperature dependence of
portant question is whether or not dc and ac conduction aréhe spin susceptibility still exhibits a Curie-like behavior up
due to the same mechaniéfmWhen it is the case, a dielec- to 500 K (there is no evidence of any Pauli-like contribution
tric loss peak should be found and the loss peak frequencyerg. These results demonstrate that ESR is the best method
f, should be approximately proportional to the dc conduc-o follow the growth of the conducting clusters in irradiated
tivity (the so-called Barton-Nakajima-Namikawa relajiéh  polymers. The narrowing of the line and the decrease of the
As shown in Figs. @) and @&b), these two conditions are g value are obviously due to the presence of more and more
reasonably met in stage Il of the transition. conjugated bonds along the spin paths.

c(0)
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When air is allowed in the quartz tube, the number of 100 .
spins is reduced by at least a factor of 3 ad, , increases T
from 1 G to a value between 2 and 6 G: the lower the
paramagnetic center density, the larger A, , in air. This
effect is partially reversible. The double-cavity technique =
permits an accurate verification that gevalue shift appears )
when air or oxygen is admitted. The spin-lattice relaxation
time increases in air or pure oxygen. In fact, we observed £ — et o
that the lower the spin density and sample dc conductivity,
the higher the spin-lattice relaxation tirtteTheoretical de- i . *
scriptions of linewidth narrowing and spin-lattice relaxation
induced by spin-spin interactions and hopping motion have 1 ' )
been treated separately by several autAbfSOur opinion is 1 10 100 1000
that critical 3D paths must exist for the spin diffusion in the T ®
interacting spin system, in the same way as for charge con- g g Temperature dependencexdfl, , in stage-IV material.
duction. Spin and charge diffusion are both determined byrhe increase ofsH, , vs temperature ) for the dotted line is
random walks on a random network. If critical bonds arejinked to the conductivity increase as in metals. The inset shows the
suppressed in the paths, this would affect the entire systermxperimental line shapésolid circle compared to the solid
because distributions are more important than averages inrentzian line with a\H, , of 4 G. The broad wings are expected

T T T T T T T

random solids. to be due to a distribution of relaxation times.
C. Comparison of the transport properties in stages Il and Il air-exposed samples. For samples stored in air during several
to those of granular metal films days, the ESR signal becomes hardly detectable. However,

It is striking to realize that both regimes observed during®xygen diffusion is slow compared to the previous stage and
the growth of the conductivity in irradiated Kapton have €nhanced by heating above RT, which confirms that a struc-
been also found in granular metdfsin his famous review tural densification took place, with a decrease of the porosity.
on granular metal films produced by coevaporation of metals An interesting comparison can be made with pyrolyzed
and oxides, Abeles mentioned that measurements on discok@Pton, in which most of these features are also present at
tinuous films by Neugebauer and Wébtindicate both an PYrolysis temperatures situated between 900 and 2000 °C
activated temperature dependence of the conductivity and @d for a sufficient treatment tinfé”~>*The maximum con-
Poole-Frenkel field dependence. The values of the condu@luctivity is around 100 S cnt. A further increase can be
tivities and of the parameters of the models are the sam@btained only above 2000 °C when graphitization sets in. A
orders of magnitude as in the first part of stage Il here. ~ dramatic drop of the paramagnetic center density is also ob-

The famous exXjp-(T,/T)*?] that we found(as did many served above 600 °C. Moreover, a Pauli-like component ap-
other authorsin the second part of stage Il is also typical of Péars in the magnetic susceptibility of these pyrolyzed
the continuous granular films of Abeldand co-workers ~ Samples together with the Curie term. o
One may wonder if phonon-assisted tunneling between the It is tempting, in pyrolyzed as well as strongly irradiated

metal clusters could explain the dependences in both rei@mples, to attribute these features to a significant concentra-
gimes. tion of metallic graphitic grains created during the local re-

Like Abeles, we believe that it is not the case. In discon-2fangement of the carbonaceous disordered material. How-

tinuous films like in the first part of our stage 11, the clusters€Ver. this interpretation is not applicable to the results on
are so disconnected from each other that they play essentialfj}ghly irradiated Kapton presented here. A true polycrystal-
no role. What we observed is a substrate conductivity typicaline graphite should give rise to a motionally narrowed iso-
of a disordered polymer in which the creation of the chargdrPpic line (AH, ,<4 G) at high temperature, and the sus-
carrier from a dopant center is the difficult step and theCeptibility should increase very slightfj.For sample 3 in-
granularity plays a negligible role. On the contrary, in con-Fig. 4, the presence of a 4-G Lorentzian line corresponding
tinuous percolated films like in the second part of our stagd® 10% graphite could be resolvésbolid line in the inset of

ters plays the main role. tween 4 and 200 K, and increases strongly wiier200 K.

We note that the spin susceptibility measurements re-
ported in Fig. 4 have been performed on well-outgassed
samples in sealed tubes under He atmosphere. The ESR be-

At high fluence(®tSe&>0.3), o4, approaches 100 S ¢th  havior is found to be perfectly reversible between 300 and
and becomes weakly temperature dependent. The unpair&@0 K, which eliminates the possibility that the high-
electron densityD,, starts decreasing with irradiation. Tge temperature increase could be due to oxygen desorption.
value is still near 2.0027, bubH, , increases drastically Indeed, conducting electrons are still localized in the en-
both with the damage and the temperat(ffeg. 8. More-  tire homogeneously disordered samples. But the large num-
over, the line wings are broader than those of a Lorentziater of r-conjugated bonds ensures the existence everywhere
line (inset in Fig. 8. Oxygen-free samples must be chosenof transfer integrals of the order of 2—3 eV, much larger than
for these experiments, since a broadening of the line and #he typical phonon energies for hopping. Although order is
decrease in paramagnetic center density are still observed ot sufficient to ensure coherent conduction like in a metal,

D. Adiabatic conduction stage
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TABLE II. Main characteristics of the insulator-conductor transition in gialyde) Kapton-H as a function of the irradiation parameter
®tSE. dc conductivity (oy0), with temperature T) dependence. ESR behavior, with peak-to-peak line widthl, ), g value, and
temperature dependence of the susceptibif¢T)] (see text for symbo)s

AHp, (G) Mechanical
Odc 0gc (T) at RT g x(T) properties Color
Stage | ~0 ~0 ~8 2.004 Curie still plastic brown
(dtSE=<0.003
Stage Il Power law vs irradiation Activated decreases decrease Curie loss of black, mat
(0.003<PtSE parameter:(dtS )2 exp(—alkgT)  towards 1 G plasticity
<0.03 +Poole-Frenkel field but still
dependence:exp(8\E/kgT) not brittle
Stage Il saturation sets in exd —(To/ T¥? 1 2.0028 Curie brittle black,
(0.03<DtS¢& (decrease of the exponent T, decreases (volume metallic
<0.3 in the power law with irradiation contraction lustre
Stage IV saturatior=100 S cm 't decrease only increases up to 2.0027  Curie-triplet brittle black,
(0.3<DtSe) atlowT 10 G and more metallic

lustre

the transfer integrals are large enough to guarantee an efitarrier density. In factN, is expected to be higher because
cient adiabatic hopping of a large humber of carriers to perbipolarons with higher exchange energi€s>1000 K)
vade in the sampl#-?" Here electron transport just follows should also be present. A more realistic fit should take into
the transport of vibrational energy. Carriers act as slaves account a distribution od values.
phonons, thus leading, at high temperature, to a rather A similar situation is encountered in disordered conduct-
temperature-independent conductiviy’’ We are not sur- ing polymers when the dopant concentration
prised that such a regime also leads to an ESR linewidth thancreases*®3-%The equilibrium between polarons and bi-
increases with temperature just like in a metal. This has beepolarons arises from fluctuations in the local carrier density.
already explained in disordered semiconductors byt is worth noting that a spin-dependent low-temperature
Movaghar, Schweitzer, and OverHUf. conductivity is found in both systems by magnetoresistance
The disordered metal hypothesis has been invoked byneasurements:5®
Venkatesaret al.to explain the high Hall carrier density and  In this disordered polaron-bipolaron glass picture, despite
the small thermopower of irradiated amorphous carbon anthe high conductivity, the ESR line is inhomogeneous with
polymers®® Their (TEM) transmission electron microscopy large wings(see inset in Fig. 8 which arise from a wide
observations show that a kind of graphitic ordering with verydistribution of spin-lattice relaxation times. In a real metal,
short correlation length is created. Earlier on, Mrozovskyfast diffusion should give a pure homogeneous Lorentzian
noticed that strong deviations appear in the ESR and eledine.
tronic properties of graphite when the crystallite size be- The different characteristics of the four stages are summa-
comes nanometrit. Regarding the structural information, rized in Table II, showing the major relevant parameters of
we found no evidence of graphitic TEM diffraction patterns the insulator-conductor transition.
appearing for the highly irradiated sampf8s.
Following Emin and Bussd&%2we suggest that structural
defects and distortion of the C-C covalent bonds in graphitic- VII. CONCLUSIONS

like amorphous carbon can induce polaronic collapse of the 114 conducting properties of heavy-ion irradiated poly-

carrier wave functions. If the on-site Coulomb repulsidiis (imide) Kapton-H are determined by the formation of a dis-

not too high(as is the case in conducting polymers, i..,qrdered granular carbonaceous structure. The latter process
about 1 eV, then spinless bipolarons could form and thus therakes place along four stages.

increase of the susceptibility at high temperature could arise  at |ow fluence. in stage |, the damage is localized in the
from excited triplet states of bipolarons. Samples 2 and 3 of,qividual ion tracks. A high-density energy threshold for
Fig. 4 have been fitted with the sum of Cuftlarong and

: ) : ! damage of 14 eV ni? is found and explains the poor effi-
excited triplet(bipolarong components with a reasonable x- ciency of electron beams. No significant dc conduction is
change energy=1000 K:

found during this single-track stage; i.e., the track is not a
conducting wire. The ESR line is observed to be partly in-

B Npap N Npah 4 homogeneous, with slow spin-lattice relaxation and spin dif-
keT ~ kgT 3+exp2|J|/kgT)" fusion rates.
With increasing fluence, in stages Il and lll, a 3D

Np and N, are, respectively, the polaronic and bipolaronic 7-cluster structure is formed when tracks get in contact. At
carrier density. The least-squares fit giiig/N,~70 for  the beginning, in stage II, the clusters are too far away and
sample 3 andNp/N,~9 for sample 2: i.e.N,/N, increases they just act as dopants for the damaged polymeric matrix.
with the irradiation parametef®tSe?). We found also The conduction process is Poole-Frenkel like. In stage lIl,
Np+N,~10"* cm™3, which fixes a lower limit for the total ~transfer integrals between clusters are weak, and dc conduc-
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tion takes place by nonadiabatic hopping between nearestf localization. This suggests that no quasifree carrier can
neighbor charged and neutral clusters. Molecular oxygen caexist in these disordered ‘“graphitic” structures. Instead, a
be used as a probe for spin and charge dynamics, which apolaron-bipolaron glass is created. Thus, in many aspects,
found to be strongly correlated. Both spin diffusion and dcirradiated Kapton is an intermediate system between con-
conductivity appear simultaneously along critical paths in theducting polymers and disordered graphite.

random 3D cluster network. This qualitative model reconciles many observations by

At higher fluence, in stage IV, true percolation betweendifferent groups and constitutes an alternative explanation of
largew clusters takes place, and the low-temperature narrowthe insulator-conductor transition in irradiated or pyrolyzed
ing of the ESR line by small exchange interactions is re-organic solids, where a significant microscopic structural dis-
placed by a temperature-dependent adiabatic hoppingrder precludes the presence of a true graphitic ordered
induced broadening. The dc conductivity saturates at higlphase.
temperatures near 100 S ¢t but slightly decreases at low
temperature.

The disordered adiabatic carbonaceous regions created by
irradiation are rich in graphitis p> bonding and should have We are indebted to S. Esnouf, F. Beuneu, and P. Vajda
a high finite density of states near the Fermi level. Following(Ecole Polytechnique, Francéor low-temperature ESR and
Emin and Bussa®'®2we suggest that the structural disorder conductivity measurements and also for many stimulating
can induce polaron and bipolaron formation in these covalendiscussions. We would like to thank also O. ChaugRFL,
materials with short-range electron-lattice interactions by &witzerland for Q-band measurements and helpful discus-
feedback effect. The disorder energy needed to form paosions. L. Forro and D. Romer&PFL, Switzerlanglare also
larons is much reduced compared to the Anderson criterioacknowledged for a reading of the manuscript.
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