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ABSTRACT

Ion implantation provides a mechanism for radically
modifying the electronic and transport properties of a vari-
ety of polymers that are normally insulating. By using
masks and tailoring the implanted species and ion energies,
conducting paths in an insulating medium can be fabricated
between specific reference points, an application of obvious
relevance to the microelectronics industry. Specific re-
sults are reported for modification of the structure, elec-
trical conductivity, thermoelectric-power, optical transmis-
sion and electron spin resonance for several polymers under
a variety of implantation conditions. The temperature and
frequency dependence of the conductivity suggest a one-
dimensional variable range hopping mechanism for conduction
along the polymer chains. Comparison is made between implan-
tation in the 200 keV and 2 MeV energy ranges.

INTRODUCTION

Most polymeric materials can be regarded as good insulators and many
have electrical resistivities of > 10

1
' acm. The electronic structure of

these insulating polymers consists of saturated bonds and tangled and
interrupted chains which result in few if any conduction mechanisms. The
low cost and easy processibility of some polymers make them attractive as
electronic materials. The general instability of chemically doped con-
ducting polymers presents problems with regard to their practical utiliza-
tion. In contrast, the alternate doping scheme by ion implantation pro-
duces stable conducting materials. However, the conducting mechanism for
ion implanted polymers is more difficult to determine because of the
physical damage associated with the implantation process. Extensive stu-
dies of ion implantation in graphite have been reported [1] and it is
found that the extensively damaged graphite material bears many similari-
ties to highly damaged ion-implanted polymeric materials with regard to
their electrical properties and lattice modes [2].

Recent developments in microelectronics technology make extensive use
of energetic beams of radiation (electron, x-ray, and ion) for patterning.
Of significance is the higher sensitivity of the polymer (by -2 orders of
magnitude) to ion beams relative to electron beams, so that ion beam
lithography is feasible at fluences of less than 10 cm- [3]. For posi-
tive resists (e.g., PMMA), ion implantation results in scission of the
molecular chains, while for negative resists (e.g., polystyrene), implan-
tation results in crosslinking of polymer chains. In order to understand
this technology in a more fundamental way, the investigation of radiation-
induced defects in polymers has become an area of interest. The use of
ion beams to define conducting paths (for example as interconnects)
through an insulating polymer film has been demonstrated and is of poten-
tial interest in very large scale integrated circuit technology. Further-
more, microelectronic device structures have been applied to sensitively
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measure transport properties of ion-implanted polymer films, using an
interdigitated electrode configuration upon which a polymer film was spun
and subsequently implanted using charge flow transitor technology [4,5].

A band-like conduction process has been discussed for the observed
electronic properties of polyacetylene. Ion-implantation and chemical
doping studies on polymers have been carried out on very disordered
materials, so that a hopping process involving transitions between local-
ized states forms the basis for any model of the electronic properties.
Polymers typically have electronic band gaps 2 2 eV so that the localized
states formed by the doping or implantation of polymers typically lie in
this band gap. This paper focuses on the conduction mechanism in ion
implanted polymers and on the nature of implantation-induced defects,
including cross linking and scission of polymer chains, double bond,
localized carrier and free radical formation and gas evolution.

ION IMPLANTATION AND SAMPLE CHARACTERIZATION

Ion implantation has been successfully applied to a number of normal-
ly insulating polymers to make them conducting, including the polymers
poly(p-phenylene-sulfide) (PPS), poly(2,6-dimethylphenylene-oxide) (PPO),
polyacrylonitrile (PAN) [4-6], poly(methyl methacrylate) (PMMA),
poly(vinyl-chloride) (PVC) and other photoresists [2], and related non-
polymeric organic thin films [7,8], 3,4,9,10-perylene-tetracarboxylic
dianhydride (PTCDA), 1,4,5,8-napthalene-tetracarboxylic dianhydride
(NTCDA), and Ni-phthalocyanine (NiPc). It has also been demonstrated that
ion implantation can enhance the conductivity of polymers that are already
conducting [9-11] such as polysulfurnitride (SN)x and polyacetylene (CH)x.
From this listing (see Fig. 1), it is seen that both simple chain (planar
zig-zag) polymers and aromatic polymers with helical conformations can be
rendered conducting by ion implantation.

Ion implantation studies on polymers are normally carried out on thin
polymer films. These films are often prepared by dissolving the desired
polymer in a solvent, which is then spun on to a substrate and heated to
-1000C to remove the solvent. Some solvents that have been used are:
diphenyl ether or n-methyl-2-pyrrolidone for PPS [4,5]; chloroform for PPO
[6]; and N,N dimethylformamide for PAN [6].

A wide range of ions have been implanted, including: 
1
9F, 36Cl, 

8 0
Br,

8 4
Kr, 1271 into PPS; 1

4
N and S°Br into PPO; 

1 4
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7
sAs, 8
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Fig. 1. Monomer units of polymers and related materials for which ion
implantation has resulted in enhanced conduction.
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PVC; '°Br and 1o'Pd into (SN)x; and "9F, 36C1, "OBr, 127I into (CH)x.
Some workers [9-11] have used relatively low energy implants 25 < E < 90
keV to confine the implants to near-surface regions of the polymer sub-
strate, while other workers [4-6] have used intermediate ion energies -2
35 < E < 230 keV and fluences 0 in the range 3 x 101i ( 0 < 5 x 10

1 6 
cm

and yet other workers [2,7,8] have used sufficiently high energy implants
(E = 2 MeV) to completely penetrate the polymer films. Approximately
uniform ion irradiation can be achieved in this case, since R for a 2 MeV

+ . . .
4He ion exceeds 3p, which is significantly larger than the film thickness
of -0.5 p that was used [12]. The work in the various groups has not
overlapped significantly either with respect to polymer substrate or ion
energy range. In comparing the observed properties, consideration must be
given to the difference in implantation conditions and choice of polymer
films used by different workers.

The theory of implantation of ions in materials was originally de-
veloped for random or disordered solids [13]. In this form the theory is
applicable to disordered polymeric materials with regard to the depth
distribution of both the implanted ions and the structural damage. From
this theory, a good estimate for the mean ion penetration depth R and the
half width of the Gaussian distribution AR for ion implantation into bulk
polymers can be obtained by assuming the density of the polymer to be that
of amorphous carbon. Typical values of R ~ 800 1 and AR -200 X are
given here for 7"As implantation at 100 keV into PPS.

For the low and intermediate energy implants, a Gaussian distribution
of implants is expected [13], and this has been confirmed experimentally
[4-61. For example Auger electron spectroscopy has been used to measure
the spatial profile of the implanted ions in a polymer. The results
verify the Gaussian distribution, and the magnitudes of R and AR are
consistent with LSS theory; specific results have been reported in terms
of the arsenic Auger line at 376 eV for 7'As implanted into PAN at 200 keV
to a fluence of 1.0 x 10

1 6
/cm

2 
[6]. In addition, Auger spectra for ele-

ments of the host polymer material have been measured and the results
indicate a depletion of volatile components such as sulfur in PPS in the
near-surface region (d < R ) and a corresponding relative increase in
carbon concentration in PPS implanted with "4Kr at 100 keV and a fluence
of 1 x 101

6
/cm

2
. In contrast to the Gaussian distributions discussed

above for the low and intermediate energy ion implants, the ions complete-
ly penetrate the thin film samples (1000 < d < 3000 X) implanted at high
energies (E = 2 MeV) and high fluence [2,7,8].

Structural Damage and Chemical Modifications

Ion implantation damage to polymers tends to be more destructive and
irreversible in comparison with other types of targets. Some polymers
(particularly those with simple unbranched chains) tend to crosslink and
conjugate, while others (especially those with complex side chains) tend
to degrade. For a given implant, the type of implantation-induced struc-
tural damage and chemical modification depends sensitively on the ion
energy and mass. The extent of the structural damage depends sensitively
on the fluence. Specifically, larger ionization density along the track
of a high mass ion results in much larger structural damage in the case of
high mass ions compared to lower mass ions with comparable energy and
fluence. Evidence for irreversible structural changes for intermediate
and high energy implants is provided by a variety of techniques.

Of particular significance has been the monitoring of the gas evolu-
tion during the implantation process, using an in-situ residual gas
analyzer (quadrupole mass spectrometer) within the ion implantation
chamber. For the case of ''Br implanted into PAN at 200 keV, large
amounts of hydrogen gas are emitted during the implantation process [6]
with a very large initial increase in gas evolution followed by a decrease
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at later times as shown in Fig. 2; here the time scale is proportional to
the ion fluence. From the massive gas evolution we infer that the energy
dissipation of the incident ions by the electronic energy loss mechanism
occurs through the formation of large densities of free radicals (as
confirmed by ESR measurements on the same samples [14]) and the molecular
recombination of side chain and backbone constituents in the vicinity of
free radical sites. We further infer that the implantation-induced struc-
tural changes result in conjugation of the polymer chains, the extent of
the conjugation increasing with increasing ion energy. From Fig. 2, we
see that as the fluence is initially increased, the gas evolution also
increases, suggesting the release of loosely bound hydrogens from the
sidechains. As diffusion proceeds, the gas evolution increases until a
significant fraction of the hydrogens are removed, after which the proba-
bility of further gas evolution is reduced.

Copious gas evolution was also observed for high energy (2 MeV)
implants into polymers. Massive quantities of CO2 , CO, formic acid,
acetic acid and other species were detected by a quadrupole mass spectro-
meter [12] upon implantation of PMMA by 2 MeV 4"Ar ions. By monitoring
the time dependence of the irradiation-induced emission using a 50 msec
pulsed ion beam, and identifying the emission delays with molecular diffu-
sion through the polymer films, a determination of the diffusion coeffi-
cients of various gases in polymers was made [12]. Radiation-enhanced
oxidation commonly occurs in polymers such as (CH)x, PPO and PVC [15].

For certain organic films (e.g., PTCDA), high energy, high fluence
ion implantation is found to reduce the films mainly to carbon, with a
large depletion of the original nitrogen content. These stoichiometric
determinations were sensitively measured using Rutherford backscattering
spectrometry (RBS) [8]. The RBS results are consistent with the copious
gas evolution of volatile constituents in ion implanted PAN [6]. These
stoichiometric modifications are also consistent with the shrinkage of the
PTCDA film thickness from 3000 A to 1500 A upon 4"Ar implantation at 2 MeV
and a fluence of 10 6cm-2 [8].

Even for low energy implants (e.g., 25 keV 
106

Pd and SOBr into
(CH)x), the broadening of the ls carbon XPS (ESCA) lines indicates exten-
sive structural damage. A comparison of the intensities of the ls nitro-
gen ESCA peak with the 2

p sulfur peak further indicates implantation-
induced depletion of nitrogen in (SN) 1 in the near-surface region for low
energy (25 keV) 8"Br ions at a fluence of 0 = 5 x 10 1cm-2 [9]. Evidence
has also been presented for the chemical binding of the implanted bromine
to a single site of the (CH)x backbone. Even for high fluences of implan-
tation in the low energy regime, no evidence for implantation-induced ion
diffusion was reported, based on RBS, ESCA, and infrared and ESR spectro-
scopies. From these measurements it is inferred that low energy implanta-
tion of 8'Br into (CH)x results in the formation of free radicals and some
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neutral hydrogen which is subsequently released as hydrogen gas, in addi-
tion to bonding some of the halogens to the polymer backbone.

Qualitative evidence for implantation-induced changes in the struc-
ture and properties of polymer targets is provided by color changes of the
films upon implantation. For polymer films that are colorless prior to
implantation, irradiation with the ion beam often imparts a brownish tinge
upon implantation at low fluences. The color change deepens with increas-
ing fluence and the effect is more pronounced for high energy implants.
For example, PTCDA films exhibit a darkening for 0 2 012 cm ; this dark-
ening increases until a fluence of 5 x 10

1 5
cm-

2 
where the irradiated

stripe was reported to become a dense shiny black. These color changes,
the gas evolution and the stoichiometric changes all suggest the formation
of carbonaceous material as a result of implantation of yglymers. For
high energy and high fluence implants (E = 2 MeV, 0 2 10 cm-2 ), evidence
from the transport measurements described below suggest that this carbon-
aceous material bears a close resemblance to coal or amorphous carbon.

Electrical Conductivity

Dramatic increases in electrical conductivity • (by 14 orders of
magnitude) have been reported to result from ion implantation into a
variety of normally insulating polymers and organic films under various
conditions of implantation [4-8]. The general dependence of the con-
ductivity on ion fluence 0 seems to be qualitatively similar for several
different ion species implanted into several host polymers under different
implantation conditions. Examples of the observed dependence of log o on
log 0 are shown in Fig. 3(a) for "4Kr, 7sAs and "°Br into PPS [5] and in
Fig. 3(b) for 4"Ar into various organic films [7,8]. Similar results have
also been obtained for various implants into other polymers [6]. Measure-
ments in all cases are made in the ohmic region; in Fig. 3(a), microelec-
tronics devices (based on charge flow transistor technology) are used in
the conductivity measurements, while the measurements in Fig. 3(b) were
made with conventional 4-probe techniques, except for the high resistivity
regime where 2-probe techniques had to be used.

For normally insulating polymers and organic films that can be made
conductive by implantation, the lowest significant conductivity values
shown in Fig. 3 ( - 10-9 to 10-10 (Ucm)-

1
) correspond to a fluence of

- 10 1 4
cm-

2
, where extensive structural modifications have already occur-

red, as indicated by optical transmission measurements [7,16]. While as-
deposited organic films show a rich spectra of absorption bands, ion doses
as low as 0 ~ 10 1 2

cm-
2 

are effective in attenuating and broadening absorp-
tion bands; at a fluence of - 10

1 4
cm- 2 

and above, a featureless absorp-
tion spectrum is obtained, sugpesting the formation of amorphous carbon[7].

In the fluence range 101 < 0 < 5 x 10 
1 5

cm-
2
, a rapid increase in

conducti 1Ttyis observed, followed by a saturation behavior above
- 5 x 10 cm . It is significant that the behavior shown in Fig. 3 is
common to a wide variety of implanted polymers over a similar fluence
range. From these measurements we conclude that the dominant effect of
ion implantation is the generation of defects such as scission and cross
linking of polymers chains, the generation of broken bonds associated with
the liberation of volatile species, and the formatIgn of free radigals, 2
double bonds and charge carriers. In the range 10" < 0 < 5 x 101 cm-2,
chemical modifications to the polymer chains seem to be less important
than the formation of structural defects, since little dependence on ion
species is found. The results however suggest that the absolute magnitude
of the conductivity achieved at the highest available fluences increases
with increasing ion energy.

The correspondence of the maximum conductivity for the high energy
implants with that of amorphous carbon suggests that ion implantation
plays a role similar to high temperature heat treatment in the pyrolysis
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Fig. 3. Log-log plots of the dependence of the room temperature conduc-
tivity on the fluence of implantation. (a) Conductivity plot of "4Kr (at
100 keV), 7sAs (at 100 keV) and "OBr (at 200 keV) implanted into PPS.
(b) Resistivity plot of 4"Ar (at 2 MeV) implanted into PTCDA (closed
circles), NTCDA (triangles) and NiPc (squares).

of precursor materials to form carbons. In this context, an analogy can
be made between higher ion energies and higher heat treatment tempera-
tures, so that as the incident ion energy is increased, the implantation
process becomes more effective in selectively removing non-carbon atoms
from the original polymer material. It is of interest to note that the
maximum conductivity that has been achieved by ion implantation at high
energies (2 MeV 4'Ar ions with 0 - 1016 cm- 2) is at least an order of
magnitude greater that for amorphous carbon [71, which implies that high
energy ions promote conjugation and formation of local sp

2 
carbon bonds.

The higher graphitic content of the ion-implanted materials relative to
amorphous carbon prepared by evaporation is also supported by the Raman
spectra obtained from similar ion-implanted samples as were used for the
conductivity measurements [2,7].

The rapid increase in conductivity with increasing ion fluence can
also be related to other characterization measurements such as transmis-
sion electron microscopy (TEM) and electron spin resonance (ESR), discus-
sed below. With regard to TEM measurements, sharp electron diffraction
rings from as-deposited PTCDA films (indicating polycrystalline grain
sizes ranging between 100 1 and 500 A) were transformed by 2 MeV "OAr ions
at a fluence of 1.0 x 1015 cm- into a broad diffraction ring, character-
istic of amorphous carbon [7,8].

The saturation effect above 5 x 1015 cm 2 
is very pronounced for

chemically inert implants (e.g., "0Ar and 4Kr) and also for 75
As, while

reactive halogens may continue to exhibit modest increases in conductivity
at higher fluences. The different behaviors in the saturation region
between the reactive halogen implants and the chemically inert implants
suggest the formation of halogen bonds to the polymer side chains and
backbones. A similar bonding arrangement for implanted halogens has been
proposed [9] for halogens implanted (CH) x and (SN) x.

Valuable information on the conduction mechanism is provided by
studies of the temperature and frequency dependence of the ion-implanted
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Fig. 4. Resistivity vs. TA for Fig. 5. Dependence of characteris-
3000 A PTCDA films at various tic To vs. 2 MeV 40Ar ion dose for
doses of 2 MeV 4"Ar ions (from PrCDA (circles) and NiPc (tri-
Ref. 7). angles) (from Ref. 7).

polymers. Measurements of the temperature dependence of the conductivity
of the ion-implanted polymers PAN and PPO [6], PMMA and other photoresists
[2] and of relate4 organic films [7,8] all yield a functional form of
S= ao exp(-T 0 /T) for a wide range of fluences and energies of implanta-
tion (see Fig. 4). It is of interest to observe that the same functional
form is applicable to a large number of different implants and polymers,
and over a wide range of fluences [2,6-8], though the values of CO and To
are strongly fluence dependent (see Fig. 5).

Two models have been used to interpret conductivity data in ion
implanted polymers. A conducting grain model has been proposed by Forrest
et al. [7] to explain the conductivity behavior for high energy implants.
According to this model the polymer is considered to consist of conducting
particles or grains (idealized as spheres) separated by narrow insulating
regions [17] and the current is controlled by the quantum mechanical
tunneling between the grains. The fluence dependence is related by perco-
lation theory to the number of paths through the polymer. In the context
of the charge grain model, the material is assumed to be uniform, consis-
ting of conducting grains or islands which are identified with crystal-
lites or with amorphous carbon particles of diameter d separated by non-
conducting barriers of width w. According to this model, T becomes
To = 4X w E/kB where f - (2mT/h

2
) , and m is the effective mass, T is

the energy barrier height over which the charge must hop and E is the
electrostatic energy necessary to remove a charge from an uncharged island
and place it on an adjacent previously uncharged island, thereby producing
two adjacent oppositely charged islands separated by a dielectric layer
with perm.ttivily il, so that assuming cylindrical symmetry, E is written
as E = 2q w/[qd (1/2 + (w/d))]. From analysis of their data, Forrest et
al. [7] determine w/d as a function of 0, and find for low fluences
(0 - 10 cm-

2
), that (w/d) - 0.14, which they relate to conducting grains

in the range 200 < d < 500 A separated by w in the range 15 < w < 20 A.
With increasing 0, the w/d ratio is found to decrease as -0.83, so that
for high fluences, w becomes less than the nearest neighbor interatomic
distance, indicating the formation of bridges between conducting grains.

A one-dimensional hopping model has been proposed to explain tran-
sport phenomena in polymers implanted with ions of intermediate energies
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50 < E < 250 keV [6]. The H2 gas evolution suggests that the saturated
bonds along the polymer chains are broken by collision with the energetic
ions, and double bonds, free radicals and free carriers are generated.
However, a hopping mechanism is necessary to complete the conduction path
through the bulk material, as implied by the transport measurements of
Wasserman et al. [6] and summarized below. This model relates to conduc-
tion in the semiconducting chalcogenide glasses, which are built from
helical chains of Se atoms, that become highly disordered by doping the Se
with other elements, thereby modifying and breaking the chains. In the
ion implanted polymers, the one-dimensional character of the material is
identified with the disordered polymer chains, with charge transfer occur-
ring via hopping along, across and between the chain fragments.

Since ion implanted polymers have a morphology similar to that of
chalcogenide glasses, it is suggestive to apply models which have been
developed for these materials to the ion implanted polymers. On the basis
of the one-dimensional thermally activated hopping mo9el, the conductivity
is expected to follow the relation ln(G/o 0 ) = -(To/T) , in agreement with
experimental results on ion implanted polymers. The model defines To by
To = 

4
a/kBN(EF), where a denotes the exponential decay of localized

states, kB is the Boltzmann constant and N(EF) the density of states at
the Fermi energy.

According to this one-dimensional variable range hopping model, a
significant frequency dependence is expected. The frequency dependence of
the real part of the conductivity is normally written in the form
co = ao + AwS. For the charged grain model s is expected to be between
0.8 < s < 1, while the experimental results [6] indicate a frequency
dependent s rising above s = 2 for w > 50 kHz in PAN implanted with
200 keV ''Br ions to a fluence of 2 x-1016 cm _. For the one-dimensional
variable range hopping model a frequency dependence of (o lnw)2 is predic-
ted [18]. Thus the frequency dependent conductivity appears to favor the
one-dimensional variable range hopping model, though much quantitative
work remains to be done.

DISCUSSION

Other transport and related measurements, such as thermoelectric
power, Hall effect, optical transmission and electron spin resonance (ESR)
also relate to the conduction mechanism. A summary of results obtained
with these techniques is given here and related to the conduction model.

The temperature dependent thermopower measurements on ion implanted
PAN and PPO exhibit the form S = So + PT which is consistent with the one-
dimensional variable range hopping mo el 6 . For example for PAN implan-
ted with "°Br to a fluence of 2 x 1019 cm-2, n-type behavior is found with
So = -2.4VV/K and 0 = 0.018 pV/K

2 for temperatures 200 < T < 300 K. The
small magnitude of the thermopower implies a large carrier density of very
low mobility carriers [6]. A lower limit on the carrier mobility R is
found from attempted Hall effect measurements on the same sample as for
the thermoelectric power, yielding P < 10-3 cm

2
/V sec [16]. Very low

mobilities are also characteristic of chalcogenide glasses.
Important information relevant to the conduction process in ion

implanted polymers has also been obtained from analysis of the visible
spectra of PPO and PPS in the wavelength range 310 ( X < 850 nm [16].
The results show a slowly increasing absorption with a nearly exponential
dependence near the absorption edge. The short wavelength portion of the
spectra can be interpreted in terms of a plasma resonance absorption which
is fitted to obtain an estimate for the carrier density. An approximation
to Mie's general formula for light scattering by small particles has been
given by Kawabata and Kubo [19] where the transmission coefficient y is
related to the plasma resonance wavelength XR by the Lorentzian form
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= 7oe0 /[ (X-XR)2+e1] where yo = 18na(em') /X in which a is the volume
density of the conductive part of the sample, em is the dielectric con-
stant of the non-conducting medium in which the conducting particles are
embedded, el and ez are the real and imaginary parts of the measured
dielectric constant and A is the dispersion P = a8e/8k near the resonant
wavelength kR" A good fit to this Loriotzian function for y has been
obtained for PPO implanted with 1 x 10 cm-2 "0Br ions at 200 keV for the
wavelength range 310 < X < 730 nm. A small deviation at higher wave-
lengths is attributed to the exponential shape expected near the absorp-
tion edge of disordered materials (Urbach rule [20]). The analysis car-
ried out to relate the carrier density to XR employs the Bruggeman effec-
tive medium theory [21] by whigh XR and the •uJk plasma frequency w are
related by XR = 2nc/W where w = (Wp /f)-c ) and f = 1 + n (2+a)Y(l-a)
and ez(%R) = [f R/RTcT where n is the refractive index, T is the scat-
tering time and a is the volume density of the conducting medium. The
analysis of the 2 ransmission data yields an estimate of the carrier den-
sity (-3.5 x 10 /cm ) and an estimate for the length of the dipole moment
(-5 A) responsible for free carrier optical absorption. Qualitatively,
the broadness of the Lorentzian lineshape suggests a very short dipole
moment which is readily interpreted by the one-dimensional variable range
hopping model in terms of long thin charged particles (chains) with short
lateral separations (interchain distances). In contrast, it is difficult
to explain the broad Lorentzian lineshape in terms of a charge grain
model.

Information on the density of free radicals and free carriers is
provided by ESR measurements carried out on similar polymer samples [14].
In contrast to the absence of any ESR signal for the unimplanted polymers,
the implanted polymers show a single, narrow Lorentzian ESR line, indica-
tive of homogeneous broadening and non-metallic behavior, consistent with
the conductivity model described above. As the fluence is increased, the
ESR linewidth is observed to decrease, indicating motional narrowing and
an increased delocalization of the carriers along the polymer chains. The
decrease in the ESR linewidth Aw with increasing 0 indicates the formation
of C=C double bonds [22] to a density nd where Aw - (nd) . The 0 depend-
ence of he ESR signal intensity shows a rapid increase up to a fluence of

x5 X 101 cm-
2 

above which saturation is observed. It is significant that
a similar behavior for the ESR signal intensity is found for both PAN and
PPO and that the saturation behavior for the ESR signal and conductivity
occur at the same fluence, suggesting an overlap in carrier wavefunctions
between adjacent chains in this limit.

To separate the contribution of the localized spins (free radicals)
and conduction electrons, the temperature dependence of the ESR signal was
investigated in the range 90 ( T < 300 K [14]. Since the density of
localized spins n. follows a Curie law, while the density of free carriers
nf make a temperature-independent Pauli contribution to the ESR signal
intensity, by fitting the temperature dependence of the ESR intensity n.
and nf can be separately determined. Investigation of the temperature
dependent ESR signal intensity for a range of fluences for a variet of
implanted PPO and PAN samples shows that for low fluences (6 x 101i cm-

2
)

the density of free carriers is about an order of magnitude smaller than
the density of free radicals, while at high fluences (-1 x 1016 cm-

2
), the

densities of free carriers and free radicals are about equal [14].
The total density of spins in PPO implanted with 200 keV "OBr ions is

found to be 6 x 1017 spios/g (for 0 = 6 x 10
1 4 cm-

2
) and 2.7 x 1019

spins/g (for 0 = 1 x 10 cm-2). Taking into account the mass density of
the polymer film (-3) and the fraction of the -2 gm film that contains
unpaired spins (-1/7) leads to a rough estimate of -5 x 1020 spins/cm

3 
for

PPO implanted to 10
1 6 

cm-
2 

with 200 keV "°Br ions. A comparison of this
spin density with the carrier density deduced from the optical transmis-
sion data suggests that only a fraction of these carriers have unpaired
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spins [14]. Although the one-dimensional variable range hopping model
account for many of the observed phenomena, many questions about the nat-
ture of the charge transport in ion implanted polymers remain unanswered.
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