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The low-temperature dc conductivity and magnetoconductivity of ion-implanted~Ar1! and chemically
doped ~H2SO4! polyaniline films have been studied. The metal-insulator transition has been observed for
ion-implanted polyaniline films on increasing the irradiation dose to 331017 ions cm22. The maximum values
of the room-temperature conductivity reached 800 S cm21 for ion-implanted and 8 S cm21 for chemically
doped polyaniline films. In both cases, for samples on the insulator side of the metal-insulator transition,
s(T)5s~0!exp@2(T0/T)

m#, wherem;0.5, whereas for the most heavily ion-implanted polyaniline films
s(T);T at T.20 K; the minimum in thes(T) occurs atT;20 K and a negative magnetoconductance
Ds(H,T);H2 has been observed. It is shown that electron-electron Coulomb interactions play an important
role in charge-carrier transport in ion-implanted polyaniline films near the metal-insulator transition.
@S0163-1829~96!03239-0#

INTRODUCTION

Polyaniline is one of the most promising conducting poly-
mers for applications due to its chemical and oxidative sta-
bility in both the undoped and doped forms.1,2 Although rela-
tively high conductivity has been obtained for polyaniline
doped with conventional protonic acids,3 the temperature de-
pendence of the conductivity typically shows activated trans-
port. Recently, the disorder-induced metal-insulator transi-
tion has been observed in polyaniline films doped by
camphor sulfonic acid~C10H16O4S!.4 The conductivity of
polyaniline-camphor sulfonic-acid-doped films reached 400
S cm21 and was nearly temperature independent.5 Alterna-
tively, ion implantation is another effective method to in-
crease the conductivity of both conjugated and nonconju-
gated polymers.6–8 The effects of ion implantation on the
electrical conductivity of polyaniline have recently been
studied.9–12 The conductivities measured for ion-implanted
polyaniline films are comparable to those for polyaniline
doped by conventional acids.3,13–16 However, the transport
mechanism in ion-implanted polyaniline films, especially on
the metal side of the metal-insulator transition, has not been
investigated thoroughly. In the present work, the electrical
properties of ion-implanted and chemically doped poly-
aniline films over the temperature range 1.8–300 K and mag-
netic fields up to 2.7 T are studied in order to better under-
stand the charge-carrier transport mechanism in doped con-
jugated polymers.

EXPERIMENT

Polyaniline, in the emeraldine oxidation state, was pre-
pared via chemical oxidation of aniline~Aldrich, 99.5%!

with ammonium peroxydisulfate~Fisher, reagent grade! in a
hydrochloric acid~Fisher, reagent grade! medium.17 Free-
standing polyaniline films~;40mm thick! were prepared by
heating a dispersion of polyaniline powder inN-methyl-2-
pyrrolidinone ~5% weight/volume! in a convection oven at
110 °C for 1–3 h. The base polyaniline films were chemi-
cally doped to form the conducting emeraldine salt by equili-
brating the films in a 1.0M H2SO4 solution for 3–5 h, result-
ing in fully protonated imine nitrogens along the polyaniline
backbone.

Free-standing polyaniline base films were irradiated by
rastering a beam of Ar1 ions across one surface covering a
232.5 cm2 area. The energy of the beam was maintained at
90 keV with doses ranging from 131014 to 331017

ions cm22. The ion-beam current density during irradiation
ranged from 2 to 10mA cm22. The substrate temperatures
during ion implantation for samples irradiated with low and
intermediate doses remained below 200 °C, which is consid-
erably less than the crosslinking temperature for polyaniline
films ~;240 °C!.18 For two representative samples irradiated
with the maximum dose, the substrate temperature during
irradiation was raised to 200610 °C and 230610 °C, respec-
tively. The ion distribution and the thickness of the conduc-
tive region formed was estimated using a standard transport
and range of ions in matter~TRIM! calculation.19

Four-probe conductivity was measured by attaching silver
wires in a planar geometry to the implanted surface using
silver paint. A computer-controlled automated measuring
system, containing a helium cryostat with a superconducting
magnet, was used to measure dc conductivity. The power
dissipated into the samples was less than 1 mW. Tempera-
tures were measured with a calibrated germanium resistor.
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Magnetic fields up to 2.7 T were applied in a direction par-
allel to the sample surface.

RESULTS AND DISCUSSION

Figure 1 shows that irradiation of polyaniline films with
Ar1 ions decreases the room-temperature sheet resistivity
from 1015 down to 102 V/h. The values of room-temperature
conductivity s~300 K!, shown as an inset to Fig. 1, have
been estimated assuming a conducting thickness of 100 nm.
The depth of the conducting layer was assumed to be equal
to the irradiation length. The inhomogeneity within this layer
is not very high especially at low and intermediate irradiation
doses according to the TRIM ion distribution profiles. From
the inset to Fig. 1 it can be seen thats~300 K! increases up
to 800 S cm21 as the irradiation dose increases. This conduc-
tivity is over 12 orders of magnitude higher thans~300 K!
before irradiation and roughly twice that of polyaniline-
camphor sulfonic-acid-doped films.5 The chemical doping
process using sulfuric acid only increases thes~300 K! of
polyaniline films to 8 S cm21. Measurements of the thermo-
electric power at 300 K show that both ion-implanted and
chemically doped polyaniline films exhibitp-type conduc-
tion. Figure 2 demonstrates that an increase in the irradiation
dose improves the electrical stability of ion-implanted polya-
niline layers during exposure to air in comparison with a
chemically doped sample. The small rise ins~300 K! for
chemically doped polyaniline is not unexpected given the
propensity for polyaniline to absorb atmospheric water,
which increases the dopant mobility in the film.12

The temperature dependences of the conductivity of
polyaniline films irradiated by Ar1 ions with low, interme-
diate, and high doses are shown in Figs. 3 and 4 along with

a typical chemically doped sample. As can be seen by com-
paring Figs. 3 and 4, the increase in the irradiation dose
alters the temperature dependence of the conductivitys(T)
from activated transport to close to metallic transport,
whereas thes(T) of chemically doped polyaniline films al-
ways has an activated nature. On the insulator side of the
metal-insulator transition,s(T) of ion-implanted and chemi-
cally doped polyaniline films exhibits a common temperature
dependence characteristic of the variable range hopping
mechanism~Fig. 3!:

s~T!5s~0!expF2S T0T DmG , ~1!

where for samples investigatedm50.45–0.66 and
T05103–104 K.

An analysis of the temperature dependence of the dimen-
sionless activation energy«(T)/kT in the range where
«(T).kT shows that for ion-implanted polyaniline films,

FIG. 1. Dose dependences of the sheet resistivity and the room-
temperature conductivity~inset! of polyaniline films implanted with
Ar1 ions. The dotted line is a linear least-squares fit.

FIG. 2. Aging of ion-implanted~a andb! and chemically doped
(c) polyaniline films during storage in air. Irradiation doses:~a!
331016 and ~b! 331017 ions cm22.

FIG. 3. Dependences of log conductivitys versusT20.5 for
ion-implanted ~a and c! and chemically doped (b) polyaniline
samples on theinsulatorside of the metal-insulator transition. Irra-
diation doses:~a! 131016 and ~c! 331016 ions cm22.
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Eq. ~1! with m50.66 is followed atT,200 K, whereas for
chemically doped polyaniline films withm50.45, Eq.~1! is
followed over the entire temperature range. For the ion-
implanted polyaniline sample (c) in Fig. 3 on the insulator
side of the metal-insulator transition a weak positive magne-
toresistance is observed fromT577 to 300 K; however the
very high resistivity of this sample at low temperatures pre-
vented a more sophisticated analysis.

The observed dose and temperature dependences of the
conductivity indicate that in the case of ion-implanted and
chemically doped polyaniline films on the insulator side of
the metal-insulator transition, the main transport mechanism
is charge-carrier hopping between localized states,20 analo-
gous to other conducting polymers.3,5,7Recently, as(T) de-
pendence similar to that in Eq.~1! with m;0.5 has been
attributed to chemically doped polyaniline in the framework
of a quasi-one-dimensional variable-range hopping model.3

However, it seems very unlikely that both chemically doped
and ion-implanted polyaniline samples could be described by
this common model since ion irradiation is expected to in-
duce much more disorder. On the other hand, a recent study
of transport in polypyrrole doped with PF6 ~Ref. 21! and
ion-implanted polyimide22 both indicate three-dimensional
variable-range hopping in the presence of the Coulomb gap
at low temperatures for samples on the insulator side of the
metal-insulator transition. This model assumes electron hop-
ping between localized states near the Fermi level with a
parabolic quasigapD due to the Coulomb electron-electron
interactions present in the single-particle density of states
spectrum, while the noninteracting density of states is
finite.23 Under the one-electron transport approximation the
Coulomb gap model results in conductivity obeying Eq.~1!
with m50.5. In this case the parameterT0 in Eq. ~1! be-
comes

T05
1

k S be2

xa D , ~2!

wherek is the Boltzmann constant,x is the permittivity,a is
the localization radius, andb52.8. According to this model,
variable-range hopping@with m;0.5 in Eq. ~1!# should be
observed atkT,D and the width of the quasigap can be
estimated as

D5 1
2 ~T0T* !0.5, ~3!

whereT* is the temperature at which the power law@Eq. ~1!
with m50.5# begins to be satisfied. For example, for the
ion-implanted samplec shown in Fig. 3~T053.93103 K,
T*5102 K!, the width of the quasigap isD526.8 meV. Al-
though the values obtained forT0 andD are rather large, they
are not unusual for ion-implanted semiconductors. These
large values indicate that the samples are well within
the insulating regime and far away from the metal-insulator
transition.

As mentioned above, the increase in irradiation dose leads
to the observation of the metal-insulator transition in ion-
implanted polyaniline layers. The temperature dependences
of conductivity for the two representative highly ion-
implanted polyaniline samples on the metallic side of the
metal-insulator transition are shown in Fig. 4. Both samples
were irradiated with the same dose 331017 ions/cm2; how-
ever, the substrate temperature during irradiation for the less
metallic sample was maintained at approximately 200
610 °C, while the more metallic sample had a substrate tem-
perature of approximately 230610 °C. As indicated in Fig.
4, the estimated values ofs~300 K! for these samples, as-
suming a 100-nm conducting layer thickness, are typically
500–800 S cm21. Thes(T) dependences are very weak with
conductivity ratioss~300 K!/s~1.9 K!51.08–1.17, similar to
the best polyaniline-camphor sulfonic-acid-doped films on
the metallic side of the metal-insulator transition.5 For both
samples in the temperature rangeT.20 K, s(T) is nearly
linear in T: s(T)5s(0)1AT, whereA50.26 ands~0!
5448 ~diamonds! ands~0!5740 ~squares!, as shown in Fig.
4. However, at lower temperatures, a differents(T) behavior
is found for these samples. For the less metallic sample
~squares! atTm,20 K, s(T) shows only a negative tempera-
ture coefficient to the resistivity, typical for dirty metals@see
Fig. 5~b!#, while for the more metallic sample~diamonds! the
temperature coefficient of the resistivity changes sign from
negative to positive, like in normal metals, belowTm520 K,
where a minimum ins(T) dependence is observed@see Fig.
5~a!#. The increase in conductivity belowTm is approxi-
mately 1–2 % of the room-temperature conductivity. A mag-
netic field of 2.7 T suppresses the positive temperature coef-
ficient of the resistivity ins(T) for polyaniline, as shown in
Fig. 5~a!. Analogous increases in conductivity at low tem-
perature have been observed in hexafluorophosphate
~PF6

2!-doped polypyrrole~but only under high pressure21!
and in heavily doped semiconductors@e.g., B-doped Si~Ref.
24!#, which has been attributed to the correlation effects ex-
pected in the metallic regime near the metal-insulator
transition.25,26 Another explanation of this effect has been
given for quasi-two-dimensional intercalated graphitic sys-
tems, where the increase in conductivity was attributed to a
possible phase transition in these systems at low

FIG. 4. Conductivitys(T) versus temperature for polyaniline
samples, on themetallic side of the metal-insulator transition, ion
implanted with Ar1 at irradiation dose of 331017 ions cm22. The
less metallic polyaniline~bottom! was ion implanted with a sub-
strate temperature maintained at approximately 200610 °C, while
the more metallic sample~top! had a substrate temperature of ap-
proximately 230610 °C during irradiation.
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temperatures.27 It is possible that such differences ins(T)
dependences between our two metallic samples irradiated at
different temperatures indicate significant structural differ-
ences due to increasing inhomogeneity inside of the conduct-
ing layer. Nevertheless, assuming that the three-dimensional
localization-interaction model near the metal-insulator
transition is appropriate for ion-implanted polyaniline films,
we consider that the low-temperature conductivity of the in-
vestigated layers is given by25,26

s~T!5s~0!1Ds1~T!1DsL~T!5s~0!1nT0.51BT0.5p,
~4!

where the second termDs I(T) arises from electron-electron
interactions25,26 and the third termDsL(T) is the correction
to the zero-temperature conductivity due to localization
effects.25 The temperature dependence of the localization
correction is determined by the temperature dependence of
the inelastic-scattering ratet in

215Tp of the dominant dephas-
ing mechanism. For electron-phonon scattering,p52.5–3;
for inelastic electron-electron scattering,p52 and 1.5 in the
clean and dirty limits, respectively.24 A recent calculation
givesp51 very near the metal-insulator transition.28

An analysis of the low-temperature dependences of con-
ductivity, for both polyaniline samples, in the metallic re-
gime @Figs. 5 ~top! and 5 ~bottom!# shows that the curves

observed can be described by Eq.~4!. The best fit forT.Tm
yieldsp52.0360.11 andB50.3960.10 for the less metallic
sample @Fig. 5 ~bottom!# and p52.8860.14 andB50.23
60.18 for the more metallic sample@Fig. 5 ~top!#. The val-
ues ofn ands~0! are strongly dependent on magnetic field,
which decreasess~0! and suppresses the positive tempera-
ture coefficient of resistivity for the sample in Fig. 5~a!,
analogous to the case of doped polypyrrole films.21 The ex-
ponentp52.88 of the localization correction term in Eq.~4!
implies that aboveT5Tm , inelastic electron-phonon scatter-
ing is dominant.25

The low field magnetoconductance data@Figs. 6~a! and
6~b!# show that for both metallic polyaniline samples at
T,4.2 K the magnetoconductance is negative and linear in
H2 independent of the sign of the temperature coefficient of
the resistivity. This can be explained by assuming that the
contributions to magnetoconductance that arise from
electron-electron interactions and ‘‘antilocalization’’ are of
the same sign and additive.24,29 Usually in disordered sys-
tems the localization effects lead to positive magnetoconduc-
tance due to inelastic scattering processes. However, accord-
ing to the theory of weak localization negative
magnetoconductance can take place when the spin-orbit scat-
tering is strong,26 whereas electron-electron interactions al-
ways lead to negative magnetoconductance proportional to
H2.25 In this case the total low-field (gmH!kT) magneto-
conductance is given by

FIG. 5. Top: expanded conductivity versus temperature plot
from Fig. 4 ~top! belowT550 K, atH50 ~diamonds!, andH52.7
T ~triangles!. Bottom: expanded conductivity versus temperature
from Fig. 4~bottom! belowT550 K, atH50 ~squares! andH52.7
T ~inverted triangles!.

FIG. 6. Magnetoconductance versus applied fieldH2 at 2.2, 3.2,
and 4.2 K, for the ion-implanted polyaniline samples from Fig. 4,
where the top sample is more metallic and the bottom sample is less
metallic.
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DS~H,T!5DS I~H,T!1DSL~H,T!5

20.041hS gm

d D 2gFsT
21.5H22S 148 p2D

3S e\ D 2G0~L in!
3H2. ~5!

The first term on the right-hand side is the contribution due
to electron-electron interactions, the second term is the con-
tribution due to antilocalization,h andgFs are the interac-
tion parameters,25 G05(e2/\), and L in is the inelastic-
scattering length.

Similar magnetoconductance behavior has been observed
in doped semiconductors24 and conducting polymers both
chemically doped5 and ion implanted.30 In our case the sepa-
ration of contributions from electron-electron interactions
and localization effects is rather difficult because of the un-
usual temperature dependences of the conductivities of the
metallic samples. On theoretical grounds, spin-orbit effects
in conducting polymers should be rather weak in comparison
to electron-electron interactions. So the observed strong de-
pendences ofn ands~0! in Eq. ~4! on the magnetic field and
strong negative magnetoconductance proportional toH2 al-
lows us to assume that the contribution from the electron-

electron interaction is probably dominant in comparison to
the weak localization term in this temperature range. How-
ever, the influence of the weak localization contribution
could become more apparent at lower temperatures, suggest-
ing that further transport studies in the lower-temperature
range are needed to get a more complete understanding of
the transport phenomena in ion-implanted polyaniline.

CONCLUSIONS

The metal-insulator transition has been observed in polya-
niline films irradiated with Ar1 ions. The maximum value of
the room-temperature conductivity of ion-implanted polya-
niline films reaches 800 S cm21, at an irradiation dose of
331017 ions cm22 and a substrate temperature of 230 °C.
Lower doses give rise to lower conductivities. The effects of
electron-electron Coulomb interactions play an important
role in charge-carrier transport in ion-implanted polyaniline
films on both the insulator and the metallic sides of the
metal-insulator transition.
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