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Charge transport of lithium-salt-doped polyaniline
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Charge transport properties, including temperature-dependent dc conductivity and thermoelectric power are
reported for Li-salt (LiPF6, LiBF4, LiAsF6, LiCF3SO3, or LiClO4) -doped polyaniline~PAN! samples. The
experiments of electron paramagnetic resonance~EPR! and X-ray photoelectron spectroscopy~XPS! are per-
formed for the systems. The electrical and magnetic properties and the doping mechanism of various Li-salt-
doped PAN samples are compared with those of hydrochloric-acid~HCl! -doped PAN samples. The PAN
materials doped with LiPF6 have the highest dc conductivity (sdc;1 S/cm, at room temperature! in the
Li-salt-doped PAN systems studied here. The temperature dependence ofsdc of the systems follows a quasi-
one-dimensional variable range hopping model, which is similar to that of HCl-doped PAN samples. As the
molar concentration increases from;1024M to ;1M , the system is transformed from an insulating to
conducting~non-metallic! state. From EPR experiments, we measure the temperature dependence of magnetic
susceptibility, and obtain the density of states for various Li-salt-doped PANs with different doping levels. We
observe the increase of the density of states as the molar concentration increases. From the analysis of nitrogen
1s peak obtained from XPS experiments, we estimate the doping level of the systems. We compare the
effective doping thickness between HCl-doped PAN samples and Li-salt-doped PAN ones, based upon the
results of XPS argon~Ar! ion sputtering experiments. The diffusion rate of Li1 or counterions and the
dissociation constants of Li salt in doping solution play an important role for the effective doping and transport
properties of the Li-salt-doped PAN samples.

DOI: 10.1103/PhysRevB.64.035101 PACS number~s!: 72.80.Le, 71.20.Rv, 71.30.1h
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I. INTRODUCTION

Polyaniline ~PAN! has been intensively studied for th
past decades.1–9 The conducting form of PAN is obtained b
a protonic acid such as hydrochloric acid~HCl! doping. The
electronic structure of PAN has been investigated to und
stand the transformation from the insulating state to cond
tion state.5,10,11 Epstein et al. reported the insulator-meta
transition of PAN systems as a function of protonation le
based upon the result of the increase of the P
susceptibility.5 MacDiarmid and co-workers showed a sim
lar transition from the result of dc conductivity (sdc), where
sdc at room temperature~RT! varied from ;10210 to ;1
S/cm as the protonation level increases.3 The protonic acid
dopants such as HCl, HF, H3PO4, HClO4, H2SO4, HNO3,
and HBF4 have been used to obtain the conducting form
PAN.1,10–14 The effect of moisture on PAN has also be
studied.15–17 Cao et al. reported PAN doped with variou
functionalized acids such as dodecylbenzenesulfonic
~DBSA! and camphorsulfonic acid~CSA!. The sdc of
PAN-CSA prepared inm-cresol solvent is>100 S/cm, and
its temperature dependence has an intrinsic metallic na
from RT to;200 K.18 Monkman and co-workers studied th
reaction conditions at low temperature to synthesize
high-molecular-weight and highly conducting PA
materials.19 The PAN samples doped with 2-acrylamido-
methyl sulfonated propanoic acid~PAN-AMSPA! shows
sdc~RT! ;400 S/cm reported by Leeet al.20 The physical
and chemical properties of PAN doped with protonic a
vary with the solvents (m-cresol, NMP, CHCl3, etc.!.21,22
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Based upon the protonic acid doping, various dopants
solvents have been used to increase and to control thesdc of
PAN systems. The intrinsic metallic nature of doped PA
samples including polyacetylene and polypyrrole has b
also studied through low temperature~below 10 K! sdc and
optical dielectric constant as a function of energy.9,23 How-
ever, there have been many controversial issues in the in
sic metallic nature and details of charge transp
mechanisms.9

The PAN materials can be used for electrodes of lithiu
~Li ! ion rechargeable batteries,24 corrosion protection,25 and
rf and microwave absorbers.26 The commercial use of PAN
materials for batteries has begun with Bridgestone Corpo
tion and Seiko Electronic Components Ltd.27 The electro-
chemical redox reactions using the emeraldine base form
PAN ~PAN-EB! and the use of PAN as a cathode in a r
chargeable battery has been studied.28 PAN materials doped
with Li salts and their composites are promising candida
for electrodes of Li ion rechargeable batteries, because
are stable in air, have relatively high conductivities, and
compatible with polymer electrolytes.1,2

In this study, we synthesize PAN samples doped w
various Li salts (LiPF6, LiBF4, LiAsF6, LiCF3SO3, or
LiClO4). Electrical, magnetic, and structural properties
Li-salt-doped PAN samples are compared with those of H
doped emeraldine salt forms of PAN~PAN-ES! through the
temperature dependence ofsdc and thermoelectric power
electron paramagnetic resonance~EPR!, and X-ray photo-
electron spectroscopy~XPS! experiments. We discuss the in
©2001 The American Physical Society01-1
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homogeneous doping of the systems based on EPR and
Ar sputtering experiments.

II. EXPERIMENT

The powder of a PAN-EB~PANIPOL™, NESTE, Fin-
land! was dissolved inN-methylpyrrolidinone~NMP! sol-
vent, and its weight ratio was 3% with respect to the solve
The solution was stirred with spin bars for 24 h and filter
with Watman filter paper three times. The solution w
poured on a slide glass and dried at 50 °C in a convec
oven under the dynamic vacuum for 15 h to prepare
PAN-EB free-standing film. For the doping solution of the
salts, ethylene carbonate (EC, C3H4O3, molecular weight
>88.06, density>1.32 g/cm3! and dimethyl carbonate
@DMC, ~CH3O!2CO, molecular weight>90.08, density
>1.07g/cm3# were used as the solvents. The PAN-EB fre
standing films were immersed in the Li-salt-doping soluti
for 72 h, and the doping process was performed in a dry b
The doped films were dried in vacuum oven at 50 °C for
h and washed with ethyl ether.

The sdc was measured by using a four-probe method
order to eliminate the contact resistance. A CTI-Cryogen
closed-cycle refrigerator system was used for measuring
temperature dependence of dc conductivity@sdc(T)# from
RT to ;20 K. For low-temperature dc conductivity measur
ments from 70 K to 3 K, the physical property measurem
system~PPMS! Keithley model 7065 Hall effect card wer
used. A Brucker ESP 300 spectrometer~X band! was used to
obtain the EPR spectra. The samples were put in an E
tube ~Wilmad 707! and pumped with a diffusion vacuum
pump (<1025 Torr) before sealing the tube to avoid th
possible air and moisture effects on the EPR signal
samples. The magnetic susceptibilities of the system w
estimated from EPR integrated intensities calibrated aga
a Li-LiF crystal. The XPS data were measured by usin
PHI 5700 spectrometer (AlKa, 1486.7 eV photons!. The
carbon 1s (C ls) neutral peak at 284.6 eV was used as
reference to correct for the shift caused by surface-charg
effects.29,30 The XPS sputtering on the surface of PA
samples was performed by using Ar ions~3 keV! for 10 min
under 1027 Torr.

III. EXPERIMENTAL RESULTS

A. dc conductivity and thermoelectric power

Figure 1 comparessdc(T) for PAN-ES and Li-salt-doped
PAN samples. Thesdc~RT! of PAN-ES and PAN doped with
LiPF6 ~PAN-LiPF6) is ;10 S/cm and;1 S/cm, respectively
The sdc~RT! and its temperature dependence of Li-sa
doped PAN samples vary with the kind of dopants used
shown in Fig. 1. PAN-LiPF6 has the highestsdc~RT! in Li-
salt-doped PAN systems studied here. A quasi-o
dimensional~1D! variable range hopping~VRH! model pro-
vides the best fitting forsdc(T) of PAN-ES and Li-salt-
doped PAN systems. The quasi-1D VRH model emphasiz
the nearest-neighboring interchain hopping has been use
account for the macroscopic dc charge transport of PAN
samples,31 which is described as
03510
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sdc5s0expF2S T0

T D 1/2G , ~1!

where T0516/@kBN(EF)L iL'
2 #,N(EF) is the density of

states at the Fermi level, andL i (L') is the localization
length in the parallel~perpendicular! direction.32,33The slope
of sdc(T), T0 can be interpreted as an effective energy b
rier or energy difference between localized states. The res
of sdc(T) imply that the quasi-1D structure for charge tran
port maintains for Li-salt-doped PAN systems. TheT0 val-
ues of the PAN-LiPF6 , PAN-LiAsF6 , PAN-CF3SO3, and
PAN-LiBF4 samples are;5400 K, 19 000 K, 21 000 K, and
46 000 K, respectively. The PAN-LiPF6 sample is the mos
highly conducting sample in the Li-salt-doped PAN samp
studied here. Assuming thatL iL'

2 .L3 and using the density
of states@D(EF)# obtained from EPR experiments, the lo
calization length~L! is estimated to be 23 Å, 22 Å, and 16
for PAN-LiPF6 , PAN-LiAsF6, and PAN-LiBF4, respec-
tively. This suggests that the PAN-LiBF4 sample is a rela-
tively more localized state than the PAN-LiPF6 sample. It is
noted thatsdc(T) varies with Li-salt dopants used, althoug
the systems are doped in the same 1M concentration of dop-
ant. The inset of Fig. 1 represents the temperature-depen
resistivity @rdc(T)# at low temperatures. We observed th
rdc goes to infinity as temperature decreases due to disor
This implies that the systems are not typical metals.

Figure 2 shows the variations ofsdc~RT! of PAN-ES,
PAN-LiPF6, and PAN-LiBF4 samples as a function of mola
concentration. For PAN-LiPF6 samples, we observe the in
crease ofsdc~RT! from ;1029 S/cm to ;1 S/cm as the
molar concentration increases from 1024M to 1M . The
sdc~RT! of PAN-LiBF4 samples varies;1029 S/cm to
;1024 S/cm as the molar concentration increases fr
1024M to 1M . This transformation from insulating state t
conducting ~non-metallic! state of PAN-LiPF6 samples is

FIG. 1. Temperature dependence ofsdc of PANs doped with
various Li salts and HCl doped~PAN-ES! PAN samples. Inset:
Temperature dependence of resistivity@rdc(T)# at low tempera-
tures.
1-2
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CHARGE TRANSPORT OF LITHIUM-SALT-DOPED . . . PHYSICAL REVIEW B64 035101
similar to that of PAN-ES samples. However, f
PAN-LiPF6 and PAN-LiBF4 samples, the onset of the tran
formation appears at;1022M , and;1021M , respectively,
while that of PAN-ES samples appears at;1023M , as the
downward arrows shown in Fig. 2. The results indicate t
the transformation from insulating state to conducting st
of PAN systems easily occurs in the protonation doping p
cess, rather than in the Li-salt-doping process. For Li-s
doped PAN samples, the onset of that transformation va
with dopants used.

The temperature dependence of thermoelectric po
~S! of PAN-LiPF6 (1M ) is shown in Fig. 3. The thermoelec
tric power of the PAN-LiPF6 sample linearly increases a
the temperature increases above 150 K. The sign of ther
electric power of the PAN-LiPF6 sample is positive above
150 K, which implies the hole transport of the syste
The negative thermoelectric power and the nonlinearity
low temperatures~<150 K! are mainly due to the contribu

FIG. 2. The variation ofsdc~RT! of PAN samples doped with
HCl, LiPF6, and LiBF4, as a function of molar concentration. Th
dotted lines are for eye-guide. The downward arrows represen
onset of the transition.

FIG. 3. Temperature dependence of thermoelectric powe
PAN-LiPF6 samples.
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tion of charge transport characteristics of the quasi-
VRH.33

B. Electron paramagnetic resonance„EPR…

Figure 4 compares temperature dependence of the m
netic susceptibility ~x! of various Li-salt-doped PAN
samples obtained from EPR experiments. Assuming that
tal magnetic susceptibility~x! is composed of the Pauli (xP,
which is independent of temperature!, and Curie (xC5C/T
where C is the Curie constant! components, linear fitting
of xT against the temperature providexP.6 The slope
(xP) for the PAN-LiPF6 sample is larger than that fo
the other Li-salt-doped PAN samples as shown in Fig.
ThexP is due to free conduction electrons, while thexC has
the nature of localized spins. Therefore, the PAN-LiP6
sample is the highest conducting state in the Li-salt-do
PAN samples studied here, which is in accordance with
results ofsdc(T). The inset of Fig. 4 presents the density
states@D(EF)# of PAN-ES and Li-salt-doped PAN sample
Using the relationxP5mB

2D(EF), where mB is the Bohr
magneton, the density of states of PAN-LiPF6 ,
PAN-LiAsF6 , PAN-LiBF4, and PAN-LiClO4 samples is es-
timated to be 0.75, 0.28, 0.26, and 0.046 states/~eV two
rings!, respectively. We observe that theD(EF) varies with
the dopants used as shown in the inset of Fig. 4. The r
tively low D(EF) of Li-salt-doped PAN samples compare
to that of conventional PAN-ES samples suggests that
salt-doped PAN samples are in the inhomogeneously do
state.

The variation of theD(EF) as a function of molar con-
centration for PAN-LiPF6 and PAN-LiBF4 samples is shown
in Fig. 5. D(EF) is calculated by using the relationxP

5mB
2D(EF). D(EF) increases as the doping level increas

The sudden increase of theD(EF) for PAN-LiPF6 and
PAN-LiBF4 samples is observed at;1022M and;1021M ,
respectively, as the downward arrows shown in Fig. 5. Th
results agree with the transformation from insulating state
conducting state observed insdc~RT!.

he

of

FIG. 4. x3T vs T for various Li salt doped PAN samples. Inse
the density of states@D(EF)# of PAN-ES and various Li salt doped
PAN samples.
1-3
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JUNG, KIM, MOON, JOO, CHANG, AND RYU PHYSICAL REVIEW B64 035101
Figure 6 shows the doping level dependence of thexP for
the PAN-LiPF6 and PAN-LiBF4 samples. ThexP of the
PAN-LiPF6 and PAN-LiBF4 samples increases as the dopi
level increases. The relatively smallxP of Li-salt-doped
PAN systems compared to that of PAN-ES (xP51231025

emu/mol 2 rings! is expected from the inhomogeneous do
ing in Li salts doped PAN systems. We can describexP as a
step function,

xP~y!5~1/2!x0F11tanhS y2y0

Dy D G , ~2!

wherex05mB
2D(EF), y is the doping level,Dy is the sharp-

ness of the step, andxP(y0)5x0.34,35 From the comparison
of the EPR signal intensity aganist the standard sample,
free spin exists per 20 rings for the PAN-LiPF6 sample
(1M ), and per 50 rings for the PAN-LiBF4 sample (1M ).
These values are smaller than the results of XPS exp

FIG. 5. The variation of the density of states@D(EF)# as a
function of molar concentration for PAN-LiPF6 and PAN-LiBF4

samples. The dotted lines are for eye-guide.

FIG. 6. xP ~scattered markers! and xm
P ~solid line! vs doping

level for PAN-LiPF6, and PAN-LiBF4 samples. The fitting curve is
based on Eq.~4!.
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ments. In order to account for this discrepancy due to
inhomogeneous doping, we assume that

y5ymaxexpS 2x2

4Dt D . ~3!

Hereymax is the maximum doping level, which is related
the molar concentration and dissociation constant of the d
ant, x is the diffusion distance,D is the diffusion constant,
andt is the minimum doping time for the saturation. The E
~3! is based on the assumption that the amount of the do
decreases toward the inside of the sample. From Eqs.~2! and
~3!, we can obtain the theoretical Pauli susceptibility (xm

P) in
the case of inhomogeneous doping by using the follow
equation,

xm
P~y!5

4

dE0

d/2

xP~y!dx1x1

5
4

dE0

d/2

x0F11tanhS y2y0

Dy D Gdx1x1 , ~4!

whered is the thickness of the sample andx1 is the Pauli
susceptibility wheny is 0. The xm

P obtained from the
computer simulation using Eq.~4! is presented by the solid
fitting curve in Fig. 5. We used y0514%, x0
51331026 emu/~mol 2 rings!, Dy54.8%, and x151.0
31026 emu/~mol 2 rings! for the best fitting. The analysis o
Fig. 6 suggests that the transformation from insulating s
to conducting state can be explained by the diffusion of
salts through PAN samples.

Figure 7~a! shows temperature dependence of EPR li
width @DHp-p(T)# of PAN-LiPF6 samples with different
doping levels. TheDHp-p of conducting PAN-LiPF6 samples
with 1M and 1021M concentrations linearly increases
temperature increases. However, for the insulat
PAN-LiPF6 samples with 231022M and 831023M con-
centrations, theDHp-p decreases as temperature increases
dicating motional narrowing. As the molar concentration
creases, the values of theDHp-p at each temperature
decrease. The line narrowing is due to the increase of
number of mobile spins i.e., the increase of polarons w
increasing the doping level. Figure 7~b! presents temperatur
dependence of theg values. Theg value of the PAN-LiPF6
and PAN-LiBF4 samples are;2.00292 and;2.00317, re-
spectively, which are almost independent of temperat
from 100 K to RT. It is noted that the principleg value in
p-electron radicals from the free-spin value is 2.0023. T
deviation ofg value is associated with spin-orbit interactio
between the ground-state and excited-state radicals.36

C. X-ray photoelectron spectroscopy„XPS…

Figure 8 presents nitrogen 1s (N 1s) XPS core level spec-
tra of PAN-ES and Li-salt-doped PAN samples at RT. T
N 1s XPS peak line is decomposed into three peak lines
shown in Fig. 8. The FWHM~full width at half maximum!
of imine nitrogen (uNv) and amine nitrogen (uNu)
1-4
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FIG. 7. Temperature depen
dence of ~a! EPR peak to peak
linewidth (DHp2p) of
PAN-LiPF6 samples with differ-
ent doping levels and~b! the g
values of PAN-LiPF6 and
PAN-LiBF4 samples.
ge

r

f
of

ries
ms
-

on

-

in
ior
ng

.
ing
-

We
peaks is maintained constant~1.65 eV!. The lines due to
imine nitrogen and amine nitrogen are centered at 398.160.1
eV and 399.360.1 eV, respectively.29,30,37The energy split-
ting between the imine nitrogen peak and the amine nitro
peak is 1.2 eV. The error in the XPS curve fitting is;5%.
The percent of the area ratio of N1 peak of PAN-LiPF6
sample is;35%, which is relatively larger than that of othe

FIG. 8. Nitrogen 1s~N1s! XPS core level spectra for~a!
PAN-LiPF6, ~b! PAN-LiAsF6, ~c! PAN-LiBF4, and ~d!
PAN-LiClO4 samples.
03510
n

Li-salt-doped PANs as shown in Fig. 8. The area ratio ofN1

peak centered at 401.060.2 eV indicates the doping level o
the Li-salt-doped PAN systems. The percent of area ratio
the N1 component of the PAN-LiPF6 samples is;35%,
which is similar to that~;32%! of PAN-ES samples. How-
ever, the area ratio of the N1 component of other Li-salt-
doped PAN samples except the PAN-LiPF6 samples is less
than 20%. The results suggest that the doping level va
with the kind of Li-salt dopants used, although the syste
are doped in the same 1M concentration of dopant. The dif
fusion rate of Li1 or counterions into the PAN-EB film and
the degree of dissociation of a Li salt in the doping soluti
play an important role for the effective doping level.

Figures 9~a!–9~d! compare the N 1s XPS core-level spec-
tra for PAN-LiPF6 samples with different molar concentra
tions. The percent of area ratio of the N1 component in-
creases with increasing molar concentration as shown
Fig. 9~e!. These results qualitatively agree with the behav
of the transformation from insulating state to conducti
state observed insdc~RT! and theD(EF) as shown in Figs. 2
and 5.

IV. DISCUSSION

Figure 10 shows the variation ofsdc~RT! as a function
of doping time. The sdc~RT! of the PAN-LiPF6 and
PAN-LiBF4 samples is saturated after;10 h, while that of
PAN-ES is saturated after;30 min, as shown in Fig. 10
These results imply that the doping of PAN samples by us
Li salts is relatively difficult compared to that of using pro
tonic acid such as HCl. The size of Li1 ion is relatively
larger than proton to dope PAN samples homogeneously.
1-5
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assume that the process of Li-salt diffusion in PAN syste
is the one-dimensional diffusion case, as follows:

C5~a/At !expS 2x2

4Dt D . ~5!

Here C, D, and a are the ion concentration, the diffusio
constant, and the normalization constant, respectively.38 The
x andt are the diffusion distance and time, respectively.38–40

FIG. 9. N1s XPS core level spectra of PAN-LiPF6 samples with
different molar concentrations;~a! 1M, ~b! 0.1M, ~c! 0.019M, ~d!
0.0027M, and~e! the variation of the percent of the area ratio of N1

peak as a function of molar concentration for PAN-LiPF6 samples.
03510
s

The diffusion coefficient,D is the function of the relaxation
time ~t! considered as the minimum doping time for satu
tion and the sample thicknessd, which is described as

D5
~d/2!2

4t
. ~6!

The t of the PAN-ES samples is;30 min, while that of the
PAN-LiPF6 and the PAN-LiBF4 samples is;10 h. There-
fore, theD of the PAN-ES samples (;9310210 cm2/s) is
larger than the PAN-LiPF6 and the PAN-LiBF4 samples
(;4310211 cm2/s). From Eq.~5!, the ion concentration,C
of the PAN-LiPF6 and the PAN-LiBF4 samples more rapidly
decreases than PAN-ES samples as the diffusion distanc~x!
increases. The atomic mass and radius of the proton, the1

ion, and the counterions are important factors for the dif
sion coefficient, which determines the effective doping lev
The Li1 ion is heavier and larger than the proton and is
inhomogeneous doping ion for organic systems. The so
tion effect is expected from the EC and DMC solven
These cause the inhomogeneous doping in Li-salt-do
PAN samples. For polyacetylene, Li salts were used as d
ants to apply the material for the electrodes of Li ion r
chargeable batteries.39,40 When polyacetylene was electro
chemically doped with Li salts, the inhomogeneous dop
was pointed out by El-Khodary and Bernier.40

Figure 11 compares the normalized area of fluorines
(F 1s) core-level spectra of Li-salt-doped PAN samples a
chlorine 2p (Cl 2p) level spectra of PAN-ES sample as
function of sputtering time. The surface of the samples w
etched by the sputtering of Ar ion beam with the energy o
keV for 10 min. The normalized area of the F 1s XPS peak
of the PAN-LiPF6 and PAN-LiBF4 samples is rapidly re-
duced after;1 min, while that of the Cl 2p XPS peak of
PAN-ES samples slowly increases and saturates as the
tering time increases. The results indicate that the amoun
FIG. 10. The variation ofsdc ~RT! as a func-
tion of doping time for ~a! PAN-ES and ~b!
PAN-LiPF6 and PAN-LiBF4 samples.
1-6
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Li1 and counterions decreases toward the inside of
PAN-LiPF6 and PAN-LiBF4 samples. The relatively low
area ratio of the Cl 2p XPS peak on the surface of PAN-E
samples in Fig. 11~a! is due to the volatile property of HCl o
the washing process with ethyl ether.30 The results imply that
a relatively large amount of dopants or counterions exists
the surface of the PAN-LiPF6 and PAN-LiBF4 samples, and
the distribution of Li1 and counter ions is not uniform
through the sample.

FIG. 11. The variation of the nomalized area of the counter io
~Cl2p and F1s) XPS peak of~a! PAN-ES,~b! PAN-LiPF6, and~c!
PAN-LiBF4 samples.
n

,

,

,
,

,

P

o
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Based on thesdc, EPR, and XPS results, we suggest th
the same doping process with the protonic acid doping
PAN systems can be applied to Li-salt-doped PAN samp
However, the PAN-EB film is less uniformly doped when
salts are used as dopant. This analysis is supported by
relatively lower sdc~RT! and its wide variation (1025

;1S/cm) depending on the kind of Li salts used.

V. CONCLUSION

Electrical, magnetic, and structural properties of vario
Li-salt-doped PAN samples are studied. Thesdc(T) of the
systems follows the quasi-1D VRH model, which is simil
to that of PAN-ES samples. We observe that the sam
with highersdc have higherxP and the density of states. Th
sdc, its temperature dependence, and the density of state
Li-salt-doped PANs vary with the dopants used. Fro
sdc~RT!, the density of states, and the percent of the a
ratio of the positive nitrogen as the functions of molar co
centrations, we observe the transformation insulating stat
conducting~non-metallic! state of the PAN-LiPF6 sample.
The molar concentration of the onset of the transformat
for PAN-ES, PAN-LiPF6, and PAN-LiBF4 samples is
;1023M , ;1022M , ;1021M , respectively. We propose
that the doping process in Li-salt-doped PAN systems
similar to that of protonic-acid-doped PAN system, i.e., t
formation of polarons. However, Li-salt-doped PAN samp
are inhomogeneously doped systems based on the resu
EPR, XPS Ar ion sputtering, and time-dependentsdc experi-
ments. The diffusion rate of the dopants into PAN-EB fi
samples plays an important role for the effective doping le
and the doping thickness for the Li-salt-doped PAN syste

ACKNOWLEDGMENTS

The authors wish to acknowledge the financial suppor
the KOSEF-CRM~2000! and the BK-21.
-

n,

,

*Author to whom correspondence should be addressed. Electro
address: jjoo@mail.korea.ac.kr

1A.G. MacDiarmid, J.C. Chiang, M. Halpern, W. Huang, S. Mu
N.L.D. Somasiri, W. Wu, and S.T. Yaniger, Mol. Cryst. Liq.
Cryst.121, 173 ~1985!.

2J.C. Chiang and A.G. MacDiarmid, Synth. Met.13, 193 ~1986!.
3A.G. MacDiarmid, J.C. Chiang, and A.F. Richter, Synth. Met.18,

285 ~1987!.
4F. Zuo, M. Angelopoulos, A.G. MacDiarmid, and A.J. Epstein

Phys. Rev. B36, 3475~1987!.
5A.J. Epstein, J.M. Ginder, F. Zuo, R.W. Bigelow, H.-S. Woo

D.B. Tanner, A.F. Richter, W.-S. Huang, and A.G. MacDiarmid
Synth. Met.21, 63 ~1987!.

6J.M. Ginder, A.F. Richter, A.G. MacDiarmid, and A.J. Epstein
Solid State Commun.63, 97 ~1987!.

7M.E. Jozefowicz, R. Laversanne, H.H.S. Javadi, A.J. Epstein, J.
Pouget, X. Tang, and A.G. MacDiarmid, Phys. Rev. B39,
12958~1989!.

8L. Zuppiroli, M.N. Bussac, S. Paschen, O. Chauvet, and L. Forr
Phys. Rev. B50, 5196~1994!.

9R.S. Kohlman, J. Joo, Y.G. Min, A.G. MacDiarmid, and A.J.
ic

.

,

Epstein, Phys. Rev. Lett.77, 2766~1996!.
10W.R. Salaneck, I. Lundstrom, T. Hjertberg, C.B. duke, E. Con

well, A. Paton, A.G. MacDiarmid, N.L.D. Somasiri, W.S.
Huang, and A.F. Richter, Synth. Met.18, 291 ~1987!.

11D. Vachon, R.O. Angus, Jr., F.L. Lu, M. Nowak, Z.X. Liu, H.
Schaffer, F. Wudl, and A.J. Heeger, Synth. Met.18, 297~1987!.

12B. Wang, J. Tang, and F. Wang, Synth. Met.18, 323 ~1987!.
13K. Okabayashi, F. Goto, K. Abe, and T. Yoshida, Synth. Met.

1987, 365 ~1987!.
14J.F. Rouleau, J. Goyette, T.K. Bose, R. Singh, and R.P. Tando

Phys. Rev. B52, 4801~1995!.
15M. Angelopoulos, A. Ray, A.G. MacDiarmid, and A.J. Epstein,

Synth. Met.21, 21 ~1987!.
16H.H.S. Javadi, M. Angelopoulos, A.G. MacDiarmid, and A.J. Ep-

stein, Synth. Met.26, 1 ~1988!.
17P.K. Kahol, H. Guan, and B.J. McCormick, Phys. Rev. B44,

10393~1991!.
18Y. Cao, P. Smith, and A.J. Heeger, Synth. Met.48, 91 ~1992!.
19P.N. Adams, P.J. Laughlin, and A.P. Monkman, Synth. Met.76,

157 ~1996!.
20W.-P. Lee, K.R. Brenneman, A.D. Gudmundsdottir, M.S. Platz
1-7



E
e

a,
K

st.

o

y

B

e

-

in,

nd

, J.

JUNG, KIM, MOON, JOO, CHANG, AND RYU PHYSICAL REVIEW B64 035101
P.K. Kahol, A.P. Monkman, and A.J. Epstein, Synth. Met.101,
819 ~1999!.

21A.G. MacDiarmid, Arthur J. Epstein, Synth. Met.65, 103~1994!.
22J. Joo, Y.C. Chung, H.G. Song, J.S. Baeck, W.P. Lee, A.J.

stein, A.G. MacDiarmid, S.K. Jeong, and E. J. Oh, Synth. M
84, 739 ~1997!.

23T. Ishiguro, H. Kaneko, Y. Nogami, H. Ishimoto, H. Nishiyam
J. Tsukamoto, A. Takahashi, M. Yamaura, T. Hagiwara, and
Sato, Phys. Rev. Lett.69, 660 ~1992!.

24E.M. Genies, A.A. Syed and C. Tsintavis, Mol. Cryst. Liq. Cry
121, 181 ~1985!.

25R. Racicot, R. Brown, and S.C. Yang, Synth. Met.85, 1263
~1997!.

26A. J. Epstein, A. G. Roe, J. M. Ginder, H. H. S. Javadi, and J. J
United States Patent Number 5,563,182, October, 8, 1996.

27T. Nakajima and T. Kawagoe, Synth. Met.28, C629~1989!.
28A.G. MacDiarmid, L.S. Yang, W.S. Huang, and B.D. Humphre

Synth. Met.18, 393 ~1987!.
29K.L. Tan, B.T.G. Tan, E.T. Kang, and K.G. Neoh, Phys. Rev.

39, 8070~1989!.
03510
p-
t.

.

o,

,

30E.T. Kang, K.G. Neoh, and K.L. Tan, Prog. Polym. Sci.23, 277
~1998!.

31N. F. Mott and E. Davis,Electronic Processes in Non-Crystallin
Materials ~Clarendon, Oxford, 1979!.

32Z.H. Wang, C. Li, E.M. Scherr, A.G. MacDiarmid, and A.J. Ep
stein, Phys. Rev. Lett.66, 1745~1991!.

33Z.H. Wang, E.M. Scherr, A.G. MacDiarmid, and A.J. Epste
Phys. Rev. B45, 4190~1992!.

34A.J. Epstein, H. Rommelmann, M.A. Druy, A.J. Heeger, a
A.G. MacDiarmid, Solid State Commun.38, 683 ~1981!.

35M. Reghu, Y. Cao, D. Moses, and A.J. Heeger, Phys. Rev. B47,
1758 ~1993!.

36J.R. Morton, Chem. Rev.64, 453 ~1964!.
37S. Chen and L. Lin, Macromolecules28, 1239~1995!.
38W. Jost,Diffusion in Solids, Liquids and Gases~Academic Press,

New York, 1960!.
39F. Rachdi, P. Bernier, E. Faulques, S. Lefrant, and F. Schue

Chem. Phys.80, 6285~1984!.
40A. El-Khodary and P. Bernier, J. Chem. Phys.85, 2243~1986!.
1-8


