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Abstract

The conductivity σ and carrier density n of the conducting polymer polyani-
line were investigated by changing the concentration x of a secondary dopant,
meta-cresol. We found that σ changes by four orders of magnitude within the
x-range of 1–10%, while n, as estimated from the Hall measurements, shows a
weak dependence on x in the region of 2 % < x < 50 %. These results suggest
that σ can be enhanced by the change in the mobility µ. We analyzed the tem-
perature dependence of µ by not only the combination of two different types
of scattering mechanism, but also by the polaron hopping model. The experi-
mental data of µ(T ) can be explained well by the latter model with reasonable
fitting parameter values of a small-polaron binding energy and a longitudinal
optical phonon frequency.
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1. Introduction

Conducting polymers can be solution-processed and are useful for low-cost
solar cells and printed circuits[1]. To improve devices for applications and to
understand the conduction mechanism, investigations of the mobility µ and car-
rier density n of conducting polymers are very important. Although there has
been research on the mobility of the organic surface region in contact with the
insulator by the Hall effect and field effect for organic field-effect transistors, the
temperature dependence of the Hall mobility of uniform conducting polymers
has not been researched in-depth[2, 3, 4, 5, 6]. For simple conducting-polymer
monolayer films, the temperature dependence of µ and n has not been inde-
pendently reported, although the electrical conductivity σ has been extensively
investigated from the viewpoint of the metal-insulator transition[7].
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Among various conductive polymers, polyaniline (PANI) is well-investigated[1].
The metallic transport properties of PANI have also been reported[8]. Dop-
ing first with a substance such as a sulfosuccinic ether acid increases the hole
carrier concentration and enables PANI to dissolve in a solvent[1, 9, 10]. Fur-
thermore, in terms of adaptation for a secondary dopant, it is known that the
conductivity of PANI is increased up to ∼10000 times than without a secondary
dopant[1, 11, 12]. MacDiarmid and Epstein reported that the effects of sec-
ondary doping are based primarily on a change in molecular conformation of
PANI from a compact coil to an expanded coil that occurs during the secondary
doping process[12, 11]. Contrarily, optical studies of PANI have been reported
[1, 13, 14]. These optical studies suggest that the carriers are polarons with
a heavy effective mass. However, Lee et al. reported that the optical con-
ductivity of high-conductivity PANI camphor sulfonic acid can be successfully
described by the simple Drude model without incorporating contributions from
the disorder-induced localization theory[1, 8]. To date, however, systematic in-
vestigations of µ(T ) from the viewpoint of scattering mechanisms have not been
extensively undertaken. We study the origin of the significant enhancement of
the conductivity caused by the secondary dopant, meta-cresol(MCR), by mea-
suring the dependences of σ and n on the dopant concentration. Further, we
discuss in detail the scattering mechanism of carriers of typical films in the
crossover region between high and low conductivities for a PANI film prepared
with a controlled MCR concentration.

2. Sample preparation and experimental procedure

To prepare the PANI films, we dissolved 3.6 g of the first dopant, dioctyl
sulfosuccinate sodium salt, and 3.74 g aniline in 100 mL toluene. Next, we
added 300 mL 1 N HCl to the mixture during cooling. Further, by adding
a mixture of 5.36 g ammonium persulfate (APS) and 100 mL 1 N HCl, the
aniline could polymerize, as the polymerization of PANI was carried out by
chemical oxidation using an APS oxidant in an aqueous solution. Dark green
PANI suspensions were obtained from this procedure. We removed the water
and volatile components from the above mixture to obtain the protonated PANI
complex solid. The solid PANI was dissolved using a mixture of toluene and
the secondary dopant, MCR, as the solvent, with a change in the ratio x(%) of
MCR to the PANI complex solid, where x is defined by x=100 (mass of MCR)
/ (mass of PANI complex solid). By casting the PANI melted in the solvents on
a polypropylene film with an area of 10 mm2, followed by drying for 18 h at 300
K and for 1 h at ∼ 350 K in a grow box filled with N2 gas, we obtained films
with various resistivities, the film thickness for all specimens was maintained at
15µm.

This measurement was performed by the four-terminal method with Hall
bar geometry. For the electrodes, we deposited thin Au contacts on the PANI
films. An external magnetic field H was perpendicularly applied to the film
surface, of up to H = 1.35 T. The equipment used for the Hall measurement
was reported in a previous paper[15]. We used the Keithley 6517B and 6514
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Figure 1: Images of films (a) x = 0% and (b) 10% obtained by scanning electron microscopy.

Figure 2: Schematics of conformations of polymers in Fig. 1. (a) bending structure of
polymers caused by attraction between ionized segments of the polymer chain for the film
without MCR and (b) extended structure polymer chain for the film with MCR.

electrometers for the DC voltage measurements, as well as the Keithley 220
programmable current source. After degassing at T = 313 K in a vacuum for
1 h to stabilize the resistance, we measured the temperature dependence of σ
and n in the temperature range of 80 K < T < 300 K.

3. Experimental results and discussion

Fig. 1 shows the scanning electron microscope images for the films with (a)
x = 0 and (b) x = 10%. A considerable difference can be seen in the confor-
mation between the two films. Fig. 2 schematically shows the structures of the
films (a) without MCR and (b) with MCR. For film (a), prepared from only the
nonpolar solvent toluene without MCR, it is expected that the conformation of
polymers in the film take bending and/or bundle-like structures, because the
additional negative ions of the first dopant, between the positively charged sites
on the polymer chain, tend to decrease the repulsive interaction and improve
the compact coils of the polymer[12, 11]. As the ratio of the more-polar MCR in
the solvent is increased, the interaction between the doped polymer chain and
solvent also increases[12, 11]. The solvation of the ions increased, resulting in
their spreading further apart and causing an expansion of the initial compact
coil conformation of the PANI chain, as shown in (b). Then, the conformation of
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Figure 3: The m-cresol concentration dependence of conductivity. The σ(T ) for the films
marked by the closed circle (•) is shown in Fig. 8. The dashed line provides a guide for the
eye.

the films with MCR seems to be homogeneous compared with that of the films
without MCR, that is, x = 0. It has been reported that MCR doping increases
the crystallinity, given by the sharp peaks observed in the X-ray diffraction spec-
trum of PANI with MCR[16]. Although carriers in the film with the extended
polymers are delocalized, it is expected that the carriers in a disordered bending
polymer, that is, the wavefunction, are localized by Anderson localization. This
localization causes low conductivity in disordered systems.

The x-dependence of σ at room temperature for PANI films over a wide
range of x values is shown in Fig. 3. It was found that films with different
magnitudes of σ showed the same value of x. This may be due to the adding
effect during different waiting times, from sample preparation to measurement,
and the uncontrollable conditions of film preparation. The aging effect was
expected to be dominant for low-σ films when considering the fact the instability
of the conductivity is larger for less-conductive films. Therefore, for films in an
especially low x-region, x < 1%, we considered that higher values of σ are
reasonable, as shown by dotted line.

A large enhancement in σ was observed in the region of 1% < x < 10%
as x increased. To find the reason for this strong dependence of σ on x, from
the viewpoint of the scattering mechanism, it was necessary to first investigate
the x-dependence of n. We succeeded in measuring the value of n for films
with x ≥ 2.5% at room temperature. Particularly, for the four films shown by
closed marks, the T -dependence of σ, n, and the mobility µ is shown in detail
in Figs. 8, 9, and 11, respectively.

As the resistance showed a gradual change with time, we measured the Hall
voltage Vy with a high accuracy over a sufficient time. In Fig. 4, typical data
of the time-evolution of the Vy are shown for the film x = 10% at T = 313 K
and B = ±1 T with a period of 600 s, indicated by the nearly rectangular
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Figure 4: Time evolution of the Hall voltage Vy of the films with x = 10% at T = 313 K and
B = ±1. The black dots and blue lines show the experimental data and interpolation lines of
Hall voltage, respectively.

function (right vertical axis). The black and blue lines show the experimental
data and expected values of Vy, respectively; the latter values were obtained by
interpolating the experimental data of Vy between the before and after intervals.
We determined the voltage difference ∆Vy = Vy(B) − Vy(−B) between the
experimental data and interpolation values.

To clarify the linear relationship between Vy and B, data for two typical
temperatures are shown in Fig. 5, where the ∆Vy = Vy(B)−Vy(0) measurements
were taken between the two values B = 0 and ±B. As the magnetic field B was
reversed, the voltage ∆Vy also reversed. An accurate linear relationship between
∆Vy and B was obtained (The coefficient of determination R2 = 0.9998 of the
least squares method was obtained for x = 10 % at T = 303 K). The linear
relationship confirms the high accuracy of the experimental data. Assuming the
free electron model, the carrier density n can be obtained from the relationship:
RH = Ey/(Bzjx) = −1/(ne), where RH, Ey, jx, and Bz are the Hall coefficient,
electrical field in the y-axis direction, current density in the x-axis direction,
and magnetic field in the z-axis direction, respectively.

At room temperature, the x-dependence of n is shown in Fig. 6. The Hall
measurement was limited to a narrow region of x, compared with that of the
σ measurement, due to a greater difficulty in accurate measurements of ∆Vy in
films of a higher resistance (x ≤ 1 (%)). At room temperature, the standard
errors of mean (SEM) of the films x= 2.5, 3.5, 5(%) were 7, 1.4, 0.6(%) of the
measured value of n, respectively. The reason for the data scattering is not due
to the low accuracy of the Hall voltage measurement, as shown in Fig. 5, but
may be due to the uncontrollable properties of the films, as mentioned above.
Although the value of n shows a weak x-dependence with some scattering, it
seems that n is approximately constant in the order of ∼ 1027/m3. This value
indicates that the carriers from the first dopant were fully excited at room
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Figure 5: The magnetic field dependence of ∆Vy = Vy(B) − Vy(0) for the film x = 10 % at
T = 303 K and 86 K.

Figure 6: The m-cresol concentration-dependence of carrier density at room temperature.
The temperature dependence of the films shown in the closed mark are shown in Fig. 9. The
dashed line provides a guide for the eyes.
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Figure 7: The m-cresol concentration x-dependence of the mobility µ at room temperature.
As x increases, µ increases. The temperature dependence of the films shown by the closed
marks is shown in Fig. 11. The dashed line provides a guide for the eyes.

Table 1: Quantities obtained using m∗, acquired in the last section at room temperature.

x(%) ρ(Ω ·m) n(m−3) εF (eV ) `(m) kF ` dρ/dT (Ω ·m/K)
3.5 2.2× 10−3 1.9× 1027 0.46 3.8× 10−12 0.014 −2.1× 10−6

5 6.8× 10−4 4.2× 1027 0.83 7.2× 10−12 0.036 5.1× 10−7

10 6.8× 10−5 8.4× 1027 1.44 4.6× 10−11 0.29 4.3× 10−3

20 2.5× 10−4 3.1× 1027 0.74 2.3× 10−11 0.11 1.1× 10−7

temperature at any x concentration. For x < 10%, as shown in Fig. 7, the value
of µ estimated from the relation µ = σ/(en) shows a similar x-dependence as
that of σ. Considering the weak x-dependence of n, we may conclude that the
x-dependence of σ was mainly caused by the change in the mobility.

Fig. 8 (a) shows σ(T ) for the four films with different values of x, as denoted
by the closed mark in Fig. 3. The σ(T ) for all films shows the insulating char-
acteristic dσ/dT > 0 in the low temperature region, although the films with
x = 5% and 10% show metallic characteristics dσ/dT < 0 at temperatures of
T > 250 K, as shown in Figs. 8 (b) and (c). We will analyze these four films in
detail. Before discussions on the σ(T ) characteristics, we will refer to the trans-
port properties estimated from the free electron model: µ = eτ/m∗, ` = vFτ ,
vF = h̄kF/m

∗, and kF = (3π2n)1/3, where vF and kF are the Fermi velocity and
the Fermi wavenumber, respectively. Assuming the effective mass m∗ as that
discussed in the below Eq. (5), mean free path `, and Fermi energy εF calculated
at room temperature are listed in Table 1. Even the longest ` ∼ 0.046 nm of the
film with x = 10% was shorter than the nearest distance of 0.14 nm between the
carbon atoms. When considering the Ioffe-Regel criterion kF` ∼ 1 for the metal-
insulator (M-I) transition and the experimental fact that the quantities kF` for
the four films were in the range of 0.01 < kF` < 0.3, the four films seemed to
be in an insulating region. These results indicate that the transport properties
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Figure 8: The temperature dependence of the conductivity for the four typical films with
different values of x: (a)3.5%, (b)5%, (c)10%, and (d)20%.

of the preset films are no longer understood by the free electron model and the
mobility may be influenced by the Anderson-localization effect. However, the
discussion on the M-I criterion has not settled, and the criterion values are not
focused[17]. When considering the complex structures of the presented poly-
mer systems, it was necessary to examine the exact structures and transport
properties at sufficiently low temperatures for a detailed discussion on the M-I
transition.

The condition εF � kBT based on the free electron model indicates the
carrier fully degenerates and the carrier density is constant with temperature.
However, the experimentally-obtained carrier density n strongly depends on T ,
as shown in Fig. 9. Therefore, we assume the following Eq. (1):

n ∝ exp

(
− εn
kBT

)
. (1)

After fitting Eq. (1) to the experimental data, we obtained the carrier acti-
vation energy εn = 1.7, 3.5, 6.9, and 5.0 (meV) for the films with x =3.5(%),
5(%), 10(%), and 20(%), respectively. We obtained low-precision data of the
temperature-dependence of n of the sample with 3.5% and could not obtain
data of a sample below 3.5%. Referring to the three-dimensional (3D) amor-
phous inorganic materials, we assumed the density of states of PANI, as shown
in Fig 10. The bandgap of PANI (εg = EC − EV) was obtained experimentally
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Figure 9: The temperature dependences of the carrier density in films with m-cresol con-
centration (a) 3.5%, (b) 5%, (c) 10%, and (d) 20%. The error bars in (a) and (b) show the
standard error of the mean (SEM). The SEM of (c) and (d) is similar to that of (b). The
closed triangles show the data which were measured one week after that of the open triangles.
The dotted lines were calculated from Eq. (1) to fit the experimental data.

Figure 10: Schematics of the density of states, assumed by referring to three-dimensional
amorphous inorganic materials.
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in[13] (εg ∼1.5 eV) and theoretically in[18] (εg ∼1.3 eV), the values of which
are larger than the εn obtained for the films used in this study. This indicates
that the simple band-conduction model cannot yet be applied but the localized
states due to the Anderson localization effect are required in such dirty systems
as the presented polymers.

A mobility edge is defined as the energy separating the localized and nonlo-
calized states in the conduction or valence bands of a 3D noncrystalline material.
The hatched area by the vertical lines in Fig. 10 shows the localized discontinu-
ous states. The blue area shows the electrons fully occupying the states. Unge
and Christen determined the electron and hole mobility edges in amorphous
polyethylene by calculating the boundary between the localized and delocalized
states in energy-space[19]. When it is assumed that the electron excites with the
activation energy εn = EF−Eµ and the generated hole under the hole mobility
edge Eµ can move, the relation n ∝ e−εn/kBT is expected. As x increased, and
the disorder decreased, it was predicted that Eµ increases, to result in the de-
creasing of εn and increasing of n. However, the experimental results show that
n increased but εn also increased with increasing x. This discrepancy suggests
that the mobility edge cannot be sharply defined in the conducting polymer
PANI. For a distinct discussion, the Hall measurement is needed in the lower
temperature region. There is a polaron mechanism for lowering mobility and
localizing electrons. The carrier of the conducting polymers is a polaron-soliton,
which has a solitary wave. The localization length can be much larger than the
soliton size[20]. A polaron-soliton can be localized by Anderson localization.

Figs 11 show the T -dependence of µ for the four films shown in Fig. 8 and
Fig. 9. Although µ(T ) for the films with x = 10% and 3.5% show a mono-
tonic change, the µ(T ) for the films with x = 5% show a maximum at around
T = 250 K. Such T -dependence, showing the transition between a positive and
negative temperature coefficient of resistivity, has been reported for PANI blends
[7] with σ ∼ 104 S/m, although high-conductivity PANI films with σ ∼ 105 S/m
can be successfully described by the simple Drude model without incorporating
contributions from the disorder-induced localization theory[8]. For PANI-CSA
and PANI-DBSA composite films, with the low conductivity mentioned above,
the authors [7] analyzed ρ(T ) by the sum of the mechanism of quasi-1D metallic
conduction in the ordered regions, and the 3D variable-range hopping conduc-
tion in the disordered region. Considering σ(T ) with σ < 104S/m at room
temperature, the contributions from the disorder-induced localization cannot
be neglected.

In order to reproduce µ(T ) for the present PANI films by the combination
of opposite characteristics, we show some scattering mechanisms. In ordered
metallic polymers, the µph due to back-scattering thermal phonons is given
by[1]:

µph =
ea2mω0t

2
0

4πα2
1h̄

2 exp

(
h̄ω0

kBT

)
(2)

where α1 (eV/Å) describes the magnitude of electron-phonon interaction, ω0

is the phonon frequency, t0 is the transfer interaction (2.7 eV), and a is the
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Figure 11: The temperature dependence of the Hall mobility for m-cresol concentration (a)
3.5%, (b) 5%, (c) 10%, and (d) 20%. The black dash and red sold lines were calculated from
Eqs. (4) and (5) to fit the experimental data, respectively.
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Figure 12: The m-cresol concentration-dependence of (a) the hopping energy WH and (b)
the phonon energy h̄ωLO, obtained by fitting Eq. (5) to the mobility µ(T ) data, and (c) the
electron-phonon coupling constant α.

carbon-carbon spacing (0.14 nm). In semiconducting crystals, ion-dopant atoms
cause ionized impurity scattering[21]. Brooks and Herring calculated the ionized
impurity scattering time as τion ∼ T 3/2. Using a characteristic temperature T1
and the characteristic mobility (µ∗ = 2.2 × 10−5 (m2/Vs)), we assume the
following equation:

µion = µ∗(T1/T )−3/2 (3)

Assuming that the total relaxation rate 1/τ is expressed by the relationship:
1/τ = 1/τph + 1/τion, we attempted to fit the following expression:

1/µ = 1/µph + 1/µion (4)

to the experimental data of the mobility. Using the fitting parameters T1, ω0 and
α1 in Eqs. (2) and (3), the black dashed lines in Fig. 11 were calculated. We used
the fitting parameters T1 = 250, 140, 20, 53 (K), α1 = 0.135, 0.125, 0.235, 0.227,
and h̄ω0 = 0.017, 0.030, 0.017, 0.024(meV) for the films with x = 3.5, 5, 10, 20
(%), respectively.

In contrast, the theory for the small polaron mobility [22, 23, 24] results in
the following formula:

µsp =
ea2ωLO

6kBT
exp

(
−WH

kBT

)
. (5)
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x(%) εn(meV) WH(meV) h̄ωLO(meV)
3.5 1.7 30 26
5 3.5 19.5 25
10 6.9 8.5 76
20 5.0 10 67

Table 2: The activation energy of carriers εn obtained by fitting Eq. (1) to the T dependence
of the carrier density. The values WH and h̄ωLO were obtained by fitting Eq. (5) to the T
dependence of the mobility.

where a is the lattice constant of the crystal in which the small polaron occurs,
WH is the thermal activation energy for hopping and is given by half the small-
polaron binding energy Eb, and ωLO is the frequency of the longitudinal optical
phonon. For a, we adopted the distance of carbon-carbon atoms as 0.14 nm. We
fitted Eq. (5) to the data of µ(T ) using the fitting parameters ωLO and WH, as
shown by the red lines in Fig. 11. The x-dependence of WH and h̄ωLO shown in
Fig. 12 (a) and (b) are reasonable, when it is taken into account that the increase
in x results in an increase of crystallinity. These results suggest that the polymer
becomes harder and the lattice deformation due to the polaron becomes weaker
with the increase in x (x < 10). From the data of thermal conductivity, Nath
et al. [25] estimated ΘD of PANI nanofibers without a secondary dopant to be
approximately 240-300 K, which corresponds to h̄ωLO = 21–26 meV under the
assumption h̄ωLO = kBΘD. For metallic polyacetylenes with high conductivity
σ ∼ 107 (S/m), h̄ω0 is 0.12 eV (1400 K) [1]. These facts are consistent with the
presented experimental result that h̄ωLO increases with the increase in σ, that
is, x. Contrarily, MacDarmid and Epstein reported the absorption spectrum of
PANI with various secondary dopants[12]. The absorption peak of a localized
polaron was observed in the spectrum of PANI (σ ∼ 10−3S/m) but the peak
diminished in that of PANI (σ ∼ 1.2 × 104S/m). This corresponds to the
decrease in WH with increasing σ, that is, x in Fig. 12(a).

Strictly speaking, Eq.(5) is valid under the condition T > ΘD/2. At the low
temperature region, the contribution of quantum tunneling cannot be neglected[24].
Then, it can be predicted that the mobility is larger than that estimated from
Eq.(5)[26]. This contribution may be the reason for the difference between the
experimental data and the theory from Eq. (5) in Fig. 11.

Feynman calculated the ground state energy E0 of a polaron with the en-
ergy of an uncoupled electron-phonon system as zero energy and the mass m∗

of polaron as follows[27]: E0/(h̄ωLO) = −α − 0.0123α2 − 0.00064α3 · · · and
m∗/me = 1+α/6+0.025α2 + · · · , where α is the electron-phonon coupling con-
stant. Assuming that E0 is equal to the polaron binding energy −Eb = −2WH,
we obtained an x-dependence of α, as shown in Fig. 12(c), then the effective
mass ratio m∗/me =1.48, 1.31, 1.04, 1.05 in the films with x=3.5, 5, 10, and
20, respectively. Using the value of m∗, we estimated the value of τ , EF, and
TF, given in Tables 1 and 2. The increase in x results in the decrease in the
electron-phonon coupling strength. This result suggests that weakening of the
electron-phonon coupling is needed for the enhancement of σ of organic mate-
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rials.
The polaron model fitted the data better than the band scattering model.

The values of the parameters obtained by the fitting are reasonable. The Ioffe–
Regel criterion kF ` < 1 suggests that the hopping model is better than the band
model. Thus, we conclude the polaron hopping model is suitable.

4. Conclusions

We measured the Hall effect of conducting polymer PANI films to obtain
separately the mobility µ and the carrier density n for PANI films with various
concentrations x of MCR. From these results, we found that the enhancement
in σ is mainly as a result of the change in the mobility µ. We also measured
the temperature-dependence of n and µ. With a decrease in T , n decreases. We
discussed the x-dependence of the activation energy of the carrier and concluded
that a mobility edge cannot be clearly defined. We analyzed the µ(T ) for four
typical films with different values of x using two scenarios: the combination of
scattering models with opposite characteristics of µ(T ) and the small-polaron
hopping model. The polaron model fitted the data better than the band scat-
tering model. The parameters obtained by the fitting of the polaron model
were reasonable. With an increase in x, WH and the electron-phonon coupling
constant α decrease but the phonon energy ωLO increases. It is considered
that these dependences cause enhancement by the crystallinity. Finally, the
presented analysis suggests that the weakening of electron-phonon coupling is
necessary to enhance the conductivity of organic materials.
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