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Completely doped submicrotubess90–560 nm in diameterd of conducting polyaniline and polypyrrole have
been synthesized by a template-free method. The measurements of resistivity,I-V curve and magnetoresistance
of single polyaniline tube by a standard four-probe technique are presented. Due to the elimination of large
intertubular contact resistance, the single polyaniline tube shows a considerably high conductivity and a small
positive magnetoresistance. In particular, a crossover from Mott to Efros-Shklovskii variable-range hopping
conduction at about 66 K is observed in the single polyaniline tube owing to a strong electron-electron
interaction with a Coulomb gap of 11.2 meV. This strong Coulomb interaction is also proved by theI-V curves,
which show an obvious zero-bias anomaly at low temperatures. In addition, the temperature dependences of
electrical conductivity of single polypyrrole submicrotubes with different diameter have also been studied. The
room-temperature conductivity of single polypyrrole tube increases from 0.13 to 73 S/cm when the outer
diameter decreases.
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I. INTRODUCTION

In recent years, conducting polymer nanostructures such
as polyanilinesPANId, polypyrrolesPPyd submicrotubes and
fibers have attracted considerable interest because of their
particular properties and potential applications in molecular
electronics and nanodevices. Various methods such as tem-
plate synthesis,1,2 template-free method,3,4 electrospinning5

have been widely used for the synthesis of polymer nano-
structures. So far, the physical properties of compressed pel-
lets or films composed of polymer tubes/fibers have been
extensively reported.6–8 The experimental results of transport
properties,9 frequency-dependent reflectivity,10 and magnetic
properties8,11 of polyaniline and polypyrrole bulk samples
have indicated that the polymer is composed of crystalline
regions and amorphous regions, namely, the polymer chains
are aligned only in small crystallite regions.9–12 The electri-
cal properties such as conductivity are strongly influenced by
the effect of disorder. According to the extent of disorder,
three various regimes are sorted out: the insulating, critical,
and metallic regimes.9

The conductivity of single polyaniline or polypyrrole
tube/fiber was also measured based on a conductive scanning
probe microscope13 or a two-probe measurement of the bulk
resistance across the host template after synthesis of the
tubes/fibers within this template.1,7,14,15In addition, photoli-
thography and electron-beam lithography were used to pre-
pare the pattern of electrodes and measure directly the resis-
tance of an individual tube/fiber.16,17 It is interestingly found
that the room-temperature conductivity strongly increases
when the outer diameter of the template-synthesized polya-
niline or polypyrrole tubes decreases.1,14,15The elastic modu-
lus of polypyrrole nanotubes showed similar behavior.18

However, in order to explore the intrinsic properties of a
single polymer tube, the contact resistance must be elimi-
nated. Therefore, it is necessary to measure directly the elec-
tronic transport in an individual polymer tube by a standard
four-probe method. Such studies have not been extensively
reported yet probably due to the difficulty in fabricating mi-
croleads on single tube.

In this work, we have fabricated platinumsPtd microleads
on single polyaniline and polypyrrole tubes with focused ion
beam deposition. Here, we present the measurements of the
temperature dependent conductivity,I-V curve, and magne-
toresistance of the single polymer tube by the four-probe
method. It is found that at low temperatures the electron-
electronse-ed interaction in the single tube is very strong,
which results in a very different transport behavior as com-
pared with bulk samples. Moreover, the diameter of the poly-
pyrrole tube has strong influence on its electrical properties.

II. EXPERIMENT

Completely protonated polyanilinesfH+g / fNg=0.5d and
polypyrrole sfH+g / fNg=0.33d tubes used in this work were
prepared by the template-free method. The self-assembled
formation mechanism in this method is that the micelles
formed by dopant and/or monomer-dopant act as templates
in the process of forming tubes.3,4 In particular, these mi-
celles do not need to be removed after polymerization be-
cause they act as dopant of the resulting polymer tubes.

We take the polyaniline tubes as an example to introduce
the synthesis procedure. Aniline monomer was distilled un-
der reduced pressure. Ammonium persulphate as an oxidant
and camphor sulfonic acidsCSAd as a dopant were used
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without any further treatment. In a typical synthesis proce-
dure, aniline monomers0.002 mold and CSAs0.001 mold
were mixed in distilled waters10 mld with stirring. The mix-
ture reacted and formed a transparent solution of CSA-
aniline salt. Before oxidative polymerization, the solution
was cooled in an ice bath. Then an aqueous solution of am-
monium persulphates0.002 mol in 5 ml of distilled waterd
cooled in advance was added slowly into the above cooled
CSA-aniline salt solution. After all the oxidant was added,
the mixture was allowed to react for 15 h in the ice bath. The
precipitate was then filtered and washed with distilled water,
ethanol, and ether several times, and finally dried at room
temperature in a dynamic vacuum for 24 h.p-toluene sul-
fonic acid sPTSAd and 8-hydroxyquinoline-5-sulfonic acid
sHQSAd doped polypyrrole tubes were carried out along
similar lines.

The structure of the resulting polyaniline and polypyrrole
tubes was identified by elemental analysis, x-ray diffraction
and infrared spectroscopy. The polymer tubes synthesized by
the template-free method showed a partially crystalline char-
acter according to the x-ray diffraction patterns.4,19 The tu-
bular morphology was confirmed by a scanning electron mi-
croscopesSEMd and a transmission electron microscope
sTEMd. The average outer and inner diameters of the polya-
niline tubes are 120 nm and 80 nm, respectively. The outer
diameter of polypyrrole tubes covers a wide range from 90
nm to 560 nm. In the view point of electrons, we note that
the polymer tube is still three dimensionals3Dd because the
localization length of electronsfLC,10 nm sRef. 12dg is
much smaller than the wall thicknesss40–120 nmd of the
submicrotube.

The platinum microleads on single tube were attached as
follows. First, polymer tubes were ultrasonically dispersed in
ethanol, and a drop of solution was placed on an insulating
SiO2 substrate. Second, when the solution is dry, we used an
electron microscope to find an appropriately single tube.
Third, two pairs of platinum leads with 0.4µm in width and
0.5 µm in thickness were fabricated by focused ion beam
sFIBd deposition sDual-Beam 235 FIB System from FEI
Companyd. The resistance,I-V curves and magnetoresistance
of the single tube were measured by a Physical Property
Measurement System from Quantum Design. All measure-
ments of dc electrical resistance were carried out at 50 nA.

III. RESULTS AND DISCUSSION

Figure 1 shows the typical SEM image of the single
polyaniline and polypyrrole tubes and the attached Pt mi-
croleads. Since the resistivity of the FIB deposited Pt lead is
about 5310−4 V cm,20 the resistance of the Pt lead in Fig. 1
can be estimated, is about 0.5 KV, which is small as com-
pared with that of the single polymer tubes16 KV–2 MV for
polyaniline tube and 60 KV–10 MV for polypyrrole tubesd.

A. Single polyaniline tube

The room-temperature conductivity of the measured
single polyaniline nanotube is 47V−1 cm−1. For comparison,
the conductivity of the nanotube pellets is about

10−2–100 V−1 cm−1. Figure 2 shows the temperature depen-
dence of resistivity of the single polymer tube. The resistivity
follows the exponential temperature dependence of variable-
range hoppingsVRHd. In this model, the conductance of
carriers in disordered materials is controlled by the hopping

FIG. 1. Typical SEM image of single polymer tube and attached
two pair of Pt microleads:sad polyaniline tube;sbd polypyrrole tube.

FIG. 2. sColor onlined Temperature dependence of resistance of
the single polyaniline-CSA tube:sad plotted as lnRsTd~T−1/4; sbd
plotted as lnRsTd~T−1/2.
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of electrons between local states nearby the Fermi level.
When the Coulomb interaction of electrons is weak and can
be neglected, this is the case of Mott-VRH.21 For three-
dimensional Mott-VRH, the resistivity can be expressed as

rsTd = r0 expsTM/Td1/4, s1d

TM = 18/Lc
3NsEFdkB, s2d

where TM is the characteristic Mott temperature,LC is the
localization length,NsEFd is the density of state at the Fermi
level. When the Coulomb interaction between electrons is
significant and taken into account, Efros-ShklovskiisESd
limit sES-VRHd22 gives the following relation:

rsTd = r0 expsTES/Td1/2, s3d

TES= 2.8e2/«LCkB, s4d

where TES is the characteristic ES temperature,«=«0
+4pe2NsEFdLC

2 is the dielectric constant. Figure 2 indicates
that at higher temperaturess300–66 Kd the single tube fol-
lows three-dimensional Mott-VRH withTM =1524 K; below
66 K, the single tube follows ES-VRH withTES=316 K.
Such a crossover from Mott to ES VRH conduction was also
observed in bulk samples of polyaniline and polypyrrole at
Tcro=2–10 K.12,23 For comparison, Table I gives the experi-
mental values and the VRH parameters for different samples.
It is interestingly found that the characteristic ES tempera-
ture s316 Kd and the crossover temperatures66 Kd of the
single polyaniline tube are surprisingly larger than that of
bulk samples.

In order to determine whether the electron-electronse-ed
interaction in the single polyaniline tube is strong below 60
K, we measured theI-V curves of the tube, as shown in Fig.
3sad. At higher temperatures, theI-V curves are linear. How-
ever, with lowering temperature theI-V curves gradually be-
come nonlinear at low voltagesor small currentd. The zero-
bias anomaly below 60 Ksi.e., a suppression in differential
conductance at low bias voltagesd is clearly shown in Fig.
3sbd. The depletion of the density of states at low energies is
usually regarded as a signature ofe-e interaction,24,25 in ac-
cordance with the gradual opening of a Coulomb gap at low
temperatures. Here, it should be noted that the measurements
of dc electrical resistance were carried out at 50 nA, if we
measure the resistance in the limit of zero current or voltage,
the low-temperature resistance will be a bit higher than that
measured at 50 nAsthe high-temperature resistance will not

be affected because theI-V curves are lineard. From Fig.
2sad, we could conclude that the temperature dependence of
resistance will deviate from Mott’s law at a bit higher tem-
perature.

According to the theory developed by Pollak, Efros, and
Shklovskii,22 the Coulomb gapDC can be obtained by the
following relation:

DC = e3NsEFd1/2/«3/2. s5d

From Eqs.s2d and s4d, we arrive at

DC = 0.9054kBTM
−1/2TES

3/2. s6d

Thus, we get the Coulomb gapDC=11.2 meV for the single
polyaniline tube, which is 20–40 times larger than the re-
ported values for bulk samples of polyaniline and polypyr-
role sDC,0.3–0.6 meV, see Table Id.12,23 We propose that

TABLE I. Experimental values and the VRH parameters for different samples, single polyaniline nanotube, polyaniline pellet, and
polypyrrole films. The parameters indicated areTM, characteristic Mott temperature;TES, characteristic ES temperature;Tcro, Mott to ES
VRH crossover temperature;LC, localization length;DC, Coulomb energy; andDR/Rs0d, magnetoresistance.

Sample TMsKd TESsKd TM /TES TcrosKd LCsnmd DCsmeVd DR/Rs0d

Single PANI-CSA nanotube 1.53103 316 4.8 66 2.3 11.2 ,2.6% sT=2 K, H=10 Td
PANI-HCl pelleta 4.23104 32 131 7.5 5.6 0.07 ,24% sT=2.5 K, H=7 Td

PPy-PF6 filmsb 13103–33104 29–56 85–115 4.8–6.5 9–12 0.3–0.6 ,15% sT=1.4 K, H=2 Td
aData from Ref. 23.
bData from Ref. 12.

FIG. 3. sColor onlined sad I-V andsbd dI /dV vs V curves of the
single polyaniline tube at 50, 20 and 10 K.
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the larger Coulomb gap for the polymer tube could be as-
cribed to two reasons, elimination of contact resistance be-
tween tubes and nanometer size of the polymer tube. Accord-
ing to the “granular metallic islands” model,26 the electronic
transport in polyaniline bulk samples is dominated by the
interfaces between much conductive “islands.” The Coulomb
gap obtained from the temperature dependence of resistivity
of the bulk sample is small, because this value cannot reflect
the intrinsic Coulomb gap in the “island” itself. In the
present case, the single polyaniline tube can be taken as an
“island” at certain levelsthe conductivity of single tube is
two orders of magnitude higher than that of nanotube pelletd,
we obtain the Coulomb gap is larges11.2 meVd due to the
elimination of the interfaces between “islands.” The value
obtained from nanotube data reflects the intrinsic Coulomb
gap in the “island”sthe nanotube itselfd. For comparison, the
value s11.2 meVd obtained from tube data is compared with
the intrasitee-e interaction parameters4–5 meVd obtained
from magnetic susceptibility of the polyaniline film.27 On the
other hand, as we know, there is a larger Coulomb gap for
nanostructures due to the confinement of the electron.28 So it
is reasonable that the Coulomb gap for the polymer tube is
20–40 times larger than that for bulk samples.

For further discussion of the unusual properties of the
single polyaniline tube, we also measured the low-
temperature magnetoresistancefMR, which is defined as
MR=DR/Rs0d=fRsHd-Rs0dg /Rs0dg. Generally, a positive
magnetoresistance with strong temperature dependence is
expected for VRH conduction due to the fact that applying a
magnetic field results in shrinkage of the wave functions of
electrons and reduces the average hopping length.22 This
positive magnetoresistance for VRH conduction can be writ-
ten as22

lnSrsHd
rs0d D = t ·SLC

LH
D4

·ST0

T
Dy

~ H2 ·T−y, s7d

wheret is a constant,LC the localization length of electrons,
LH=sC" /eHd1/2 the magnetic length," the Planck’s constant,
and C the velocity of light. For ES-VRH,t=0.0015, T0
=TES, andy=3/2. It thus follows from above equation that
lnfrsHd /rs0dg should be proportional toH2 for T=const,
while for a fixed magnetic field it should be proportional to
T−3/2 in the presence of thee-e interaction. Figure 4 shows

the magnetoresistance of the single polyaniline tube at low
temperature. It has been observed that the magnetoresistance
is positive and increases with the increase of magnetic field.
The localization lengthLC calculated from Eq.s7d and the
slope of the lnfrsHd /rs0dg~H2 plot is about 2.3 nm at 3 K.
In particular, we note that the positive magnetoresistance of
the single tube is very small, no more than 2.6%, which is
one order of magnitude smaller than that of bulk samples of
polyaniline and polypyrrolessee Table Id. We propose that
the large magnetoresistance in bulk samples is mainly as-
cribed to the contribution of the interfaces between “metallic
islands”26 just like the resistance itself. In fact, we measured
the magnetoresistance of the compressed pellet of polya-
niline tubes. It is found that the magnetoresistance can reach
91% at 3 K and 10 Tesla.

The localization length of electrons of the polyaniline
tube is much shorter than that of polymer films, which can be
ascribed to low temperature and large Coulomb gap. When
the temperature decreases, electrons of semiconducting poly-
mer will become more localized. The localization length of
the polyaniline tube was measured at 3 K. In addition, owing
to the confinement of the electron in nanostructures, the Cou-
lomb gap of the polyaniline tube is much larger than that of
the polymer films. This will also decrease the localization
length. We also argue that the smallLCs3 Kd=2.3 nm of the
single polyaniline nanotube is consistent with the large char-
acteristic ES temperatureTES=316 K. Equations4d indicates
thatTES=2.8e2/ f«0+4pe2NsEFdLC

2gLCkB is inversely propor-
tional to LC. A smaller localization length leads to a larger
characteristic ES temperature. Therefore, the experimental
parameters obtained from the single tube are reasonable and
compatible, and reflect the intrinsic properties of polyaniline
tube.

B. Single polypyrrole tube

In this section, we will explore the electrical conductivity
of single polypyrrole tube and the influence of diameter on
electrical properties. Figure 5 shows the room-temperature
conductivity of PTSA doped polypyrrole tubes as a function
of tube diameter. The measured polypyrrole-PTSA microtube
with 560–400 nm in outer diameter is poorly conductive; the
conductivity is only 0.13–0.29 S/cm. It is found, however,
when the outer diameter decreases to 130 nm, the conductiv-

FIG. 4. sColor onlined Magnetoresistance of the single
polyaniline-CSA tube at 5, 3, and 2 K, plotted as lnfrsHd /rs0dg vs
H2.

FIG. 5. sColor onlined Room-temperature conductivity of PTSA
doped polypyrrole tubes as a function of outer diameter.
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ity of the single tube increases to 73 S/cm. Such diameter
dependence of conductivity is observed for not only
template-synthesized polymer tubes1,14,15 but also our self-
assembled polypyrrole tubes, which indicates that the poly-
pyrrole tubes prepared by these two different methods have
similar structural characteristic: the smaller diameter tubes
have a larger proportion of ordered polymer chains.1,14,15So,
when the tube diameter decreases, the order of the polymer
chains increases, the localization length and the electrical
conductivity increase. The following context will also indi-
cate that the tube with higher conductivitysi.e., 73 S/cmd
shows different temperature dependence.

As we know, the electrical properties of polymer are
strongly influenced by the effect of disorder. According to
the extent of disorder, Heegeret al.9 sorted out three various
regimessinsulating, critical, and metallic regimesd. In the
insulating regime, for a three-dimensional system, the tem-
perature dependent resistivityrsTd usually follows the expo-
nential temperature dependence of 3D-VRH model:rsTd
=r0 expsTM /Td1/4. At lower temperatures, when the Cou-
lomb interaction between charge carriers is significant,rsTd
usually follows Efros-Shklovskii VRH: rsTd
=r0 expsTES/Td1/2. In the critical regime, for a 3D system
close to the insulator-metal transition, the resistivityrsTd fol-
lows the power-law dependence:

rsTd = se2pF/"2d · skBT/EFd−b ~ T−b, s8d

whereb lies within the range 0.3,b,1.29 In the metallic
regime, polypyrrole films show a positive temperature coef-

ficient of the resistivity for temperatures below 10–20 K.9

Figure 6 shows the log-log plot of the temperature depen-
dence of resistance of the highly conductive polypyrrole tube
with sRT=73 S/cm. It is found that the resistanceRsTd of
this tube follows the power-law dependence. The fit yields
the value ofb as 0.488 which lies within the limit of 0.3
,b,1. The power-law dependence indicates that the mea-
sured polypyrrole tube is very close to the critical regime of
insulator-metal transition. In this regime, the activation en-
ergy is very small or vanishes; the conductivity is not acti-
vated and close to the transition between the activated and
the metallic types of conductivity.29 If the order of the poly-
mer chains in polypyrrole tube decreases, the activation en-
ergy will increase and the conductivity will decrease. In fact,
we found that the less conductive polypyrrole tubes
fss300 Kd,40 S/cmg with larger outer diameter lie in the
insulating regime. In the present case, polypyrrole tube in the
metallic regime has not been observed.

When the disorder of doped polypyrrole increases, the
conductivity and localization length decrease; for samples
lying in the insulating regime, a Coulomb gap will open, and
the magnitude of the Coulomb gap increases as the disorder
increases.9 Figure 7 shows the temperature dependence of
resistance of a single polypyrrole-HQSA microtube with
sRT=0.8 S/cm, which is lying in the insulating regime. At
higher temperaturessabove 96 Kd, RsTd of the single tube
follows 3D Mott hopping conduction with a characteristic
Mott temperatureTM =2.883104 K. Below T=96 K, RsTd
follows Efros-Shklovskii hopping conduction with a charac-
teristic ES temperatureTES=7.83102 K. Such conductivity
behavior could be due to the Coulomb interaction between
the electrons and holes when there is a Coulomb gap in the
density of states near the Fermi level.22 Similar crossover
from Mott to ES VRH conduction is also observed in poly-
pyrrole bulk samples at a crossover temperature 5–10
K.9,12,23 However, for the single polypyrrole tube, the char-
acteristic ES temperaturesTES=7.83102 Kd and the cross-
over temperaturesTcro=96 Kd are much larger than that of
polypyrrole-PF6 films sTES=29–56 K andTcro=5–10 Kd.9,12

The reason could be ascribed to the larger Coulomb gap in
the polypyrrole tube just like the polyaniline tube. According
to Eq. s6d DC=0.9054kBTM

−1/2TES
3/2, we get the Coulomb gap

DC=10.1 meV for the single polypyrrole tube, which is
15–30 times larger than the reported valuessDC

,0.3–0.6 meVd of polypyrrole films.9,12,23Here it should be
noted that this value is very close to the Coulomb gapDC

FIG. 6. sColor onlined Temperature dependence of resistance of
the single polypyrrole-PTSA nanotubessRT=73 S/cmd plotted as
ln RsTd~ ln T, which indicates that the measured polypyrrole tube is
close to the critical regime of insulator-metal transition.

FIG. 7. sColor onlined Temperature depen-
dence of resistance of the single polypyrrole-
HQSA tube ssRT=0.8 S/cmd: sad plotted as
ln RsTd~T−1/4; sbd plotted as lnRsTd~T−1/2; the
temperature dependence of resistance follows
3D-VRH at higher temperatures and follows ES-
VRH at lower temperatures.
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=11.2 meV obtained in the single polyaniline tube.
In Mott’s VRH model, typical resistances between neigh-

boring impurities are larger than those connecting some re-
mote impurities whose energy levels happen to be very close
to the Fermi level. When temperature increases, nearest-
neighbor hopping will increase. So at sufficiently high tem-
peratures, Mott’s law becomes invalid, the main contribution
to the electrical conductivity comes from electrons hopping
directly between impurities or thermal excitation of electrons
into the conduction band. Figure 8 shows the temperature
dependence of resistance of another single polypyrrole-
PTSA microtube withsRT=0.13 S/cm. At higher tempera-
tures, resistanceRsTd of this PPy tube deviates from 3D-
VRH fas shown in Fig. 8sadg and follows the thermal
activation model.22

rsTd = r0 expsDE/kBTd, s9d

wherekB is the Boltzman constant,DE is the activation en-
ergy. From Fig. 8sbd, we obtain the activation energyDE
=0.102 eV for the completely doped polypyrrole tube. For
comparison, the forbidden gapsEg=2DEd of the undoped
conducting polymers is usually 1.4–4.0 eV. Therefore, it is
clear that doping has significantly lowered the activation en-
ergy and increased the conductivity of polypyrrole.

IV. CONCLUSION

In summary, we have displayed some interesting electrical
properties by directly measuring single polyaniline and poly-

pyrrole tube. These properties have not been extensively re-
vealed in the measurements based on bulk samples, because
the intrinsic properties of polymer tube are covered by the
interfaces. The main results obtained in this paper are sum-
marized as follows.

s1d Due to the elimination of intertubular contact resis-
tance, the conductivity of the single polyaniline tube is much
higher than that of tube pellet and the low-temperature mag-
netoresistance of the single tube is much smaller than that of
the pellet.

s2d A crossover from Mott fln RsTd~T−1/4g to Efros-
Shklovskii fln RsTd~T−1/2g VRH conduction at much higher
crossover temperatures66–96 Kd than that of bulk samples is
observed in the single polyaniline and polypyrrole tube,
which could be ascribed to the stronge-e interaction in the
single polymer tube with a Coulomb gap about 10 meV. This
strong Coulomb interaction is also proved by theI-V curves
of the single polyaniline tube, which shows an obvious zero-
bias anomaly at low temperatures.

s3d The room-temperature conductivity of single polypyr-
role tube increases from 0.13 to 73 S/cm when the outer
diameter decreases from 560 to 130 nm.

s4d The highly conductive polypyrrole tubefss300 Kd
=73 S/cmg is close to the critical regime of insulator-metal
transition. Its temperature dependence of resistance follows
the power-law dependencefRsTd~T−0.488g. Other less con-
ductive tubes lie in the insulating regime. At higher tempera-
tures, the resistance of a polypyrrole microtube shows a
crossover from Mott VRH modelfln RsTd~T−1/4g to thermal
activation modelfln RsTd~T−1g with an activation energy of
0.102 eV.

So, the electrical properties of the polymer tubes are seri-
ous affected by intertubular contact resistance, temperature
and extent of disorder in the tubes. We suggest that the above
interesting results will further clarify the intrinsic properties
of polymer tube.
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