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Electronic transport in single polyaniline and polypyrrole microtubes
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Completely doped submicrotub€é30-560 nm in diametgnf conducting polyaniline and polypyrrole have
been synthesized by a template-free method. The measurements of resistiity;,ve 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 ttarves,
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 However, in order to explore the intrinsic properties of a

In recent years, conducting polymer nanostructures sucfingle polymer tube, the contact resistance must be elimi-
as polyaniline(PANI), polypyrrole(PPy submicrotubes and Nated. Therefore, it is necessary to measure directly the elec-
fibers have attracted considerable interest because of thdlPnic transport in an individual polymer tube by a standard
particular properties and potential applications in moleculafour-probe method. Such studies have not been extensively
electronics and nanodevices. Various methods such as terféported yet probably due to the difficulty in fabricating mi-
plate synthesi$? template-free methot} electrospinning  croleads on single tube.
have been widely used for the synthesis of polymer nano- In this work, we have fabricated platinu¢®t) microleads
structures. So far, the physical properties of compressed pepn single polyaniline and polypyrrole tubes with focused ion
lets or films composed of polymer tubes/fibers have beebeam deposition. Here, we present the measurements of the
extensively reportef:® The experimental results of transport temperature dependent conductivityy curve, and magne-
properties, frequency-dependent reflectivityand magnetic  toresistance of the single polymer tube by the four-probe
propertie&!! of polyaniline and polypyrrole bulk samples method. It is found that at low temperatures the electron-
have indicated that the polymer is composed of crystallineelectron(e-e) interaction in the single tube is very strong,
regions and amorphous regions, namely, the polymer chainshich results in a very different transport behavior as com-
are aligned only in small crystallite regiof32 The electri-  pared with bulk samples. Moreover, the diameter of the poly-
cal properties such as conductivity are strongly influenced bypyrrole tube has strong influence on its electrical properties.
the effect of disorder. According to the extent of disorder,
three various regimes are sorted out: the insulating, critical, 1. EXPERIMENT
and metallic regime®.

The conductivity of single polyaniline or polypyrrole ~ Completely protonated polyanilingH*]/[N]=0.5 and
tube/fiber was also measured based on a conductive scannipglypyrrole ((H*]/[N]=0.33 tubes used in this work were
probe microscopé or a two-probe measurement of the bulk prepared by the template-free method. The self-assembled
resistance across the host template after synthesis of tliermation mechanism in this method is that the micelles
tubesf/fibers within this template-1415In addition, photoli- formed by dopant and/or monomer-dopant act as templates
thography and electron-beam lithography were used to pren the process of forming tubég. In particular, these mi-
pare the pattern of electrodes and measure directly the resiselles do not need to be removed after polymerization be-
tance of an individual tube/fibéf:1" It is interestingly found cause they act as dopant of the resulting polymer tubes.
that the room-temperature conductivity strongly increases We take the polyaniline tubes as an example to introduce
when the outer diameter of the template-synthesized polyahe synthesis procedure. Aniline monomer was distilled un-
niline or polypyrrole tubes decrease¥:®The elastic modu- der reduced pressure. Ammonium persulphate as an oxidant
lus of polypyrrole nanotubes showed similar behaWfor. and camphor sulfonic aciCSA) as a dopant were used
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without any further treatment. In a typical synthesis proce-
dure, aniline monome(f0.002 mo} and CSA(0.001 mo)
were mixed in distilled watef10 ml) 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 persulphat€0.002 mol in 5 ml of distilled water
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 gitoluene sul-
fonic acid (PTSA and 8-hydroxyquinoline-5-sulfonic acid
(HQSA) 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 pattefri8.The tu-
bular morphology was confirmed by a scanning electron mi-
croscope(SEM) and a transmission electron microscope
(TEM). 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 dimension@D) because the
localization length of electronfL-<10 nm (Ref. 12] is .
much smaller than the wall thickne$40-120 nm of the = 10°—=10° Q™ cm*. Figure 2 shows the temperature depen-
submicrotube. dence of resistivity of the single polymer tube. The resistivity

The platinum microleads on single tube were attached afollows the exponential temperature dependence of variable-
follows. First, polymer tubes were ultrasonically dispersed infange hopping(VRH). In this model, the conductance of
ethanol, and a drop of solution was placed on an insulatin§arriers in disordered materials is controlled by the hopping
SiO, substrate. Second, when the solution is dry, we used an

FIG. 1. Typical SEM image of single polymer tube and attached
two pair of Pt microleadg(a) polyaniline tubefb) polypyrrole tube.

electron microscope to find an appropriately single tube. 125 o:

Third, two pairs of platinum leads with O in width and 12.0. Single PANI Nanotube
0.5 um in thickness were fabricated by focused ion beam a‘ 1.5 T=66K

(FIB) deposition (Dual-Beam 235 FIB System from FEI ~ \ o0
Company. The resistancd;V curves and magnetoresistance X 11.0{T=300K e
of the single tube were measured by a Physical Property £ 1051 =
Measurement System from Quantum Design. All measure- 10.04

ments of dc electrical resistance were carried out at 50 nA. 9.5l .

IIl. RESULTS AND DISCUSSION

15]
14
13

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 5< 1074 2 cm /2% the resistance of the Pt lead in Fig. 1 12
can be estimated, is about 0.9)Kwhich is small as com- 11
pared with that of the single polymer tubies KQ-2 M(Q for 10
polyaniline tube and 60 &-10 MQ) for polypyrrole tubes
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The room-temperature conductivity of the measured FIG. 2. (Color onlin@ Temperature dependence of resistance of
single polyaniline nanotube is 4Z-* cm™t. For comparison, the single polyaniline-CSA tubea) plotted as IrR(T) < T-Y4: (b)
the conductivity of the nanotube pellets is aboutplotted as IFR(T)oc T2
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TABLE |. Experimental values and the VRH parameters for different samples, single polyaniline nanotube, polyaniline pellet, and
polypyrrole films. The parameters indicated dig, characteristic Mott temperaturéis, characteristic ES temperaturg;,,, Mott to ES
VRH crossover temperaturég, localization lengthAc, Coulomb energy; andR/R(0), magnetoresistance.

Sample Tu(K) TedK)  Tm/Tes  TeoK) Lc(nm)  Ac(meV) AR/R(0)

Single PANI-CSA nanotube 16103 316 4.8 66 2.3 11.2 ~2.6%(T=2K,H=10T)
PANI-HCI pellef 42x 10 32 131 7.5 5.6 0.07 ~24% (T=25K,H=7T)
PPy-Pk filmsP 1X103-3x10* 29-56 85-115 4.8-6.5 9-12 0.3-0.6 ~15% (T=1.4K,H=2T)

3Data from Ref. 23.
bData from Ref. 12.

of electrons between local states nearby the Fermi levebe affected because tHeV curves are linear From Fig.
When the Coulomb interaction of electrons is weak and car2(a), we could conclude that the temperature dependence of
be neglected, this is the case of Mott-VRHFor three- resistance will deviate from Mott's law at a bit higher tem-
dimensional Mott-VRH, the resistivity can be expressed as perature.

_ 1/4 According to the theory developed by Pollak, Efros, and

P(T) = po eXp(T/ )™, @ Shklovskii?? the Coulomb gapAc can be obtained by the
T, = 18/L§N(EF)kB, @) following relation:
— a3 112/ .32

where Ty, is the characteristic Mott temperature; is the Ac=eN(ER) ™™ (5)
localization lengthN(Eg) is the density of state at the Fermi From Eqs.(2) and(4), we arrive at
level. When the Coulomb interaction between electrons is

- ~1/273/2
significant and taken into account, Efros-Shklovs{&sS Ac=0.905&5Ty; “Tgs. (6)
limit (ES-VRH?? gives the following relation: Thus, we get the Coulomb ga-=11.2 meV for the single
p(T) = po exp(Tegd T2, (3) polyaniline tube, which is 20—40 times larger than the re-
ported values for bulk samples of polyaniline and polypyr-
Tes= 2.8%/eL kg, (4)  role (Ac~0.3-0.6 meV, see Tablg.}>** We propose that

where Tgg is the characteristic ES temperatureseg

+47e?N(Eg)L2 is the dielectric constant. Figure 2 indicates 1::: . : 50K
that at higher temperaturé800-66 K the single tube fol- so] Single PANI : 10K
lows three-dimensional Mott-VRH witfiy, =1524 K; below 25 nanotube
66 K, the single tube follows ES-VRH witffgs=316 K. < 0T
Such a crossover from Mott to ES VRH conduction was also £ 25]
observed in bulk samples of polyaniline and polypyrrole at -
Tero=2-10 K223 For comparison, Table | gives the experi- =501
mental values and the VRH parameters for different samples. 751
It is interestingly found that the characteristic ES tempera- Bt S S
ture (316 K) and the crossover temperatui@s K) of the 129 6 3 0 3 6 9 12
single polyaniline tube are surprisingly larger than that of V (mV)
bulk samples.

In order to determine whether the electron-electtemr) 21. 50K
interaction in the single polyaniline tube is strong below 60 \_/—
K, we measured theV curves of the tube, as shown in Fig. 18-
3(a). At higher temperatures, tHeV curves are linear. How- n 15
ever, with lowering temperature theV curves gradually be- ! (b)
come nonlinear at low voltag@®r small current The zero- S 12
bias anomaly below 60 Ki.e., a suppression in differential ©
conductance at low bias voltages clearly shown in Fig. =~ 9
3(b). The depletion of the density of states at low energies is T 6l 20K
usually regarded as a signatureesé interaction?*2%in ac- \M/
cordance with the gradual opening of a Coulomb gap at low 3
temperatures. Here, it should be noted that the measurements 432101234
of dc electrical resistance were carried out at 50 nA, if we \Y) (mV)

measure the resistance in the limit of zero current or voltage,
the low-temperature resistance will be a bit higher than that FIG. 3. (Color onling (a) I-V and(b) dI/dV vs V curves of the
measured at 50 nfthe high-temperature resistance will not single polyaniline tube at 50, 20 and 10 K.
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FIG. 4. (Color online Magnetoresistance of the single
polyaniline-CSA tube at 5, 3, and 2 K, plotted agd¢H)/p(0)] vs FIG. 5. (Color onling Room-temperature conductivity of PTSA
H2. doped polypyrrole tubes as a function of outer diameter.

the larger Coulomb gap for the polymer tube could be asthe magnetoresistance of the single polyaniline tube at low
cribed to two reasons, elimination of contact resistance betemperature. It has been observed that the magnetoresistance
tween tubes and nanometer size of the polymer tube. Accords positive and increases with the increase of magnetic field.
ing to the “granular metallic islands” mod& the electronic  The localization length.c calculated from Eq(7) and the
transport in polyaniline bulk samples is dominated by theslope of the Ifp(H)/p(0)]eH? plot is about 2.3 nm at 3 K.
interfaces between much conductive “islands.” The Coulombn particular, we note that the positive magnetoresistance of
gap obtained from the temperature dependence of resistivitine single tube is very small, no more than 2.6%, which is
of the bulk sample is small, because this value cannot reflecine order of magnitude smaller than that of bulk samples of
the intrinsic Coulomb gap in the “island” itself. In the polyaniline and polypyrrolgsee Table ). We propose that
present case, the single polyaniline tube can be taken as dime large magnetoresistance in bulk samples is mainly as-
“island” at certain level(the conductivity of single tube is cribed to the contribution of the interfaces between “metallic
two orders of magnitude higher than that of nanotube pellet islands®® just like the resistance itself. In fact, we measured
we obtain the Coulomb gap is larg@l.2 meVf due to the the magnetoresistance of the compressed pellet of polya-
elimination of the interfaces between “islands.” The valueniline tubes. It is found that the magnetoresistance can reach
obtained from nanotube data reflects the intrinsic Coulomi®1% at 3 K and 10 Tesla.
gap in the “island(the nanotube itself For comparison, the The localization length of electrons of the polyaniline
value (11.2 meV) obtained from tube data is compared with tube is much shorter than that of polymer films, which can be
the intrasitee-e interaction parametef4—5 me\j obtained ascribed to low temperature and large Coulomb gap. When
from magnetic susceptibility of the polyaniline filfhOn the  the temperature decreases, electrons of semiconducting poly-
other hand, as we know, there is a larger Coulomb gap fomer will become more localized. The localization length of
nanostructures due to the confinement of the elecf@u it  the polyaniline tube was measured at 3 K. In addition, owing
is reasonable that the Coulomb gap for the polymer tube ito the confinement of the electron in nanostructures, the Cou-
20-40 times larger than that for bulk samples. lomb gap of the polyaniline tube is much larger than that of
For further discussion of the unusual properties of thethe polymer films. This will also decrease the localization
single polyaniline tube, we also measured the low-length. We also argue that the smia§l(3 K)=2.3 nm of the
temperature magnetoresistanddR, which is defined as single polyaniline nanotube is consistent with the large char-
MR=AR/R(0)=[R(H)-R(0)]/R(0)]. Generally, a positive acteristic ES temperatuig.s=316 K. Equation(4) indicates
magnetoresistance with strong temperature dependence thatTES:2.8e2/[80+477e2N(E,:)L(2:]LCkB is inversely propor-
expected for VRH conduction due to the fact that applying aional to L. A smaller localization length leads to a larger
magnetic field results in shrinkage of the wave functions ofcharacteristic ES temperature. Therefore, the experimental
electrons and reduces the average hopping lefglthis  parameters obtained from the single tube are reasonable and
positi\éze magnetoresistance for VRH conduction can be writcompatible, and reflect the intrinsic properties of polyaniline
ten a tube.

4 y
In(%) =t (%) (%) o« H2. T, (7) B. Single polypyrrole tube

P . In this section, we will explore the electrical conductivity
wheret is a constantl_¢ the localization length of electrons, of single polypyrrole tube and the influence of diameter on
Ly=(Ch/eH)2the magnetic lengtH; the Planck’s constant, electrical properties. Figure 5 shows the room-temperature
and C the velocity of light. For ES-VRH,t=0.0015,T,  conductivity of PTSA doped polypyrrole tubes as a function
=Tgs andy=3/2. It thus follows from above equation that of tube diameter. The measured polypyrrole-PTSA microtube
In[p(H)/p(0)] should be proportional ta4? for T=const,  with 560—400 nm in outer diameter is poorly conductive; the
while for a fixed magnetic field it should be proportional to conductivity is only 0.13-0.29 S/cm. It is found, however,
T-32in the presence of the-e interaction. Figure 4 shows when the outer diameter decreases to 130 nm, the conductiv-
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12.0 ficient of the resistivity for temperatures below 10-20 K.
’ Figure 6 shows the log-log plot of the temperature depen-
dence of resistance of the highly conductive polypyrrole tube
with ogrr=73 S/cm. It is found that the resistanBéT) of
this tube follows the power-law dependence. The fit yields
the value of 8 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-
42 4.4 46 48 50 52 54 56 58 6.0 62 ergy is very small or vanishes; the conductivity is not acti-
In T (K) vated and close to the transition between the activated and
the metallic types of conductivif. If the order of the poly-
FIG. 6. (Color onling Temperature dependence of resistance ofmer chains in polypyrrole tube decreases, the activation en-
the single polypyrrole-PTSA nanotuliegr=73 S/cm plotted as  ergy will increase and the conductivity will decrease. In fact,
In R(T)In T, which indicates that the measured polypyrrole tube iswe found that the less conductive polypyrrole tubes
close to the critical regime of insulator-metal transition. [0(300 K) <40 S/cnj with larger outer diameter lie in the
insulating regime. In the present case, polypyrrole tube in the
ity of the single tube increases to 73 S/cm. Such diametemetallic regime has not been observed.
dependence of conductivity is observed for not only When the disorder of doped polypyrrole increases, the
template-synthesized polymer tubés®but also our self- conductivity and localization length decrease; for samples
assembled polypyrrole tubes, which indicates that the polylying in the insulating regime, a Coulomb gap will open, and
pyrrole tubes prepared by these two different methods havehe magnitude of the Coulomb gap increases as the disorder
similar structural characteristic: the smaller diameter tubegncrease$. Figure 7 shows the temperature dependence of
have a larger proportion of ordered polymer chaifs!®So,  resistance of a single polypyrrole-HQSA microtube with
when the tube diameter decreases, the order of the polymef,;=0.8 S/cm, which is lying in the insulating regime. At
chains increases, the localization length and the electricaligher temperatureéabove 96 K, R(T) of the single tube
conductivity increase. The following context will also indi- follows 3D Mott hopping conduction with a characteristic
cate that the tube with higher conductivitye., 73 S/cm Mott temperatureT,,=2.88x 10* K. Below T=96 K, R(T)
shows different temperature dependence. follows Efros-Shklovskii hopping conduction with a charac-
As we know, the electrical properties of polymer areteristic ES temperatur@gs=7.8X 10? K. Such conductivity
strongly influenced by the effect of disorder. According tobehavior could be due to the Coulomb interaction between
the extent of disorder, Heeget al? sorted out three various the electrons and holes when there is a Coulomb gap in the
regimes (insulating, critical, and metallic regimesin the  density of states near the Fermi le%&ISimilar crossover
insulating regime, for a three-dimensional system, the temfrom Mott to ES VRH conduction is also observed in poly-
perature dependent resistivigyT) usually follows the expo- pyrrole bulk samples at a crossover temperature 5-10
nential temperature dependence of 3D-VRH mogell)  K.%1223However, for the single polypyrrole tube, the char-
=po exp(Ty/T)¥4 At lower temperatures, when the Cou- acteristic ES temperatur@zs=7.8X 10 K) and the cross-
lomb interaction between charge carriers is significatif)  over temperaturéT,,=96 K) are much larger than that of
usually ~ follows  Efros-Shklovskii ~ VRH: p(T)  polypyrrole-PF films (Tes=29-56 K andT,,=5-10 K).%12
=po exp(Tes/ T2 In the critical regime, for a 3D system The reason could be ascribed to the larger Coulomb gap in

In R (Ohm)
N

o(300K)=73 S/cm

close to the insulator-metal transition, the resistiyity) fol- the polypyrrole tube just like the polyaniline tube. According
lows the power-law dependence: to Eq. (6) Ac=0.9054gT,2T22, we get the Coulomb gap
- - A:=10.1 meV for the single polypyrrole tube, which is
— 2y . B B C
p(T) = (&pe/h?) - (ke T/ER) P o T7, ® 1530 times larger than the reported valudd

where 8 lies within the range 0.8 8<1.2° In the metallic  ~0.3—0.6 meV of polypyrrole films®*223Here it should be
regime, polypyrrole films show a positive temperature coefnoted that this value is very close to the Coulomb dgp

16.51 Single PPy Microtube
— 180, T=96K FIG. 7. (Color online Temperature depen-
_E 15.5- \ dence of resistance of the single polypyrrole-
o HQSA tube (0r7t=0.8 S/cm: (a) plotted as
o 150 In R(T)= T-Y4 (b) plotted as IR(T) x T2 the
£ temperature dependence of resistance follows

1459 (a) 3D-VRH at higher temperatures and follows ES-

14.0 . ; ] . . . . . . . VRH at lower temperatures.

021 024 027 030 033 036 0.06 008 010 012 0.14
T (K-m) T2 (K-m)
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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.

(1) 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

4K ™) T (K") the pellet.
_ _ (2) A crossover from Mott[In R(T)<T-Y4] to Efros-
FIG. 8. (Color online Temperature dependence of resistance OfShklovskii [In R(T)OCT‘l’Z] VRH conduction at much higher

single polypyrrole-PTSA tub&ort=0.13 S/cm: (a) plotted as .
n R?(T) ET‘)@/ (b) plotted as |r€1(?('FF)TocT‘1- the t?mp()e)ra?ure depen- crossover temperatut66—96 K) than that of bulk samples is

dence of resistance follows thermal activation model at highepbserved in the sir}gle polyaniline a”_d pO'YPY”F"e tube,
temperatures. which could be ascribed to the stroege interaction in the

single polymer tube with a Coulomb gap about 10 meV. This

=11.2 meV obtained in the single polyaniline tube. strong C_:oulomb intgraction I als_o proved by the curves

In Mott's VRH model, typical resistances between neigh-of the single polyaniline tube, which shows an obvious zero-
boring impurities are larger than those connecting some relias anomaly at low temperatures. _
mote impurities whose energy levels happen to be very close (3) The room-temperature conductivity of single polypyr-
to the Fermi level. When temperature increases, nearesiole tube increases from 0.13 to 73 S/cm when the outer
neighbor hopping will increase. So at sufficiently high tem-diameter decreases from 560 to 130 nm.
peratures, Mott's law becomes invalid, the main contribution (4) The highly conductive polypyrrole tubpo(300 K)
to the electrical conductivity comes from electrons hopping=73 S/cnj is close to the critical regime of insulator-metal
directly between impurities or thermal excitation of electronstransition. Its temperature dependence of resistance follows
into the conduction band. Figure 8 shows the temperaturéhe power-law dependend®(T)« T4, Other less con-
dependence of resistance of another single polypyrroleductive tubes lie in the insulating regime. At higher tempera-
PTSA microtube withorr=0.13 S/cm. At higher tempera- tyres, the resistance of a polypyrrole microtube shows a
tures, resistanc&®(T) of this PPy tube deviates from 3D- rossover from Mott VRH moddln R(T) = T-¥4] to thermal

VRH [as shown in Fig. @] and follows the thermal acfivation mode[ln R(T)=T1] with an activation energy of
activation modef? 0.102 eV.

16.0} Single PPy Microtube

-
[
n

In R (Ohm)

145 T=400K _&#

(@

0.22 0.23 024 0.25 0.26 0.0025 0.0030 0.0035 0.0040 0.0045

p(T) = po exp(AE/kgT), 9) 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.

wherekg is the Boltzman constanfAE is the activation en-
ergy. From Fig. &), we obtain the activation energyE
=0.102 eV for the completely doped polypyrrole tube. For
comparison, the forbidden gajEg=2AE) 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. ACKNOWLEDGMENTS
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