J Mater Sci: Mater Electron (2008) 19:457-462
DOI 10.1007/s10854-007-9362-x

Electrical properties of electrodeposited polyaniline nanotubes
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Abstract The electrical properties of polyaniline na-
notubes-aluminum like Schottky diode are described.
Polyaniline nanotubes (PANI) were deposited on alumi-
num thin films using the polarographic technique. The
nanotubes were characterized by scanning electron
microscopy (SEM) and UV-Vis absorption spectra. The
electrical properties of the heterojunction PANI-Al were
examined. The current density—voltage (J X V) profile has
shown a behavior typical of Schottky diode, with ideality
factor (n) of 6.76 and ¢, of 0.70 eV. Impedance spec-
troscopy data apparently shows that the resistance domi-
nated the AC behavior of the PANI-Al system. The
equivalent circuit is composed from a resistor in series with
a parallel resistor—capacitor circuit. The results indicate
that polyaniline nanotubes may be interesting to the
development of electro-optical devices with 2D structure.

1 Introduction

The semi-conducting property of polyaniline has over the
last few decades been explored as the active material in a
number of electronic and electrochemical devices. Poly-
aniline may be generally solution processable, which
makes it possible to manufacture devices on flexible car-
riers, ultimately at a very low cost with common printing
techniques [1].

The recent development of nanoscience and nanotech-
nology has opened up novel fundamental and applied
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frontiers in surface functionalization and characterization.
At the nanometer scale, the high surface-to-volume ratio
characteristic of most nanomaterials has been demonstrated
to have a tremendous influence of many fundamental mate-
rial properties and electro-optical device performance [2—4].

In the last two decades the studies on polymer-metal
heterojunctions (PMH’s) have lead a great relevance in the
optoelectrochromic area due to the project of electrochro-
mic devices, field effect transistors (FET’s), supercapaci-
tors, an more else [5]. The principal physical chemical
characteristics of these materials are the easily processing,
low cost and nonlinear properties of the device [6].

The possibility of obtaining nanostrucurated PMH’s
surface is attractive, since it is possible to produce mate-
rials whose electrical characteristics can be topologically
modulated.

A particularly interesting PMH for the nanodevices
project involves the synthesis of polymer conjugated-metal
type interfaces. In this case, polyaniline has attracted
considerable interest due its good environmental stability.

Recently, heterojunctions obtained from polyaniline
nanostructures (PANI) has become an interest of our labora-
tory [7, 8]. In particular the electrical properties and Schottky
barriers devised with nanostrucurated polyaniline it is a great
of interest. In this paper, we report the junction characteristics
between p-type (anion-doped) PANI and Al thin films.

2 Experimental
2.1 The PANI-AI heterojunction
Protonated polyaniline nanotubes (PANI) was polaro-

graphicaly deposited at thin aluminum films (Alcoa,
99.99%, 30.0 um, 2 V) in solution containing aniline
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Scheme 1 Schematic diagram of the PANI-AI heterojunction at zero
potential

(Sigma-Aldrich, 99.0%, 2.2 mM) and H,SO, (Merck, 1 M)
at room temperature (27 °C). The PANI-Al schematic
diagram at zero bias is shown in Scheme 1. An ohmic
contact with the PANI layer for the electrical measure-
ments was formed by Ag (Siemens 99.99%, paste) having a
high work function (6.35 eV).

2.2 Characterization of electrodeposited PANI

The electrodeposited PANI nanotubes were characterized
by scanning electron microscopy (SEM) on a Phillips,
XL30. The protonation of the PANI was confirmed by the
UV/Vis spectroscopy carried out on a Varian 634 spec-
trophotometer. The PANI electrodeposited at aluminum
surface was dissolved in N-methylpyrrolidone (NMP) for
the UV/Vis analysis. The electrical properties of the PANI-
Al heterojunction were studied by J X V analysis using an
electrometer Keithley (K237) and impedance analysis
using a LCR Precision Meter (HP4284A) with variance of
20-1 MHz. The resistive characteristics of the polyaniline
nanotubes were estimated by 4-probe configuration. The
Scheme 2 shows the PANI-AI configuration to the elec-
trical measurements (J X V and AC curves).

Ag Al PANI \ Ag

.

Scheme 2 Schematic of the PANI-AI configuration for the electrical
measurements (J X V and AC curves)
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3 Results and discussion

The microstructural analysis SEM (Fig. 1) shows the PANI
nanotubes obtained in this work. The mechanism of na-
notubes formation seems to involve an initial nucleation
into microcavities taking the shape as a result of the oxi-
dation process in the metal Al film. In this case, the na-
notubes formation is due the aluminum nucleation of
aniline molecules into the aluminum formed pores (Fig. 1
B), when a pite oxidation takes place. Then, the polymer-
ization proceeds with increment of new aniline molecules
that can interact with each other, through the amine and
iminium nitrogen interaction, to form at the same time a
fibrous PANI nanostructure.

Removing the polymer coating, the substrate appeared
white in coloration evidencing the thick Al,O3 oxide for-
mation (a passive layer that protects the Al metal from
corrosion, once the PANI electrodeposition was made in a
corrosive ambient).

The absorbance UV/Vis spectroscopic analysis of the
synthesized PANI nanotubes is shown in Fig. 2. The
band at 295 nm present in the spectrum corresponds to
the pernigraniline totally oxidation state, and it is asso-
ciated with the = — 7" transition [9]. The band at 430 nm
corresponds to partial oxidation of PANI and can be
assigned to represent the intermediate state between leu-
coemeraldine form containing benzenoid rings and emer-
aldine form containing conjugated quinoid rings in the
main chain of the PANI [10]. The last band at 610 nm is
assigned to exciton formation in the quinonoid rings
[11].

The band-gap energy of the polymer may be estimated
using the relation [12]

o = (2.3003A) = K(ho — )"/’ (1)

where « is the absorption coefficient, A is the absorbance,
and K is an empirical constant that is proportional to the
thickness deposited polymer. The hv and E, are the photon
energy and the energy band-gap, respectively. Plotting o
versus hv (inset in Fig. 2) gives a straight line whose
intercept on the abscissa is the band gap energy. The E,
value was estimated to be 3.3 eV, in according to the lit-
erature values [13].

The J X V curve for the system PANI-Al is shown in
Fig. 3. The curve is asymmetric and non-linear indicating a
rectifying character of the PANI-Al heterojunction. Thus,
polarizing negatively the metal with respect to the PANI
the forward current increases exponentially in the lower-
voltage region and increase linearly in the higher-voltage
region, presenting an electrical Schottky diode behavior
characteristic. In this case, the operating voltage is typi-
cally equal, or lower than, the semiconductor band-gap.
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Fig. 1 SEM micrograph of the
PANI nanotubes (A) and
nucleation process into pores

(B)

Absorbance (u.a.)

300 400 500 600 700
Wavelength (nm)

Fig. 2 Optical absorption spectrum of doped PANI. Inset: Curve
used for the calculus of the band gap energy (E,). Temperature: 27 °C

The behavior like Schottky diode, unbecoming of the
polymeric materials, is due to the interface semiconductor
(PANI)-metal (Al). It is very known fact that the Fermi
levels (Eg) are different in the metal-polymer interface.
Once the electrons are the only carrier of charges, the
balance donor-receiver is only reached when the Eg levels
in the semiconductor and in the metal they join through a
flow of carriers of the metal for the semiconductor. A
depletion layer is then formed, leading a reduction of the
energy band and the formation of Schottky barrier [14] that
it is opposed to an additional electronic flow. This behavior
checks the heterojunction PANI-ALI a rectifier character, as
showed in the Fig. 3. The behavior of the current density
per area unit (J) as an applied voltage function (V) can be
expressed as

J (mA/cm®)
"y

Voltage (V)

Fig. 3 Current density versus applied voltage (J x V) for the PANI-
Al heterojunction

J = Jolexp(eV/nkT) — 1] (2)

where J is the saturation current density, e is the electronic
charge, k is the Boltzmann constant, T is the absolute
temperature and n is the ideality factor (for an ideal diode
n=1).

The current becomes linear at a forward bias voltage
greater than 1.4 V, suggesting that the bulk resistance of
the PANI in this voltage region dominates the device
resistivity. Therefore, the slope of the mentioned region
estimates the bulk conductivity to be 1.02 mS - cm™".

The ideality factor (n) and the reverse saturation current
density (Jo) for the PANI-Al can be calculated from the
gradient Ln (J) X V through linearization of the Eq. (2)
considering eV /kT > 1 (Fig. 4). Using the best-fit line
equation, the ideality factor was calculated resulting in
n=6.76and Jo= 198 x 107> (A - cm ).

The barrier height ¢, can be deduced using the Rich-
ardson equation

Jo = A*T? exp[—ed, /KT] (3)

where A* is the effective Richardson constant usually
taken as 120 A - cm 2 - k2 [15]. The value for the barrier
height is estimated to be ¢, = 0.70 (eV).
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Fig. 4 Ln(J) x V characteristic of the PANI-AI heterojunction

The existence of surface states reduces significantly the
value of the ideality factor of the device. By the calculation
of the n value through J X V curve supply the value
n = 6.76. The ideality deviation can be result as an ele-
vated grade of imperfections on the PANI-AI heterojunc-
tion and/or due the presence of an interfacial layer,
resulting in a great number of superficial states localized in
the band-gap, influencing in the height of Schottky barrier.

The electrical conductivity at 27 °C for the deposited
film, using the 4-probe method, was about 10 mS - cm ™!,
near of the germanium, an inorganic semiconductor of
current use in the electronic industries.

Another phenomena for the metal-polymer diode devi-
ces discussed in the light of Schottky emission is the
Poole-Frenkel emission, associated with the material bulk
barriers (Acceptor and donor sites, traps, or electrons in the
valence band), and the space-charge limited current
(SCLC), associated with the traps at the interfacial region
between metal and polymer [15, 16].

The current density for Poole—Frenkel emission can be
expressed by the following equation:

J/V = (Jo/ Vo) exp[B(V/d)"/? /nkT] (4)

where d is the thickness of the polymer coating and
B = (e3/nee)"/* in which ¢ is the dielectric constant of the
polymer and ¢ is the free-space permittivity.

The SCLC conduction mechanism is given by:

J = [(8s0V?)/(90%)] o V2 (5)

where p is the carrier mobility.

A Ln(J/V) x V2 plot and Log (J) x Log (V) plot
should give a linear curve in the Poole—Frenkel emission
case or SCLC conduction mechanism, respectively. In the
last case, a slope of 2 is expected.

@ Springer

In this work it was observed that the Poole—Frenkel and
SCLC plot not give a straight line for the PANI-AI junc-
tion, thus ruling out the Poole—Frenkel or SCLC emission
mechanism. Therefore it is inferred that Schottky emission
is the major mechanism in the PANI-AI device. However,
we cannot eliminate the tunneling mechanism, since the
JxV curve also shows quite satisfactory linearity in
Fowler-Nordheim (Ln(1/V) o< 1/V) coordinates (Fig. 5).
Thus, tunneling process may be equally as important in
these devices as the thermionic emission process.

The impedance spectroscopy (Nyquist diagram) study
for the electrodeposited PANI is represented in Fig. 6. The
correspondent AC impedance curve is a semi-circle, which
can be expressed by the equivalent circuit shown in Fig. 7.
In the circuit, Ry, is the resistance inside the conducting
layer, Ry is a resistance of the non-conducting part of the
material and Cy, is the double layer capacitance caused by
the thin aluminum oxide film (Al,O3) formed during the
electrodeposition process. The estimate value for Cg and
Ry, can be estimated by using the relationships Cq4 = 1/
(2nfnaxRar) and Rpe = Ry + Ry, fihax being the frequency
at the top of the semi-circle (Fig. 6), Ry, the diameter of the
semi-circle and Rpc the measured 4-probe resistance [17].
The related parameters for the PANI are: Cy =~ 10 pF,
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Fig. 5 Ln(1/V?) x 1V plot (Fowler-Nordheim tunneling mecha-
nism) for PANI-AL R? = 0.9975 for 1/V > 0.4, and R? = 0.9970 for
1/V <04
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Fig. 6 Nyquist plot for the PANI-AI heterojunction
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Fig. 7 The equivalent circuits for a semi-circle Nyquist plot

Ry ~ 822 Qand Ry, ~ 97 Q (approximately equals to the
estimated bulk conductivity using the Fig. 3 (90 Q)).

The frequency real part dependence of the PANI-Al
impedance is shown in Fig. 8 and Bode plot is represented
in Fig. 9. The real part of the impedance is starting to
decrease even from low frequencies, being this effect
determined by the double layer capacitance of the equiv-
alent circuit. At low frequencies, the phase shift is negli-
gible confirming the simple circuit.

The impedance spectroscopy studies indicate that the
resistance dominates the ac behavior of the heterojunction
PANI-ALI [18].

4 Conclusions

Heterojunctions of the type polymer-metal were obtained
by the polarograthic deposition of PANI nanotubes in Al.
The analysis of the J X V and Ln(J/V) X V2 data indicate
that the PANI/ALI heterojunction possess an Schottky diode
behavior with thermally emission as the major mechanism.,
with n = 6.76, ¢, = 0.70 (eV) and Jo = 1.98 x 10> (A -
cm2). The related AC behavior parameters obtained with
the equivalent circuit (a resistor in series with a parallel
resistor—capacitor) for the PANI-Al systems are: Cy ~
10 uF, Ry ~ 822 Qand R, ~ 97 Q. The bulk resistance
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Fig. 8 Dependence of the impedance module with the frequency for
PANI electrodeposited at Al thin film
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Fig. 9 Bode plot for the PANI-AI heterojunction
obtained with the AC behavior is in agreement with the

estimated bulk resistance obtained by DC studies (4-probe
and J X V curve).
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