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In the present article it is shown that a corona discharge can be employed to dope thin films of
polyaniline~PANI! coated on poly~ethylene terephthalate! films, allowing the electrical conductivity
to be tuned within the range 10210 to 0.3 S cm21. A study of the effect of different corona
conditions, namely corona treatment for positive and negative polarities, air humidity, treatment
time, corona current, and the geometry of the corona triode, on the electrical conductivity of the
polyaniline is presented. The results indicate that the corona discharge leads to protonic doping of
polyaniline similar to that which occurs in conventional protonic acid solution doping. Atomic force
microscopic analysis shows that, as the PANI is exposed to the corona discharge, its globular
morphology is disrupted leading to the appearance of droplet-like features and a significant decrease
in the average height and surface roughness. Doping by corona discharge presents several
advantages over the conventional solution method namely that it is a dry process which does not
require use of chemicals reagents, and which is both rapid and avoids dopant migration. The latter
can be important for applications of PANI in microelectronic devices. ©2000 American Institute
of Physics.@S0021-8979~00!01608-X#
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I. INTRODUCTION

Polyaniline ~PANI! in its nonconducting form was dis
covered more than 100 years ago, but it only became
interesting conducting polymer after the advent of doping
protonic acids, owing to its importance for the study of fu
damental aspects of charge transport as well as its grea
tential for application in the construction of devices. PA
also offers advantages such as its low preparation cost,
of processibility, and environmental stability. An enormo
amount of research1–6 has been done on doping processes
order to enhance the electrical conductivity of the polym
In this context, several doping approaches have been
posed whose suitability depends on the final application.
instance, using aqueous acidic solutions in chemical
electrochemical1 doping processes pose limitations if the r
sultant polyanilines are to be used for a number of tech
logical applications,2 particularly in the microelectronic
industry.3,4 Alternative methods involving doping of polya
niline with high-energy radiation such as e-beam,4 x rays5

and g radiation,6 on the other hand, have disadvantag
which include their high cost, low efficiency, and the po
sible resultant radiation damage.

An approach that does not suffer of any of these dra
backs is doping via corona discharge, which we have
cently applied,7–9 to polyaniline coated on top of poly~ethyl-
ene terephthalate! ~PET! films. In the corona method—which
has been extensively used for charging polymers,10 treating

a!Electronic mail: giacometti@if.sc.usp.br
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polymer surfaces,11,12 in electrophotocopying machines,13

and in electrostatic filters,14—a high voltage is applied to an
electrode such as a metallic point.15 Excited neutral species
and positive or negative ions, depending on the voltage
larity, are produced in a region near the corona point. M
chanical collisions in the discharge region lead to gas mo
ment, which is usually referred to as corona wind. Up
applying a corona discharge, neutral species are driven
wards the sample surface by the corona wind while char
ions are driven by electrostatic attraction.

In this article we show detailed results on the influen
of corona discharge experimental conditions on the electr
conductivity and properties of PANI deposited onto PE
films, referred to as PET/PANI composites. The species
sponsible for the doping process are proposed in accord
with the literature. The implications of this doping metho
for the application of polyanilines with an antistat
function16 in electronic packaging are briefly discussed.

II. EXPERIMENT

PET films were supplied by Rhodia-Ster/Brazil~Ter-
phane®! with nominal thickness of 12mm. Coating of PET
films with PANI was performed by chemically synthesizin
parent polyaniline in a polymerization solution in which
PET film was immersed. The synthesis was carried out d
ing approximately 60 min following the conventional chem
cal method17 at room temperature using aniline and amm
nium peroxydisulfate in a 1.0 molar HCl solution. The PE
PANI composite was deprotonated in a 0.1 molar ammoni
8 © 2000 American Institute of Physics
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 [This a
hydroxide solution for 24 h and then dried under vacuum
order to obtain PANI in the dedoped emeraldine base~EB!
oxidation state. The PANI layer deposited by this method
well attached to the PET film, according to a detailed stu
of the composites.18

The PET/PANI composites were characterized by U
Vis absorption spectroscopy using a Perkin–Elmer mo
Lambda-9 Spectrophotometer. Electrical conductivity of
PANI coating was measured with the four-point probe te
nique at room temperature. The conductivity stability w
monitored at room temperature for samples treated for 7
at distinct temperatures. Corona discharge was generate
ing a corona triode system, shown schematically in Fig
consisting of a metallic point, a stainless steel grid, an
sample holder.10 The distance from the grid to the point,dp ,
could be varied in the range from 1 to 5 cm. The grid
sample distance was kept constant at 0.5 cm. A reversibl
voltage supply~up to 620 kV! was connected to the tip in
order to generate positive or negative corona discharge. D
ing the treatment the corona current,I c , was kept constant
In measurements described in Sec. III both the grid a
sample holder were grounded to avoid the film being char
at very high surface potentials, thus preventing breakdow
the PET/PANI composite. Corona treatments were p
formed in air at room temperature~;25 °C!, unless other-
wise specified. The corona setup was mounted inside a s
less steel chamber, which allowed the relative air humidity
be varied from 0% to 100%, within an accuracy of62%.

Atomic force microscopy~AFM! measurements wer
carried out using a Topometrix Discoverer TMX 2000 i
strument in the standard contact mode using 200-mm-long V
shaped cantilevers with a nominal spring constant of 0
N/m and Si3N4 pyramidal tips integrated onto the undersi
of the cantilever end. The scan rate was 1.25 Hz and A
images were collected with 3003300 data points. The sur
face roughness was estimated by calculating the ave
roughness~Ra! and the root mean square~rms! roughness
using software supplied with the Topometrix instrument. T
thickness of the PANI coating was determined by partia

FIG. 1. Schematic representation of the corona triode used to trea
PET/PANI composite. The corona triode was mounted inside a cham
having two gas outlets and heaters allowing for the control of the relative
humidity and temperature.l c is the corona current,dp is the distance be-
tween the corona point and the metallic grid, andVc is the corona voltage
supply.
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removing the coating with scotch tape and measuring
height of the step formed, which was of the order of 150 n

III. RESULTS

The UV-Vis electronic absorption spectra of polyanilin
reflect its doping state. For as-prepared PET/PANI comp
ites, in which PANI is in the dedoped EB state, Fig. 2 sho
a peak withlmax at approximately 600 nm~transition energy
of 2.07 eV!, assigned to an excitonic transition. Upon expo
ing this PET/PANI composite to a positive corona discha
this peak is shifted towards higher wavelengths owing t
decrease in the energy associated with the electronic tra
tions, and a shoulder appears at around 400 nm.lmax in-
creases with increasing corona discharge time, reaching
~1.46 eV! and 800 nm~1.55 eV! for positive and negative
corona, respectively. The shift is characteristic of doping
polyaniline, similarly to that which occurs for PANI dope
by other methods.1,4,17 Doping was confirmed by measurin
the electrical conductivity of the PANI coating, which can b
increased from 10210 to 0.3 S cm21 with corona treatment
~Fig. 3!, therefore reaching the levels achieved with conve
tional HCl doping. In addition, the conductivity remain
stable for long periods of time, as will be shown later. T
effect of the experimental conditions under which the coro
discharge was applied on the electrical conductivity of
PANI coating is illustrated in Figs. 4–6. Doping efficienc

he
er
ir

FIG. 2. UV-Vis spectra for PET/PANI composite films treated with positi
corona during different periods of time,t t . The corona current was115
mA, the relative air humidity was 60%, anddp51.3 cm. The treatment time
is indicated for each curve andt t50 corresponds to the PANI-EB.

FIG. 3. Dependence of the electrical conductivity for PET/PANI compos
films with positive and negative corona during different period of time. T
corona current was615 mA, the relative air humidity was 60% anddp

51.3 cm.
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increases considerably after a given relative humidity an
higher for positive corona, as demonstrated in Fig. 4. T
maximum conductivity for positive corona treated samp
reached 0.3 S/cm while that for negative corona value w
limited to the order of 1023 S/cm. In addition, for negative
corona the environment requires a higher humidity and ta
a longer time for the doping to occur than for positive c
rona.

The electrical conductivity of the PANI coating in
creases with the corona current~Fig. 5! for a fixed treatment
time, as expected. Here there is a limitation in the maxim
current that can be used before producing sparks betwee
corona point and the grid. Again the positive corona is m
effective for doping the PANI coating. It is known that a
increase in the corona current leads to an increase in
amount of species produced in the metallic tip by the cor
discharge, and therefore the amount of doping species is
pected to increase, as well. The efficiency of the treatmen
influenced by corona discharge parameters such as the
rona current and point-to-plane distance. As shown in Fig
when the distance between the corona point and the met
grid is increased, the electrical conductivity tends to d
crease, for a given corona current. Apparently, as one
creases the distance between the corona point and
sample, the number of doping species that reach the sa
decreases. Figure 7 shows that upon increasing the tem

FIG. 4. Dependence of the electrical conductivity for PET/PANI compo
films with positive and negative corona for different values of the relat
air humidity. The corona current was615 mA, the treatment time was 1 h
anddp51.3 cm.

FIG. 5. Dependence of the electrical conductivity for PET/PANI compo
films with positive and negative corona on the corona current. The treatm
time was 1 h anddp51.3 cm. Above values ofI c5225 and160 mA the
electric breakdown in the gap between the corona and the grid occurre
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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ture of the corona treatment, the conductivity also decrea
for both positive and negative coronas. Although further e
periments are under way to understand this temperature
fect, one possibility is that higher temperatures promot
greater rate of undesirable recombination reactions, wh
decreases the number of doping species that reach
sample.

The thermal stability of the electrical conductivity is a
important issue to be addressed, especially for producing
tistatic polymeric films for electronic packaging. In this co
text, corona doping appears to be extremely promising.
shown in Fig. 8, positive corona-doped films have mu
more stable conductivity over the temperature range stud
in comparison to polyaniline samples doped with the co
ventional HCl method. This may be attributed to the fact th
HCl is a very volatile dopant for polyaniline,19 being elimi-
nated easily when the film is treated above room tempe
ture. For the corona doped PANI on the other hand, the d
ing species appear either to be less volatile and/or inte
more intensively with the PANI backbone.

The effect of corona discharge on the surface morph
ogy of the PANI coating is illustrated in Fig. 9. The globul
morphology for untreated PANI~upper image! is modified
upon corona treatment~lower image!, with the appearance o
droplet-like features that are associated with the corona w
in the discharge. Topographical disruption has also been

FIG. 7. Dependence of the electrical conductivity for PET/PANI compos
films for different treatment temperature. The corona current wasI c

5620mA, dp51.3 cm, the treatment time was 2 h, and relative humid
60%.

e

e
nt

.

FIG. 6. Dependence of the electrical conductivity for PET/PANI compos
films with the distance between the corona point and the grid,dp , for a
corona currentI c5615mA, the treatment time was 2 h and relative humid-
ity 60%.
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served in the literature for conventional polymers such
corona treated polypropylene films.20 From the AFM images,
the Ra and rms roughness values and the average height
calculated. The roughness and height decreased signific
upon corona treatment, with the largest changes being
served up to 60 min of corona treatment, as repor
elsewhere.21 One possibility to explain this behavior is th

FIG. 8. Decay of the electrical conductivity,s/s i for PET/PANI compos-
ites as a function of different temperatures and samples doped by co
discharge and with HCl. Curves were normalized to their initial values,s i .
Curves marked with triangles and full circles correspond to the results
tained with corona doping and HCl doping, respectively. Samples w
doped at room temperature.

FIG. 9. AFM images of the surface of the PANI layers on PET. Upp
image: sample conventionally doped with HCl. Lower image; sample do
using the positive corona discharge. Note that the scales of the picture
almost the same.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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the corona wind produced sweeps away the loosely de
ited PANI from the top surface leading to a more unifor
topography. A similar result was found for the negative c
rona treatment.

IV. DISCUSSION

It is well known, that the emeraldine base form of poly
niline is an established example of doping of an orga
conjugated polymer into the highly electrically conducti
regime as achieved by a protonation process. This is c
monly accomplished by treating emeraldine base with aq
ous protonic acids, the most widely used being hydrochlo
acid at 1.0 M concentration. It has been also shown in
literature that corona discharge produces protonated spe
as we will discuss below, which suggests penetration wit
the polyaniline, promoting the doping observed.

The hypothesis of protonic doping by corona is corrob
rated by the recent work of Held and Peyrous22 and Pinart,23

as well as by previous ion/water cluster formation studie24

Corona discharge gives enough energy to produce the d
ciation of simple molecules N2, O2, and H2O in humid air.
As a result very reactive atoms or radicals such as N, O
and OH are formed and can recombine very rapidly eit
among themselves or with original molecules to give n
products which depend strongly on the polarity of the d
charge. Using a positive point-to-plane corona discharge
air in the presence of water, hydrated protons were one of
main products detected by Held and Peyrous,22 which is sup-
ported by previous work indicating the formation of prot
nated water clusters by corona.24 They22 also observed for
unchanged pressure conditions, similar to those used in
work, that the corresponding ions signal increased with c
rent. This behavior is consistent with our results which de
onstrate a conductivity increase as a function of the d
charge current. The case of the species generated by
negative corona discharge was studied by Pinartet al.23 They
suggested that excited species of NO2, OH, N, and O2 are
subjected to many collisions during their transport towa
the plane, leading to the formation of acidic substances
HNO2, HNO3, on the sample. The presence of dissocia
NO2

2 and NO3
2 ions in the sample was also observed. T

increase in their concentration was accompanied by a lin
increase in the proton concentration~slope of 1!, due to the
acid dissociation in the sample. Such phenomena can
explain the observation of doping by a protonation proces
the case of negative corona, in spite of polarity. In this c
they further observed that the concentration of the acid i
described above also increases with the corona current in
sity, consistent with our results.

In summary, positive corona discharge produces po
tively charged and protonic ions that reach the polyanil
surface. By contrast, negative corona lead to the formatio
neutral acidic substances which reach the polymer sur
and can dissociate within the sample in the presence of m
ture leading to protonic species. This hypothesis is furt
corroborated by the more efficient doping achieved with
positive corona, since the species produced are already
dissociated protonic form. It seems likely, therefore, th
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both corona discharges can result in the generation of
tonic ions, which penetrate within the polyaniline, promoti
a protonation effect of the polyaniline backbone similar
that which occurs in conventional solution doping. Prelim
nary electron paramagnetic resonance~EPR! analysis are
consistent with the formation of a polysemiquinone radi
cation structure, consisting of two separated polarons du
the protonation of the imine sites of the polyaniline bac
bone, similar to that which occurs in conventional dopin
Further work using EPR, Fourier transform infrared~FTIR!,
and Raman spectroscopy is being carried out and will
published elsewhere.

In comparison with the conventional doping process e
ploying aqueous acid solutions, the corona method eli
nates the use of chemicals and enables the use of a con
ous, rapid and dry doping method. If a setup comprisin
wire-grid-plane arrangement is used, samples may be tre
in the form of a roll in which the composite PET/PAN
passes under the treatment zone continuously. Such p
bilities are extremely important for technological applic
tions of conducting polymers in microelectronics, includi
antistatic coatings of microchips, sensors, transistors,
other electronic devices. In a few tests we have found
the edge between the doped and nondoped region is
stable, i.e., no spread of the doping region was obser
which allows for possibility of producing different pattern
Corona doping is also efficient for Langmuir–Blodgett film
of PANI, whose results will be reported elsewhere.

In conclusion we have demonstrated that the electr
conductivity of PANI coated onto PET films can be i
creased from 10210 to 0.3 S cm21 by exposure to a coron
discharge. The conductivity could also be controlled ea
by varying parameters such as time of exposure, corona
rent, and the geometry of the setup where the corona
charge is performed. The method gives very reproduc
results; it is a dry and low cost procedure that may be ea
controlled.
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