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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 polfethylene terephthalgtélms, allowing the electrical conductivity

to be tuned within the range 16° to 0.3 Scm?®. 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.2@0 American Institute

of Physics[S0021-897@0)01608-X

I. INTRODUCTION polymer surface$!? in electrophotocopying machinés,

. o ) ~and in electrostatic filter—a high voltage is applied to an
Polyaniline (PANI) in its nonconducting form was dis- g|ectrode such as a metallic potitExcited neutral species

covered more than 100 years ago, but it only became ag,q nositive or negative ions, depending on the voltage po-
interesting conducting polymer after the advent of doping bY4yity are produced in a region near the corona point. Me-
protonic acids, owing to its importance for the study of fun- cpanica) collisions in the discharge region lead to gas move-
damental aspects of charge transport as well as its great Pjent which is usually referred to as corona wind. Upon
tential for application in the construction of devices. PANI applying a corona discharge, neutral species are driven to-

also offers advantages such as its low preparation cost, eagg, qs the sample surface by the corona wind while charged
of processibility, and environmental stability. An enormous;yns are driven by electrostatic attraction.

6 . .
amount of research’® has been done on doping processes in |, this article we show detailed results on the influence

order to enhance the electrical conductivity of the polymer.,¢ corona discharge experimental conditions on the electrical

In this context, several doping approaches have been progngctivity and properties of PANI deposited onto PET
posed whose suitability depends on the final application. Fomms, referred to as PET/PANI composites. The species re-

instance, uginf aqueous acidic solutions in chemical og,qngihie for the doping process are proposed in accordance
electrochemicaldoping processes pose limitations if the re- i, the [iterature. The implications of this doping method

sultant polyanilines are to be used for a number of technog,. e application of polyanilines with an antistatic

logical applicationg, particularly in the microelectronic functiori® in electronic packaging are briefly discussed.
industry>* Alternative methods involving doping of polya-

niline with high-energy radiation such as e-behm rays
and y radiation® on the other hand, have disadvantages!- EXPERIMENT

which include their high cost, low efficiency, and the pos- PET films were supplied by Rhodia-Ster/Bragiler-

sible resultant radiation damage. phane® with nominal thickness of 1zm. Coating of PET

An approach that does not suffer of any of these drawsjins with PANI was performed by chemically synthesizing
backs is d_OIO'fjg via corona discharge, which we have reparent polyaniline in a polymerization solution in which a
cently applied, °to polyaniline coated on top of pdsthyl-  pET film was immersed. The synthesis was carried out dur-
ene terephthalatePET) films. In the corona method—which o4 anhroximately 60 min following the conventional chemi-
has been extensively used for charging polymfseating ¢4 method” at room temperature using aniline and ammo-
nium peroxydisulfate in a 1.0 molar HCI solution. The PET/
dElectronic mail: giacometti@if.sc.usp.br PANI composite was deprotonated in a 0.1 molar ammonium
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pus— FIG. 2. UV-Vis spectra for PET/PANI composite films treated with positive

corona during different periods of timg¢,. The corona current was 15

FIG. 1. Schematic representation of the corona triode used to treat theA, the relative air humidity was 60%, amty=1.3 cm. The treatment time
PET/PANI composite. The corona triode was mounted inside a chambeis indicated for each curve ang=0 corresponds to the PANI-EB.

having two gas outlets and heaters allowing for the control of the relative air

humidity and temperaturd, is the corona current, is the distance be-

tween the corona point and the metallic grid, andis the corona voltage removing the coating with scotch tape and measuring the

supply. height of the step formed, which was of the order of 150 nm.

Ill. RESULTS
hydroxide solution for 24 h and then dried under vacuum, in

order to obtain PANI in the dedoped emeraldine bdsB) flect its dooi F d PET/PANI
oxidation state. The PANI layer deposited by this method Eh ect Its doping state. For as-prepare compos-

well attached to the PET film, according to a detailed stud))tes’ in WhiCh PANI s in the dedoped EB statef,' Fig. 2 shows
of the composite&® a peak with\ ., at approximately 600 nrtransition energy

The PET/PANI composites were characterized by UV_of 2.07 eV}, assigned to an excitonic transition. Upon expos-

Vis absorption spectroscopy using a Perkin—Elmer rnodeilng this PET/PANI composite to a positive corona discharge

Lambda-9 Spectrophotometer. Electrical conductivity of thethiS peak is shifted towards higher wavelengths owing to a

PANI coating was measured with the four-point probe tech.decrease in the energy associated with the electronic transi-

nigue at room temperature. The conductivity stability wastons: and a shoulder appears at around 400 X, in-

monitored at room temperature for samples treated for 70 freases with increasing corona discharge time, reaching 850

at distinct temperatures. Corona discharge was generated LQ—AG eV and 800 nm(1.55 eV for positive and negative

ing a corona triode system, shown schematically in Fig. 1§:o:onq,l_respgct!|\/elly. tThti sthlfth{shcharacter;sﬂ;zfl\lﬁic;pmg dOf
consisting of a metallic point, a stainless steel grid, and olyaniline, simitarly to that which occurs for ope

4,17 ; ; ;
sample holdet® The distance from the grid to the poiit, , y other methods:*' Doping was confirmed by measuring

could be varied in the range from 1 to 5 cm. The grid tof[he electrical conductivity of the PANI coating, which can be

sample distance was kept constant at 0.5 cm. A reversible d greased from 10°° to .0'3 Scm® with corona tr_eatment
voltage supply(up to =20 kV) was connected to the tip in (. '9. |3)|,_|tcr:1|er(;efore re?chmdgd_ttr.]e Ie\{ﬁls aCh'c(;vetq .\;V'th conven-
order to generate positive or negative corona discharge. Du lona oping. In addition, the conductivity remains
ing the treatment the corona curreht, was kept constant. stable for long pef"’ds of tlme,. as will be sho_vvn later. The
In measurements described in Sec. lll both the grid an&_ﬁeCt of the expenmental conditions gnder Wh'Ch.the corona
sample holder were grounded to avoid the film being chargeS“SCharge was a.pplled on Fhe _electncal conducthlt.y.of the
at very high surface potentials, thus preventing breakdown o'?ANI coating is illustrated in Figs. 4-6. Doping efficiency
the PET/PANI composite. Corona treatments were per-
formed in air at room temperature-25 °C), unless other- 10° -
wise specified. The corona setup was mounted inside a stain- ]
less steel chamber, which allowed the relative air humidity to
be varied from 0% to 100%, within an accuracy02%.
Atomic force microscopy(AFM) measurements were
carried out using a Topometrix Discoverer TMX 2000 in-
strument in the standard contact mode using 26®4ong V
shaped cantilevers with a nominal spring constant of 0.06 :
N/m and SiN, pyramidal tips integrated onto the underside X
of the cantilever end. The scan rate was 1.25 Hz and AFM 0 2 4 6 8
images were collected with 3600 data points. The sur- Treatment Time (hours)
T’iilzh':l)eljsgggz)sfinv(\:]/atsf]eesrg?ta:r?gar?ys:s;:f;n?oJgﬁnz\éiraq:ele 3._ Deper_u_:ience of the glectrical condl_Jctivit_y for PET/EANI cpmposite
films with positive and negative corona during different period of time. The

using software supplied with the Topometrix instrument. Thecorona current was-15 wA, the relative air humidity was 60% andi,
thickness of the PANI coating was determined by partially=1.3 cm.

The UV-Vis electronic absorption spectra of polyaniline
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FIG. 4. Dependence of the electrical conductivity for PET/PANI compositer s 6. pependence of the electrical conductivity for PET/PANI composite

films with positive and negative corona for different values of the relativeﬁlmS with the distance between the corona point and the gkd, for a

air humidity. The corona current was15 uA, the treatment time was 1 h o0 current,= £ 15uA, the treatment time wa2 h and relative humid-
andd,=1.3cm. ity 60%

increases considerably after a given relative humidity and igyre of the corona treatment, the conductivity also decreases,
higher for positive corona, as demonstrated in Fig. 4. Theor poth positive and negative coronas. Although further ex-

maximum conductivity for positive corona treated samplesyeriments are under way to understand this temperature ef-
reached 0.3 S/cm while that for negative corona value wagct, one possibility is that higher temperatures promote a
limited to the order of 10° S/cm. In addition, for negative greater rate of undesirable recombination reactions, which

a longer time for the doping to occur than for positive CO-sample.

rona. The thermal stability of the electrical conductivity is an
The electrical conductivity of the PANI coating in- jmportant issue to be addressed, especially for producing an-
creases with the corona currefg. 5 for a fixed treatment tistatic polymeric films for electronic packaging. In this con-
time, as expected. Here there is a limitation in the maximumext, corona doping appears to be extremely promising. As
current that can be used before producing sparks between te@own in Fig. 8, positive corona-doped films have much
corona point and the grid. Again the positive corona is morgngre stable conductivity over the temperature range studied,
effective for doping the PANI coating. It is known that an jn comparison to polyaniline samples doped with the con-
increase in the corona current leads to an increase in thgantional HCI method. This may be attributed to the fact that
amount of species produced in the metallic tip by the corongyc| is a very volatile dopant for polyanilin€, being elimi-
discharge, and therefore the amount of doping species is exgted easily when the film is treated above room tempera-
pected to increase, as well. The efficiency of the treatment i§,re. For the corona doped PANI on the other hand, the dop-

influenced by corona discharge parameters such as the Cpry species appear either to be less volatile and/or interact
rona current and point-to-plane distance. As shown in Fig. 6more intensively with the PANI backbone.

when the distance between the corona point and the metallic  The effect of corona discharge on the surface morphol-

grid is increased, the electrical conductivity tends to degy of the PANI coating is illustrated in Fig. 9. The globular
crease, for a given corona current. Apparently, as one i“morphology for untreated PAN(upper image is modified
creases the distance between the corona point and tr&ﬁ)on corona treatmefiower image, with the appearance of
sample, the number of doping species that reach the sampgop|et-like features that are associated with the corona wind
decreases. Figure 7 shows that upon increasing the tempeig-the discharge. Topographical disruption has also been ob-
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FIG. 5. Dependence of the electrical conductivity for PET/PANI composite FIG. 7. Dependence of the electrical conductivity for PET/PANI composite
films with positive and negative corona on the corona current. The treatmerftims for different treatment temperature. The corona current Was

time was 1 h andl,=1.3 cm. Above values df.=—25 and+60 uA the
electric breakdown in the gap between the corona and the grid occurred. 60%.

=*20uA, dy=1.3cm, the treatment time was 2 h, and relative humidity
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oo 5070 the corona wind produced sweeps away the loosely depos-
}n-—-o-.—_‘_fg_o__._—_— ited PANI from the top surface leading to a more uniform
L s topography. A similar result was found for the negative co-
= 78°C rona treatment.
= S 100°C
= ST
S RIRREPEX: IV. DISCUSSION
DY S
| He1-100°G It is well known, that the emeraldine base form of polya-
4 0 1'0 2'0 3'0 4'0 50 60 70 niline is an established example of doping of an organic

conjugated polymer into the highly electrically conductive
regime as achieved by a protonation process. This is com-
FIG. 8. Decay of the electrical conductivity/o; for PET/PANI compos- ~monly accomplished by treating emeraldine base with aque-
ites as a function of different temperatures and samples doped by corongys protonic acids, the most widely used being hydrochloric
dclscharge and W|tt_1 HC_I. Curves were nqrmallzed to their initial valugs, acid at 1.0 M concentration. It has been also shown in the
urves marked with triangles and full circles correspond to the results ob- . .
tained with corona doping and HCI doping, respectively. Samples werditerature that corona discharge produces protonated species,
doped at room temperature. as we will discuss below, which suggests penetration within
the polyaniline, promoting the doping observed.

The hypothesis of protonic doping by corona is corrobo-
served in the literature for conventional polymers such asated by the recent work of Held and Peyr&uand Pinart®
corona treated polypropylene filiFrom the AFM images, as well as by previous ion/water cluster formation stuéfes.
the Ra and rms roughness values and the average height weerona discharge gives enough energy to produce the disso-
calculated. The roughness and height decreased significanttyation of simple molecules N O,, and HO in humid air.
upon corona treatment, with the largest changes being olAs a result very reactive atoms or radicals such as N, O, H,
served up to 60 min of corona treatment, as reporte@nd OH are formed and can recombine very rapidly either
elsewheré! One possibility to explain this behavior is that among themselves or with original molecules to give new
products which depend strongly on the polarity of the dis-
charge. Using a positive point-to-plane corona discharge in
air in the presence of water, hydrated protons were one of the
main products detected by Held and Peyr&ushich is sup-
ported by previous work indicating the formation of proto-
nated water clusters by coroffaThey?? also observed for
unchanged pressure conditions, similar to those used in this
work, that the corresponding ions signal increased with cur-
rent. This behavior is consistent with our results which dem-
onstrate a conductivity increase as a function of the dis-
charge current. The case of the species generated by the
negative corona discharge was studied by Pieaal > They
suggested that excited species of NOH, N, and Q are
subjected to many collisions during their transport towards
the plane, leading to the formation of acidic substances i.e.,
HNO,, HNO;, on the sample. The presence of dissociated
NO, and NG ions in the sample was also observed. The
increase in their concentration was accompanied by a linear
increase in the proton concentratiiope of 1, due to the
acid dissociation in the sample. Such phenomena can thus
explain the observation of doping by a protonation process in
the case of negative corona, in spite of polarity. In this case
they further observed that the concentration of the acid ions
described above also increases with the corona current inten-
sity, consistent with our results.

In summary, positive corona discharge produces posi-
tively charged and protonic ions that reach the polyaniline
surface. By contrast, negative corona lead to the formation of
_ ' neutral acidic substances which reach the polymer surface
25125 5025 nm and can dissociate within the sample in the presence of mois-

ture leading to protonic species. This hypothesis is further
FIG. 9. AFM images of the surface of the PANI layers on PET. Upper gorroborated by the more efficient doping achieved with the
image: sample conventionally doped with HCI. Lower image; sample dope

using the positive corona discharge. Note that the scales of the pictures aR—?SitiV_e corona, Since the species produced are already in a
almost the same. dissociated protonic form. It seems likely, therefore, that

Treatment Time (hours)

501 nm |

2505nm | e

6025 nm [&
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both corona discharges can result in the generation of praalso acknowledge Rhodia—StéBrazil) for supplying the
tonic ions, which penetrate within the polyaniline, promoting PET samples and O. N. Oliveira Jr. and R. C. Garrat for the
a protonation effect of the polyaniline backbone similar tocritical reading of the manuscript.
that which occurs in conventional solution doping. Prelimi-
nary electron paramagnetic resonar@&PR analysis are
consistent with the formation of a polysemiquinone radical
cation structure, consisting of two separated polarons due to
the protonation of the imine sites of the polyaniline back- *w. S. Huang, B. D. Humphrey, and A. G. Macdiarmid, J. Chem. Soc.,
bone, similar to that which occurs in conventional doping. ZFarad?]y ngnSBZ 2385(1986. A (1993
; ; ; S. Roth and W. Grauper, Synth. M&5-57, 3623(1993.
Further work using EPR, F(_)urler_ transfor_m mfrar(ﬁ-lR)’_ 3W. S. Huang, M. Angelopoulos, J. R. White, and J. M. Park, Mol. Cryst.
and _Raman spectroscopy is being carried out and will be iy cryst. 189 227 (1990.
published elsewhere. 4M. Angelopoulos, J. M. Shaw, W. S. Huang, and R. D. Kaplan, Mol.
In comparison with the conventional doping process em-SCryst- Lig. Cryst.189 221(1990.
ploying aqueous acid solutions, the corona method elimi—e‘lz/'I ’?/;/Q’I';‘Z'Z‘Zznkg‘j a;:)rlm_z; dCMMN?“/gEg'ef&gﬂ'i d""g‘: d?;gélrw?/?'cmm
nates the use of chemicals and enables the use of a continuzy (1995 o ' R '
ous, rapid and dry doping method. If a setup comprising a’A. E. Job, J. A. Giacometti, and L. H. C. Mattoso, Appl. Phys. &g,
wire-grid-plane arrangement is used, samples may be treated279(1998. .
in the form of a roll in which the composite PET/PANI A. E. Job, J. A. Giacometti, and L. H. C. Mattoso, Mater. Res. Soc. Symp.
. .Proc.488, 879(1998.
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antistatic Coat.mgs (?f microchips, sensors, transistors, angA. Goldman and J. Amorouxtlectrical Breakdown and Discharge in
other electronic devices. In a few tests we have foun_d that gages, Macroscopic Processes and Dischargelited by E. E. Kunhardt
the edge between the doped and nondoped region is veryand L. H. LuesseriPlenum, New York, 1983
Stab'e, i_e_, no Spread of the d0p|ng region was Observedz,c. J. Dias, J. N. Marat-Mendes, and J. A. Giacometti, J. Phys. D: Appl.
. - ! . Phys.22, 663 (1989.
which aIIow_s fo_r pOSSIbIIII:‘y_ of producing dl_ﬁerent patte_rns. 13R. M. Schaffert Electrophotographic-Part IFocal, 1975,
Corona doping is also eff'_C|ent for Langmuir—Blodgett films 14c b Hendricks, Electrostatics and its Applicationsdited by A. D.
of PANI, whose results will be reported elsewhere. Moore (Wiley, New York, 1973, Chap. 4.
In conclusion we have demonstrated that the electrica]ISL- B. Loeb, Electrical Coronas, Their Basic Mechanisrfidniversity of
L . . California Press, Berkeley, 1965
conductivity of POANI coated gnto PET films can be in- 16c i and 2. Zong, Synth. Me#4, 23 (1991).
creased from 10 to 0.3 Scm™ by exposure to a corona 7| H. C, Mattoso, A. G. MacDiarmid, and A. J. Epstein, Synth. M. 1
discharge. The conductivity could also be controlled easilyls(1994). '
by varying parameters such as time of exposure, corona cuggé- I\E/v eJiOZhg'KS'E' Sseljgﬂarj"‘ PJori' rindsti H{:;' matém“béghjgﬂ
rent, and the geometry of the setup where the corona diS'(iggg, Y o TOYM. S, FOm. e
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