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ABSTRACT: An inductively coupled pulsed-plasma reac-
tor was used to synthesize polyaniline thin films on several
substrates positioned at various distances from the center of
the radio frequency (RF) coil. The samples were character-
ized with Fourier transform infrared (FTIR), cyclic voltam-
metry, and microscopic techniques. Impedance spectros-
copy was used to determine the electrical characteristics of
three-layer structures with polyaniline as the middle layer
between top and bottom metal electrodes. FTIR results in-
dicated that the chemical composition and structure of the
films were very dependent on the substrate’s position with
respect to the RF coil, there being considerably less aromatic
character closer to the coil. The electrochemical behavior of
the films in acidic electrolytes was similar to that of small-

molecule aniline oxidation products; the number of peaks in
the cyclic voltammograms varied with the substrate. Scan-
ning electron microscopy indicated that as the films became
thicker, they developed nodules atop a somewhat smoother
underlayer. Results from transmission electron microscopy
and optical birefringence suggested that the films were not
completely homogeneous. The impedance measurements
were consistent with relatively rough films possibly contain-
ing pinholes. © 2004 Wiley Periodicals, Inc. ] Appl Polym Sci 93:
1317-1325, 2004
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INTRODUCTION

Plasma polymerization has been used to prepare a
wide range of polymer films, including the conducting
polymers polyaniline (PAn),'”® polypyrrole,* and
polyacetylene.” Among the reported advantages of
plasma-polymerized materials are denseness and uni-
form but controllable film thickness, adhesion and
conformability on various substrates,'’ and thermal
and chemical inertness.” A wide range of volatile or-
ganic compounds can be used as the feed to a plasma
reactor, but because no oxidants or solvents are in-
volved, contamination of the film by extraneous spe-
cies is eliminated in principle,'’ and the polymeriza-
tion process requires only a single step. The composi-
tion of a plasma-polymerized film can be tailored with
the appropriate processing conditions, and the result-
ing material properties are often unique and unobtain-
able by wet synthetic methods.” Although the excited
plasma species are mainly high-energy electrons that
are relatively indiscriminate in rupturing chemical
bonds, the substrate can be kept at the ambient tem-
perature.'” Overall, plasma polymerization is an inex-
pensive processing route.

PAn is the most highly conductive of all known
polymers and has notably complex structure-property
behavior involving four different oxidation states; the

Correspondence to: K. C. Liddell.

Journal of Applied Polymer Science, Vol. 93, 1317-1325 (2004)
© 2004 Wiley Periodicals, Inc.

conducting form is stable in both air and water."® The
conductivity of plasma-polymerized PAn can be mod-
ified by in situ doping with iodine vapor;>*®~8 subse-
quent ion implantation of I" in PAn films has also
been reported.'* Doping from acidic solutions is well
known. The morphology of a PAn film depends on the
method of preparation,'” the substrate,” and the dep-
osition time.” On glass, plasma-polymerized PAn first
forms irregular particles, then clusters, and finally a
continuous film of irregular pentagons; in contrast, on
a Pt substrate, the initial spongy, spherical particles
grow into fibrils.” The range of applications for PAn
films includes sensors,'® corrosion protection,Z’13 and
electrochromic displays.'?

PAn can be synthesized by chemical, electrochemi-
cal, or plasma methods, and in each case, the compo-
sition, morphology, and physical properties of the
resulting polymer are strongly dependent on the de-
tailed reaction conditions. Of particular importance
for this study is the fact that the Washington State
University (WSU) plasma reactor is inductively cou-
pled and thus differs significantly from capacitively
coupled polymerization reactors, in which the reac-
tants may be incident on electrically driven electrodes.
Literature values of characteristic reactor parameters
were tabulated by Shepsis et al.! Compared with
pulsed-plasma reactors in other laboratories, the WSU
setup provides higher RF power, lower monomer feed
consumption rates, a lower ratio of RF on time to RF
off time, a longer feed residence time, and higher
energy per RF pulse.! The pulsed injection of the
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monomer produces an aerosol, which serves as an
economical, quasi-steady-state source of monomer va-
por. The molecular structure and physical properties
of polymer films prepared under different reaction
conditions may be expected to differ.

Among the methods applied to characterize plasma-
polymerized aniline are IR spectroscopy,>>> #'*!¢ ultra-
violet-visible (UV-vis) spectroscopy,”®'*
resonance,” X-ray diffraction,®* thermal analysis,
scanning electron microscopy (SEM),>*%71415 elemen-
tal composition by electron spectroscopy for chemical
analysis'® or X-ray photoelectron spectroscopy,®'*
energy-dispersive spectroscopy/scanning electron
microscopy,’ and the measurement of various electri-
cal>”7'* and optical properties'* and the contact an-
gl e'2,15

PAn samples prepared by the wet-chemical or elec-
trochemical oxidation of aniline have been examined
by a similar range of dry ex situ methods. These in-
clude IR,"™"° UV-vis,'® 2% X-ray diffraction,'” SS MAS
®C-NMR,"® SEM,*' scanning tunneling microscopy,*!
and atomic force microscopy.'® Quantitative and qual-
itative wet analytical methods have also been applied
to these polymers. Methods include gel permeation
chromatography,” solubility determination,'” and
various electrochemical'>**™*® and spectroelectro-
chemical® techniques.

Wet methods have seldom been used in character-
izing plasma-polymerized materials. Although it is
true that immersing a previously dry polymer film is
likely to cause irreversible changes in its properties,
invaluable information can be gained that permits a
much more detailed comparison of materials made by
different process routes. Not surprisingly, a direct
comparison of materials made under different condi-
tions is quite difficult.

electron spin
3,4,6

EXPERIMENTAL

This work extends the earlier use of an inductively
coupled pulsed-plasma reactor to prepare polymer
films. Independently of the pulsing of the RF plasma,
the monomer injector also operates in a pulsed man-
ner; the RF frequency is much greater than that of the
injector, so each burst of injected aniline is exposed to
a plasma reactor environment that is effectively
steady. The pulsed-plasma reactor system has been
described thoroughly,"** but it is worth noting here
that the monomer injection system was custom-built
and consisted of an automotive fuel injector, a syringe
containing liquid monomer under pressure, and an
oscilloscope to provide a timing pulse to control the
injection of vaporized monomer. When a pulse of the
monomer entered the evacuated reactor, most of the
liquid immediately vaporized by flash boiling; any
remaining liquid disintegrated into droplets that were
collected by mesh separators placed about 2 cm from
the injector nozzle. In all the experiments reported
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here, aniline was injected in 10-ms pulses until the
pressure in the reactor reached the desired value; most
runs were made at 40 Pa. Because all depositions were
performed with a static fill of vapor, electrical pulses
used to introduce monomer vapor into the reactor did
not have any effect on the final properties of the thin
films. One significant equipment modification was
made before the experiments reported here. A thermo-
couple gauge (GIC-11-B, Veeco Instruments, Inc., Wood-
bury, NY) and capacitance manometer (627A01TBC,
MKS Baratron, Andover, MA) were added to the system
to improve the monitoring of the reactor pressure.
Because capacitance manometers are known to be
damaged by a plasma environment, the manometer
was used to calibrate the thermocouple gauge in the
absence of plasma and then was removed during film
deposition; by itself, a thermocouple gauge cannot
provide absolute pressures, but it is not affected by the
plasma. Calibration runs were performed in triplicate
from 0 to 1000 mTorr for air, aniline vapor, and a
mixture of aniline vapor and hydrogen.

When enough monomer had been injected into the
reactor to reach the desired deposition pressure, the
plasma was repetitively activated through the dis-
charge of a 1.8-uF capacitor initially held at 23 kV, the
RF coil excitation being with a damped sinusoid of 290
kHz and a decay time constant of 10 us. After 10 such
plasma shots, the reactor was evacuated completely
and refilled with fresh monomer vapor. One hundred
plasma pulses were used to grow most PAn samples.
The substrate holder could be positioned at various
distances from the RF coil. The substrates included
uncoated Si wafers, Si wafers coated with Au or Al,
indium tin oxide (ITO) glass, and glass microscope
slides; in some runs, the choice of the substrate was
dictated by the characterization method that was to be
used. The reagent-grade aniline monomer was puri-
tied by triple distillation over zinc granules and then
stored in a dark bottle under nitrogen."?

A profilometer (SPN Technology, Goleta, CA) was
used to measure the thickness of representative plas-
ma-polymerized aniline films. The sample morphol-
ogy and surface uniformity were assessed microscop-
ically with SEM (5-570, Hitachi, San Jose, CA) in the
secondary electron mode. Bright-field and diffraction-
mode transmission electron microscopy (TEM;
1200EX, JEOL, Peabody, MA) was used to examine
thin films mounted with single-stage replication. Op-
tical microscopy was applied to thin films on micro-
scope coverslips with an Olympus BH-2 (Melville,
NY) in DIC mode and with a Leitz Orthoplan polar-
izing microscope.

The chemical characterization of the films was per-
formed with Fourier transform infrared (FTIR) and
cyclic voltammetry (CV). Films were grown for FTIR
measurements on glass microscope slides and then
were scraped off and pressed into KBr pellets. Spectra
were recorded between 4000 and 400 cm™' with a
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TABLE 1
Film Thickness and Average Deposition Rate

Average deposition

Experimental conditions Thickness (nm) rate (nm/pulse)

13 Pa, 50 plasma pulses 32.78 £ 0.09 0.66 = 0.09
13 Pa, 100 plasma pulses ~ 98.80 = 0.05 0.99 = 0.05
27 Pa, 50 plasma pulses 88.64 = 0.09 1.77 = 0.09
27 Pa, 100 plasma pulses 157.5 =+ 0.03 1.57 = 0.03
40 Pa, 50 plasma pulses  236.4 = 0.04 4.72 = 0.04
40 Pa, 100 plasma pulses 314.7 =+ 0.07 3.15 = 0.07

PerkinElmer BX FTIR microscope (Shelton, CT); an
averaging of 64 scans was done to minimize noise. CV
has been widely used to grow PAn films through the
electrooxidation of aniline and has provided a wealth
of data on the mechanisms of solution synthesis of
PAn and related materials. To our knowledge, CV has
not been used before to characterize plasma-polymer-
ized aniline, but doing so clearly facilitates a detailed
comparison of PAn samples made by wet and dry
processes. The experimental setup used an undivided
three-electrode cell. All the working electrodes were
coated with plasma-polymerized aniline; the sub-
strates included Au vacuum-evaporated onto Si wa-
fers, Pt sputter-coated onto Si wafers, and ITO glass. In
each case, a saturated calomel electrode was used as
the reference, and the counter electrode was a plati-
num wire sheathed in a fritted glass tube. A computer-
controlled (bi)potentiostat and data acquisition soft-
ware (Pine Instrument, Grove City, PA) were used.

Electrical properties of plasma-polymerized aniline
were studied with impedance spectra of three-layer
thin-film structures. These consisted of a conductive
bottom electrode (Al, Au, Pt, or C), a PAn layer, and a
conductive top electrode (also Al, Au, Pt, or C); the top
and bottom electrodes were fabricated by shadow
masking, and the PAn layer was grown in the plasma
reactor. Impedance data were obtained with an HP
4192ALF impedance analyzer (Hewlett Packard, Palo
Alto, CA) operating at a root-mean-square voltage of
0.5 V between 5 Hz and 13 MHz.

RESULTS AND DISCUSSION
Film deposition rate

Variations in the film thickness can provide a direct
measure of the net growth rate under different condi-
tions. As Table I indicates, the profilometer data are
directly correlated with the pressure in the reactor and
the number of plasma pulses, but the growth dynam-
ics are complex. The average growth rate increases
with higher pressure for a fixed number of plasma
pulses, but at pressures of 27 or 40 Pa, the average rate
decreases as the number of pulses is raised from 50 to
100. The drop is more pronounced at higher pressure.
At 13 Pa, however, the deposition rate increases if
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more pulses are used. Different mechanisms of poly-
merization or film growth may be rate-controlling un-
der different conditions, and there may be a critical
film thickness at which the growth rate slows down.

FTIR characterization of the chemical structure

FTIR spectra (Fig. 1) indicate not only that the chem-
ical bonding in plasma-polymerized aniline differs
from that of the monomer but also that the molecular
structure of the deposited film is a strong function of
distance from the RF coil in the plasma reactor. The
strong position dependence of the chemical composi-
tion and structure of plasma-polymerized materials
has long been known.*>? The films whose spectra are

Aniline

z=39¢cm

z=31cm

Intensity (A.U.)

z=24cm

;

z=155¢cm

:

4000 3600 3200 2800 2400 2000 1600 1200 800 400

cm?
Figure 1 FTIR spectra of aniline monomer and plasma-
polymerized aniline films deposited on ITO substrates at
various distances from the center of the RF coil. The reactor
pressure was 40 Pa, and there were 100 plasma pulses.
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TABLE 1I
FTIR Band Assignments for PAn Deposited 39 cm
from the RF Coil

Wavenumber (cm ™) Assignment

3024.04

1447.63, 1492.37,
1539.21, 1598.57

1027.23, 1069.35,
1182.30, 1155.52

906.29, 841.45

C—H stretching of aromatic ring
C==C stretching of aromatic ring

In-plane bending of aromatic C—H

Out-of-plane bending of alkene

1369.01 Symmetric deformation of C—H in
—CH,
1317.53 C—N stretching of aromatic ring

1942.70, 1871.40, 1799.67  Overtones of out-of-plane

deformation of aromatic C—H

shown in Figure 1 were grown on glass slides placed
15.5, 24, 31, and 39 cm from the center of the colil,
under otherwise identical conditions (40 Pa and 100
plasma pulses). For an easy comparison, the spectrum
of the aniline monomer is also shown in Figure 1, but
it should be noted that the intensities of all five spectra
are in arbitrary units and therefore are not directly
comparable. We can determine the effect of the axial
position on the chemical functionality of the films by
first identifying bands that are common to all four of
the PAn spectra and then focusing on features that are
significantly different. Common bands include those
near 3338 cm ™}, indicative of a secondary amine; those
at 756 and 698 cm !, indicative of deformation in a
monosubstituted benzene ring; and those at 541 and
439 ¢cm™ ', indicative of deformation of a substituted
benzene. However, the spectrum for the 39-cm film
shows clearer evidence for aromaticity than any of the
others. A detailed band assignment for this film is
given in Table II. The band at 3024 cm™" is unique to
this spectrum and is assigned to C—H stretching in an
aromatic ring. Bands near 1448, 1492, 1539, 1599, 1027,
1069, 1182, and 1156 cm™ ! are present in the spectra
for the other films but are considerably sharper for the
39-cm film; all are consistent with aromaticity. In ad-
dition, bands at 1943, 1871, and 1800 cm ™! have been
assigned to overtones of C—H deformations in aro-
matic rings. Spectra for films grown closer to the RF
coil have a prominent band in the region from 1684 to
1673 cm ™}, frequencies that are associated with C=0
stretching of a ketone. The relative intensity of this
band decreases as the axial distance increases, and this
suggests that films grown furthest from the RF coil
exhibit the highest retention of monomer functional-
ity. These observations are consistent with others of
the plasma polymerization of aniline*®~® and fluori-
nated monomers.”>*° It is believed that free radicals
are trapped in the as-grown film in concentrations that
increase with the field strength; it is not clear whether
these highly energetic species react in situ with resid-
ual oxygen left in the reactor after pumpdown or
whether subsequent exposure to atmospheric concen-
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trations of oxygen is required. It may be relevant that
films handled in the same way but grown at 39 cm do
not show the carbonyl band. The model of electron
temperature profiles developed earlier by Shepsis*
predicts that the plasma electrons should be most
energetic in the vicinity of the RF coil and that their
temperature should decrease with the axial distance
away from it. It is reasonable that the monomer’s
aromatic ring should break apart where the electric
field is most intense, in the zone near the coil, while
tending to remain intact further away. Likewise, the
aniline should be more strongly oxidized near the coil.
Placing substrates at various positions in the reactor
appears to be a method of tailoring both the chemical
structure of the polymer film and its associated elec-
trical properties, but the latter aspect needs more de-
tailed investigation.

Microscopic characterization

SEM images show that the substrate has a significant
effect on the film morphology. A comparison of films
grown under identical conditions on ITO glass, Si
wafers, Al thin films on Si wafers, and Pt thin films on
Si wafers indicates that smoother substrates result in
smoother PAn films. Of the three conducting sub-
strates, Al produced the smoothest deposits. Films
deposited on ITO glass were the roughest and also
adhered poorly. Silicon wafer substrates were used to
determine whether the film morphology was also a
function of thickness; the wafers themselves were ex-
tremely smooth but because of their poor conductivity
they did not lend themselves to voltammetry or im-
pedance spectroscopy and were not used in other
phases of this study. PAn films deposited on Si with 50
plasma pulses were relatively smooth, whereas those
made with 100 pulses were rougher and had nodules
atop a smoother underlayer. [Fig. 2(a,b)]. The thicker
films tended to have more pinholes; this effect was
probably due to prolonged exposure to the plasma
environment.

Internally, the microstructure of plasma-polymer-
ized aniline is not homogeneous. TEM indicates
roughly spherical inhomogeneities about 0.1 um in
diameter dispersed throughout the polymer [Fig.
3(a)], suggesting the presence of amorphous and or-
dered phases. Selected area electron diffraction
(SAED) patterns of this material have faint rings with
spots [Fig. 3(b)] and are consistent with short-range
ordering of some type, possibly an oriented polymer
network. Similar TEM observations have been re-
ported for other plasma-polymerized materials,”” and
the dispersed spheres are considered to be a second
phase embedded within the same polymer.

The nonuniformity of the PAn films is further sup-
ported by polarizing microscopy and by optical mi-
croscopy in the DIC mode. Birefringence was ob-
served in plasma-polymerized aniline thin films but
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(k)

Figure 2 SEM micrographs of PAn deposited on silicon
wafers: (a) 40-Pa reactor pressure and 50 plasma
pulses and (b) 40-Pa reactor pressure and 100 plasma
pulses.
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had several possible causes. These include the pres-
ence of two different phases, that is, regions with
different optical properties; localized crystalline seg-
ments in the polymer; and elastic strain in the sam-
ples. Optical microscopy showed that the PAn surface
was not uniform, but it could not probe the interior.

Voltammetry experiments

CV experiments allow direct comparisons of the elec-
trochemical behavior of thin films of plasma-polymer-
ized and electrochemically oxidized aniline. In addi-
tion, the electrochemical processes in plasma-poly-
merized aniline electrodes are interesting in their own
right because PAn has a broad range of present and
possible future applications in batteries and electronic
devices. CV on plasma-polymerized thin films pro-
vides information on conducting paths and possible
pinholes in samples, and it also provides support for
results from other chemical characterization tech-
niques.

Significant differences were found in voltammo-
grams obtained from plasma-polymerized PAn thin
films grown on various conducting substrates. On
platinum, the polymer layer showed essentially no
electrochemical response, the behavior being charac-
teristic of a blocking layer. In contrast, films grown on
gold substrates had one anodic peak near 700 mV and
one cathodic peak around 220 mV; this separation was
consistent with kinetic irreversibility. A comparison of
voltammograms for PAn/Au and uncoated Au elec-
trodes strongly suggests that the cathodic peak on
PAn/Auis in fact due to the Au substrate and that the
polymer layer therefore must contain pinholes or
pores. The anodic peak is probably attributable to the
dissolution of the film. With repeated cycling in 1M
HCl, there was a progressive decrease in the heights of
both peaks. A visual examination of the electrode after
voltammetry usually revealed several sites at which
delamination of the PAn film and Au layer had oc-
curred.

CV was also carried out for films deposited on ITO
glass in 1M HCI and 1M H,SO,, with and without
0.2M aniline. By cycling PAn films in protonic acids
with different anions, we could discern the effect of
the anion on the position of the CV peaks. Previous
work on chemically or electrochemically synthesized
PAn has shown that there are differences in voltam-
mograms obtained in different acids. In addition, the
effect of the chemistry of the polymer film itself was
explored with two series of samples grown at different
locations in the plasma reactor: 31 cm, at which the
FTIR spectra had prominent carbonyl bands, and 39
cm, with pronounced aromatic character. Results from
the 31-cm series are discussed first.

In 1M H,SO,, three sets of peaks were observed
during scans at 50 mV/s [see Fig. 4(a,b); the first
potential sweep was anodic in the former case and
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(b}

Figure 3 (a) TEM micrograph (80 kV) and (b) SAED pat-
tern of PAn deposited on KBr pellets. The reactor pressure
was 40 Pa, and there were 100 plasma pulses.
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Figure 4 Cyclic voltammograms of plasma-polymerized
aniline deposited on ITO 31 cm from the center of the RF coil
(a) with the anodic sweep first and (b) with the cathodic
sweep first. The sweep rate was 50 mV/s, and the H,SO,
concentration was 1M.

cathodic in the latter]. On the first cycle in Figure 4(a),
there was an anodic peak near 700 mV (peak I) and a
cathodic peak between 100 and 200 mV (peak II).
Additional peaks grew in during subsequent scans, in
the range of 250-400 mV (peak III). Figure 4(b) is very
similar, except for the expected differences during the
first cycle. Independent of the direction of the initial
sweep, the magnitudes of all the current peaks in-
creased for three or four cycles and then decreased as
cycling continued. Once the electrochemical centers on
the films were activated during the first one-two cy-
cles, these cyclic voltammograms were quite similar to
those reported for PAn films made by conventional
chemical or electrochemical oxidation.'3202!2328-33
One notable difference is that peak I did not have a
cathodic counterpart, in contrast to the behavior of
conventionally polymerized aniline. Interestingly,
conventionally polymerized PAn, but not our plasma-
polymerized samples, is an electrochromic material;
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thus, the missing cathodic peak may be associated
with electrochromic properties.

In conventional PAn, peaks II and III are diffusional
and nernstian. A plot of the current peak height versus
the square root of the potential sweep rate should be
linear if the peak is due to a diffusional process; if
adsorption is controlling, the peak height is propor-
tional to the scan rate itself.** Figure 5(a,b) indicates
that for the plasma-polymerized films produced in
this study, peak III is associated with an adsorption
process (R* = 0.9993), rather than diffusion (R?
= 0.9237). For peak II, no conclusion is possible be-
cause graphs of the peak current versus the sweep rate
and the peak current versus the square root of the
sweep rate have virtually the same R* values (0.9525
and 0.9543, respectively).

In 1M HCI, plasma-polymerized PAn films had lim-
ited cyclability, and peak III was difficult to discern.
Peak II was again due to diffusion.

A parallel series of experiments was performed with
electrolytes that contained aniline as well as a mineral

20
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Figure 5 Effects of (a) the sweep rate (v; sweep rate = 50
mV/s; [H,SO,] = 1M; R* = 0.9993) and (b) the square root
of the sweep rate [v'/?%; R* = 0.9237; see Fig. 3(a) for the
conditions] on the peak III height.
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Figure 6 Cyclic voltammograms of plasma-polymerized
aniline deposited on ITO 39 cm from the center of the RF
coil: (a) sweep rate = 50 mV/s and [HCI] = 1M and (b)
sweep rate = 50 mV/s, [HCl] = 1M, and [aniline] = 0.2M.

acid, namely, 1M H,50,/0.2M aniline and 1M HCl/
0.2M aniline. In the presence of the monomer, the
current peak heights increased with prolonged cy-
cling. Visual examination showed that electropoly-
merization occurred at the edges of these electrodes,
where the current density would be highest; in con-
trast to the yellowish-brown plasma-polymerized
films, the electropolymerized deposits were electro-
chromic and green. The voltammograms resembled
those recorded for aniline and its oxidation prod-
ucts.*>®> Mabbot’s mechanism?* attributes peak I to a
chemical reaction, peak II to reversible charge transfer,
and peak III to adsorption; peaks II and III grow in
with lengthy cycling as peak I diminishes. Yang and
Bard*' gave a contrasting interpretation of peak III,
regarding it as a result of the degradation of electro-
active PAn.

Cyclic voltammograms of plasma-polymerized
PAn/ITO films grown 39 cm from the RF coil of the
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plasma reactor are shown in Figure 6(a,b). The elec-
trolytes were 1M HCl and 1M HCI/0.2M aniline.
Again, the current peaks decayed with time in the
absence of aniline. The currents increased remarkably
with continued cycling when monomer was available;
a similar effect was seen in sulfuric acid media. Green
deposits were again found after cycling in aniline-
containing solutions but were more extensive in this
series of samples, growing completely over the ex-
posed working electrode. Thus, the greater aromatic
character of PAn films deposited well away from the
RF coil apparently made them more reactive toward
aniline. Voltammograms in the 39-cm series were
somewhat less complex than those for films grown at
31 cm, in that peak I was far less prominent. In addi-
tion, the 39-cm films rather quickly lost their distin-
guishing features upon repeated scans, whereas 31-cm
films were better able to withstand extended cycling.

Impedance characterization

In previous work, plasma-polymerized aniline films
were found to have low direct-current conductivi’cy,24
and so high impedance was expected for the three-
layer sandwich cells. Significantly, pure capacitance
behavior was not observed in any of the different cells
tested. Very low impedance behavior was consistently
seen in Au/PAn/Au and Al/PAn/Au cells and in
some Al/PAn/Al sandwiches as well. These results
are consistent with short circuiting between the top
and bottom metal electrodes and are tentatively as-
cribed to the presence of pinholes in the middle poly-
mer layer. The presence of pinholes is not unexpected
because the PAn films are quite rough, and it is also
suggested by SEM and CV results, as previously
noted.

CONCLUSIONS

PAn thin films prepared in a pulsed-plasma reactor
were characterized ex situ by complementary spectro-
scopic, electrochemical, microscopic, and impedance
methods. The inductively coupled reactor operated at
a higher RF power and higher energy per RF pulse
than more conventional capacitatively coupled
plasma reactors, and as expected, films grown on sub-
strates placed where the electric field was strongest
experienced greater disruption of the aromatic 7
bonds in the monomer. FTIR spectra indicated not
only that the primary amine groups of the monomer
reacted during film growth but also that trace oxygen
was taken up by the films under the conditions of a
high electric field. Samples grown 39 cm from the RF
coil had a strong aromatic character that was missing
in films grown closer, and they lacked the strong
carbonyl bands associated with high-field conditions.
Thus, the careful positioning of the substrates in the
reactor provided a way of tailoring the film chemistry
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and related properties. CV was used extensively in
previous studies of electrochemically or chemically
oxidized aniline, but this investigation appears to be
the first to apply CV to characterize samples prepared
in the dry, relatively low-vacuum environment of a
plasma reactor. Voltammograms on plasma-polymer-
ized aniline confirmed that its electrochemical behav-
ior was very similar to that of the products of aniline
oxidation in solution. SEM indicated that the growth
morphology depended on both the substrate and the
film thickness. Smooth and adherent thin films were
readily grown on smooth substrates, but nodules were
observed on rougher substrates such as ITO glass.
Nodular morphology was more pronounced on
thicker films, and there appeared to be a transition to
nodular growth after the film reached a particular
thickness. Both electrochemical and impedance results
implied that pinholes may have been present in the
films. Several types of microscopic evidence suggested
that the films were largely amorphous but also con-
tained dispersed regions that were more highly or-
dered. It is possible that the relative amounts of the
ordered and amorphous materials could be tailored
through changes in the reactor operating conditions,
substrate location in the reactor, or choice of substrate.
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McHale (University of Idaho), who made helpful sugges-
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