Photo-doping of plasma-deposited polyaniline (PAni)
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Abstract

Although polyaniline (PAni) has been studied extensively in the past, little work has been
done on producing films of this material via plasma deposition. We have synthesized and
analysed the photoresponse behaviour of plasma-deposited polyaniline film and proceeded to
dope the films using light and with various metal ions. Upon illumination, the photocurrent
responses of the thin plasma films increased over time, and the response was dependent on
the film thickness. Doping the film with metal ions, photocurrent densities were enhanced
from nano- to micro-amperes per square centimetres. Doping seemed, however, to cause the
films to become unstable. Despite this setback, which requires further research, the drastic
increase in current shows great promise for the development of plasma-deposited polyaniline

films for application in the area of organic electronics and photovoltaics.
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1. Introduction

The development of photosensitive materials based on organic semiconductors has been an
attractive approach for energy conversion that uses cheap, abundant and non-toxic materials
[1-4]. Using organic semiconductors as opposed to their counterpart, inorganic
semiconductors [5-8], opens up many options for flexible and robust devices for a fraction of
the cost. Organic semiconductors are being pursued to potentially replace the common silicon
photovoltaic devices (PV), which currently dominate the market [9,10], or to find use in
niche applications.

Polyaniline (PANI) is a conducting polymer and a promising candidate for use in
organic photovoltaics (OPVs) due to its low production cost, semi-flexibility, bio stability
and high conductivity [11-15]. To date, polyaniline was most commonly prepared through
wet chemical or electrochemical processes [13]. Other synthesis methods include inverse
emulsion [16], autocatalysis [17], enzymatic [18] and photochemical polymerization [19].
Many of polyaniline’s properties depend on the polymerization process, such as redox state,
film thickness and conductivity.

The neutral form of polyaniline has three distinguishable redox states, namely the
leucomeraldine base (LB), the emeraldine base (EB) and the pernigraniline base (PNB). As
highlighted in Figure 1 the PNB displays the fully oxidized state of polyaniline, which
consists of alternating quinonoid and aromatic aniline units. All nitrogen atoms are
deprotonated, with quinonoid and aromatic aniline units alternately linked through the imine
bond. The LB is the fully reduced and protonated form, which acts as an insulator. The EB is
the half-oxidized form of polyaniline, where half of the nitrogen atoms in the polymer chains
are deprotonated (Fig. 1). In principle, there is an infinite number of redox states in between
LB, EB and LNB, which explains why polyaniline is complex and displays a wide range of

properties [4,20].
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Figure 1: Chemical structures of the main distinguishable redox states of polyaniline in their
neutral form: the leucomeraldine base (LB), the emeraldine base (EB) and the pernigraniline

base (PNB).

As synthesized, polyaniline is generally in its most reduced (insulating form) and doping is
required to enhance the conductivity [21]. Conventional doping methods include acid
treatment (known as non-redox doping) and iodine doping (oxidation). Photo-doping occurs
when light pertaining a greater energy than the band gap is used to promote electrons from
the valence band into the conduction band causing subsequent oxidation.

Plasma-enhanced chemical vapor deposition (PECVD) is an alternative method to
deposit thin films directly from the vapor phase onto a solid-state substrate [22]. When

depositing polymeric thin films, the terminology “plasma polymerization” is often used [23].



The process is initiated by the application of an alternating electric field across a process
vapor comprising volatile organic molecules, which, via a series of chemical reactions in the
plasma gas phase, form molecular radicals and ions [24] that react with each other to give
thin films deposition. PECVD has a distinct advantage over wet chemical methods by
producing thin, cohesive homogenous films [25] that are highly adherent on a variety of
surfaces including glass, metals and a variety of other substrates [26]. Plasma polymers are
often used as protective coatings [27-30].

Plasma polymerization has been used previously in a few studies to deposit thin
polyaniline films [11,31-33] but the resultant films had inferior properties compared with
conventionally synthesized ones. In this article we first optimize the plasma deposition
conditions towards improved conductance and then show for the first time that PECVD
polyaniline can be photo-doped by exposing the films to one sun equivalent of solar light,
responding with enhanced photocurrent densities. In-depth analysis of the PECVD film by X-
ray Photoelectron Spectroscopy (XPS) revealed that the photo-induced doping of plasma-
polymerized polyaniline was caused by transformation from an originally reduced species of
polyaniline to another form with high grade of oxidation. We also incorporated various metal
centres within the film matrix to further enhance or modify the electronic and optical

properties.

2. Experimental

2.1. Chemicals

Aniline (99.5%), copper(Il) chloride hexahydrate, copper(Il) sulfate pentahydrate, manganese
(IT) nitrate tetrahydrate and cobalt (II) nitrate hexahydrate were purchased from Sigma
Aldrich and used without further purification. Fluorinated tin oxide (FTO) and gold slides

(200 nm Au with 40 nm Ti sublayer on microscope slides, DRLI Inc. USA) were cut into 2.5



X 2.5 cm substrates and cleaned with ethanol (99.5 %) and subsequently rinsed with acetone

(99.8 %) before use.

2.2. Instrumentation

Photocurrent measurements were recorded on a PG 310 potentiostat (HEKA, Germany) in a
three electrode configured photo electrochemical cell (PEC) using an Abet Solar simulator
(Solar Simulator, Abet Technologies, Milford, CT, USA) as artificial light source. The
artificial solar light was calibrated against a silicon solar cell (Newport) to 1.5 equivalent of
air mass (AM 1.5). The PEC, a homemade Teflon block with integrated quartz window, was
filled with a 0.1M phosphate buffered saline (PBS) electrolyte solution (pH 7.4) and the
plasma-polymerized films deposited on conducting substrates (fluorinated tin oxide, FTO, or
100 nm Gold on microscope slides) acted as working electrodes (WE). A platinum rod was
used as counter electrode (CE); all recorded current densities were referred to Ag/AgCl (3M
KCI). The working electrodes were illuminated with light intensity of 100 mW/cm?® for 12 s
dark and 12 s light intervals at their open circuit potentials (OCP).

ToF-SIMS measurements were performed with a PHI TRIFT V nanoTOF instrument
(PHI Electronics Ltd, USA). A 30 keV, pulsed primary *’Au’ ion beam was used to sputter
and ionize species from each sample surface. PHI’s patented dual beam charge neutralization
system using a combination of low energy argon ions (up to 10 eV) and electrons (up to 25
eV) was employed to provide charge neutralization. Positive mass axis calibration was done
with CH;", C;Hs™ and C3H;", Spectra were acquired in the bunched mode for 60 seconds from
an area of 100 yum x 100 um. The corresponding total primary ion dose was less than 1 x 10"
ions cm?, and thus met the static SIMS regime [34]. A mass resolution m/Am of > 7000 at
nominal m/z = 27 amu (C,H;") was typically achieved.

Some samples were characterized by multiple recording of positive ion mass spectra,
which were collected from sample areas that did not overlap. All recognisable, clear (i.e.

unobscured by overlaps) fragment ions from 2 up to 175 amu were used in calculations. The
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peaks were normalized to the total intensity of all selected peaks. Multiple mass spectra were
processed with the aid of principal component analysis, PCA [35]. PCA was performed using
PLS Toolbox version 3.0 (Eigenvector Research, Inc., Manson, WA) along with MATLAB
software v. 6.5 (MathWorks Inc., Natick, MA).

X-ray photoelectron spectroscopy was performed with a Kratos AXIS Ultra DLD
spectrometer, using monochromatic AlK, radiation (hv = 1486.7 eV). The system is equipped
with a magnetically confined charge compensation system (low energy electrons are confined
and transported to the sample surface by magnetic field). Spectra were recorded using an
acceleration voltage of 15 keV at a power of 225 W. Survey spectra were collected with a
pass energy of 160 eV and an analysis area of 300 x 700 pm. High-resolution spectra were
obtained using a 20 eV pass energy and an analysis area of ~.300 x 700 um. Data analysis
was performed with CasaXPS software (Casa Software Ltd). All binding energies were
referenced to the “neutral” C Is peak at 285.0 eV. Core level envelopes were curve-fitted
with the minimum number of mixed Gaussian—Lorentzian component profiles. The
Gaussian—Lorentzian mixing ratio (typically 30% Lorentzian and 70% Gaussian functions);
the full width at half maximum, and the positions and intensities of peaks were left
unconstrained to result in a best fit.

The polyaniline coating thicknesses were determined by coating silicon wafers with
aniline plasma polymer films in parallel with Au/Ti/glass slides. The measurements were
accomplished by using a variable-angle spectroscopic ellipsometer (VASE, J.A. Woolam Co.
Inc. NE, USA). Scans over the wavelength region 400 — 800 nm were performed at three
incident angles, viz., 65°, 70° and 75°. The thicknesses of the transparent plasma polymer
films were calculated by applying a Cauchy model (silicon + one Cauchy overlayer) using

the WVASE32 software (J. A. Woollam Co., Inc., USA).



2.3. Synthesis of plasma polymer films

The experimental set-up for the preparation of RF plasma polymerized aniline thin films has
been described elsewhere [36,37]. In brief, the reactor chamber was defined by a Pyrex glass
cylinder with a height of 35 cm and a diameter of 17 cm. It comprised an upper, U-shaped
brass electrode and a lower electrode that was a copper disc of 10 cm diameter. The distance
between the electrodes was 12.5 cm. The upper electrode was powered by a commercial RF
generator (Advanced Energy, RFX 600) connected to a manually operated matching network
box to minimize the reflected power. Samples were placed on the lower, grounded electrode.
The monomer aniline was placed in a round-bottom flask and connected to the reactor
chamber by a stainless steel line via a flow control needle valve. The pumping system
consisted of a rotary pump connected to the reactor via a LN2 cold trap and an isolation
valve. A base pressure lower than 2x10” Torr was achieved in the reactor prior to adding
process vapor. The pressure of the monomer vapor prior to initiation of the glow discharge
was set at 0.2 Torr. Plasma-deposited polyaniline thin films were synthesized via both
continuous and pulsed plasma power settings. The duty cycle during pulsed mode was 1
ms/20 ms. Peak power (P) was varied between 20, 40 and 60W. Deposition times in the
pulsed and continuous modes were 40 and 5 min respectively. The plasma apparatus was
placed in a thermostatically controlled laminar flowhood and kept at a temperature of 25-27

°C to maintain a constant pressure and flow of the monomer at 0.2 Torr.
3. Results and discussion

3.1. Preparation of PECVD polyaniline

PECVD has the advantage over conventional chemical vapor deposition (CVD) methods that
it generates reactive species (radicals and ions) in the gas phase at low temperatures, thus
allowing the deposition of thin films onto temperature-sensitive substrates [38], such as

semiconductors for photovoltaics. In principle, increased temperatures also affect the quality
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of the deposited film itself, which can result in poor adhesion properties or inhomogeneous
surface topology of films. Here we conducted a systematic study on the photo-physical
properties of plasma-polymerized polyaniline (PAni-pp) by modifying the deposition mode,
film thickness, and time of light exposure to achieve the highest effect of photo-doping. Good
control over reproducible deposition of polyaniline thin films was essential and was achieved
with a reactor base pressure of 20 mTorr and a monomer temperature of 25-27 °C. We also
explored plasma deposition of aniline with the entire plasma system heated to 40 °C inside a

flowhood, but this did not result in marked improvements.

3.1.1 Plasma deposition mode

The plasma polymerization of the monomer aniline was found to be highly dependent on the
experimental parameters. It is well known that physical and chemical processes in the plasma
gas phase can result in extensive fragmentation of the monomer molecule, thus yielding films
with scrambled chemical structures that are quite different to conventional polymers from the
same monomer [23]. Pulsed plasma polymerization often results in marked improvements of
retention of monomer structural elements in the film, since in the “on” period the plasma
activates radical reactions, which then proceed in a conventional addition mode during the
“off” time. One of the objectives of this study was to optimize plasma polymerization process
parameters such as duty cycle to achieve maximum retention of the monomer moieties in
PAni-pp coatings, since this would be expected to enhance conductivity. In a preliminary
study it was established that good control over reproducible film thicknesses was achieved at
a plasma power of 20 W. Application of higher powers (40 and 60 W) resulted in the
deposition of thicker films but with lesser control of thicknesses. The effect of duty cycle was
therefore investigated by applying constant wave (cw) and pulsed (DC = 1ms/20ms) modes at
20 W plasma power. The surface chemistry of the resultant polyaniline plasma polymer

(PAni-pp) coatings was studied using ToF-SIMS.
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Figure 2: Positive ion static mass spectra recorded with PAni-pp films generated using: (a)

continuous plasma and (b) pulsed plasma, both at plasma power input of 20 W.

Figure 2 shows positively charged ions, wide range (0-200 amu) static mass spectra
for PAni-pp films that were produced using cw (trace a) and pulsed (trace b) plasmas. The
spectra were complex and they showed distinct differences, attesting to substantial
compositional differences upon using different plasma conditions. Both spectra contain a
peak at m/z = 77 amu, which can be assigned to the C¢Hs' fragment ion, a fingerprint ion
originating from aniline in ToF-SIMS. This is the major fragment in the spectrum for the
PAni-pp film obtained using pulsed mode, whilst the spectrum for the constant wave plasma
surface is obscured by multiple low molecular weight fragment ions, mostly assignable to

hydrocarbon species.



Direct comparison of polyaniline coatings is difficult as the spectral differences are
not related to unique peaks but to changes in relative intensities of common peaks. The
univariate comparison could be ambiguous, thus we used multivariate principal component
analysis (PCA) to aid in the interpretation of the static positive ToF-SIMS spectra. Figure 3a
shows the scores plot on PC1 and PC2 for the positive mass spectra of Figure 2. The spectra
form two well-separated clusters along PC1, which retains almost 99 % of the original data
variance, making it unnecessary to consider PC2 for further analysis. The specimens are
clearly different, but their surfaces are quite uniform/homogeneous, as indicated by the low
scatter of the experimental points in each group.

Figure 3b displays loadings of positive fragment ions on PC1, which explain the
causes of observed differences between the samples. The surface of the PAni-pp film
prepared with constant wave plasma mode is characterized by positively loaded hydrocarbon
fragment ions like CHs", C;H3", C3H3", C3Hs™ and also by an aromatic C;H;" tropylium ion.
The surface of PAni-pp films prepared using pulsed plasma, on the other hand, is dominated
by fragment ions including CeHs', C¢HsN", C¢H4N,", Co,HoN' and CoHy N, that are
indicative of polyaniline. The latter two reflect the presence of aniline dimers. Clearly, under
continuous plasma excitation, there is significant loss of amine groups from aniline in the
plasma and the resultant film has a higher extent of hydrocarbon character. Thus, pulsed
plasma conditions appear to be essential for the optimization of polyaniline-like composition
in plasma-deposited polyaniline films. Low power continuous plasmas, such as the 20W used
in this study, have often been used to attempt to reduce monomer fragmentation; for example
Cruz et al [31] and Gong et al [32] showed that plasma conditions affected the composition
of aniline plasma polymers but did not investigate pulsing. Pulsing in aniline plasma
deposition was used by Ameen et al [33], but they also used higher power (120W) and did

not compare pulsing with continuous plasma operation.
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Figure 3: PCA of positive ion static mass spectra for PAni-pp films generated using
continuous plasma (cw) and pulsed plasma (DC) at power of 20 W: (a) scores plot on PCI

and PC2; (b) loadings of positive fragment ions on PC1.

As the ToF-SIMS results indicate that the application of pulsed plasma resulted in

higher retention of the monomer structure and thus in less scrambled, more polyaniline-like

11



coatings, PAni-pp films for the photophysical investigations were generated using pulsed 20

W power plasma.

3.2. Photo-doping of polyaniline

The effect of photo-induced “self-doping” — or photo-doping - has never been reported with
PAni-pp films. It can be understood as a light-induced transformation from a less oxidized
form of polyaniline to another form with a higher grade of oxidation.

In our initial studies, transparent PAni-pp films were deposited onto a FTO substrate
and observed to possess grain type surface topology with irregular sizes by Scanning Electron
Microscopy (SEM, Fig. 4a). Initial photophysical investigations of the Pani-pp films revealed
that the films responded with increased negative current densities the more they were
exposed to artificial sunlight. Although the FTO substrate itself was intrinsically an electron
donating layer (n-type, Fig. 4b), the photocurrent experiments on the plasma films showed a
faint p-type photocurrent response indicating that PAni-pp is a photoactive material. In the
course of the chronoamperometric experiments it was noticed that the p-fype photocurrent
behaviour (electron acceptor) became more pronounced when the films were illuminated for
longer periods of times. After 30 min total illumination the photocurrent density increased by

a factor of 10 (blue, Figure 4c) at the open-circuit potential (OCP).
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Figure 4: a) SEM image of 160 nm PAni-pp deposited onto a FTO substrate via pulsed
plasma technique; b) chronoamperogram of the bare FTO substrate showing FTO as
intrinsically n-fype material; c) chronoamperograms of the same PAni-pp film showing
increasing p-type photocurrent responses within increasing times (5, 10 and 15 min) of light
exposure under 1.5 AM artificial solar light. The photocurrent densities were recorded
repetitively under dark and 1.5 AM (100 mW/cm®) solar light for 12 s intervals, where the
first, third and fifth 12 seconds record the dark current. All photocurrent responses were
recorded at their open-circuit potentials (OCP); d) photographic picture of the PAni-pp film

showing a “dark stain” caused by irradiation with light.

Obviously, artificial sunlight enhanced the photophysical properties of the PAni-pp

film as a p-fype semiconductor, causing doping effects in the thin polyaniline film, where
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light plays the major role in doping (photo-doping). The photo-doping of the PAni-pp film
triggered by sunlight was underpinned by the fact that it could be observed with the naked
eye. The area of the initially semi-transparent Pani-pp film that was exposed to light during
chronoamperometric measurements underwent a visible change in color (dark stain), as
shown in Figure 4d. X-ray photoelectron spectroscopy (XPS) was used to unravel the effect
of photo-induced doping on plasma polymerized polyaniline films and it was also

investigated whether the film thickness plays a role.

3.2.1 Film thickness

The vapour pressure of aniline is low compared to conventional monomers used in plasma
polymerization. Consequently, when plasma is initiated the base pressure decreases, which is
indicative of monomer consumption. Since the pulsed plasma technique allowed good control
over the monomer consumption (see experimental details), the film thickness could be
controlled by adjusting the deposition time. PAni-pp films with thicknesses of 25 nm, 40 nm,
80 nm and 160-200 nm were produced. Since FTO behaved as an intrinsically n-type
substrate, all films were deposited onto a 100 nm gold layer (above 40 nm Ti on microscope
slide), as a p-type material due to its photoelectric effect. All films were exposed to artificial
solar light for 5 minutes before chronoamperometric measurements were undertaken. Figure
5a shows the photocurrent responses upon illumination with artificial solar light (AM 1.5).
The thinner films with 25 and 40 nm thicknesses responded with higher current densities,
where the highest photocurrent responses were achieved with -540 nA/cm” with the 40 nm
PAni-pp layer. The thicker layers of PAni-pp, however, responded with lower current
densities, well below -100 nA/cm’, suggesting that limiting penetration depth of light and
increasing ohmic resistance with increasing film thicknesses were causing a drop of electron
mobility that resulted in poorer photocurrent responses. The ideal film thickness was found to
be 25-40 nm to obtain a high-performing organic semiconductor based on plasma

polymerized polyaniline films.
14
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Figure 5: a) Chronoamperograms of four different PAni-pp films with 25, 40, 80 and 160 nm
thickness. The photocurrent densities were recorded repetitively under dark and 1.5 AM (100
mW/cmz) solar light in 12 second intervals, where the first, third and fifth 12 seconds record
the dark currents. All photocurrent responses were recorded at their open-circuit potentials
(OCP) vs Ag/AgCl (3M KCl); b) Photocurrent responses of four different PAni-pp films with
25, 40, 100 and 160 nm thicknesses under continuous exposure to 100 mW/cm” (1.5 AM) for
up to 4 hours; the current densities were recorded at their OCP against Ag/AgCl (3M KCl) in

0.1M PBS solution.

3.2.2 Long-term exposure of PAni-pp to solar light

The photo-induced doping of PAni-pp was initiated once the film was exposed to 1.5 AM
artificial solar light, resulting in an organic semiconductor with p-fype behaviour. As a
consequence of these observations, we conducted long-term exposure experiments of PAni-
pp with four different film thicknesses for up to four hours. The PAni-pp films were
deposited on gold substrates and their thicknesses were ellipsometrically determined to be 25,
40, 100 and 160 nm. Figure 5b shows the chronoamperograms of selected films under
continuous irradiation. Again, the thicker films, 160 and 100 nm, responded with lower
current densities under continuous exposure to light whilst the 100 nm film showed notable
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current responses of more than -400 nA/cm” after 2.5 hours. Note, that the steady state was
still not achieved, suggesting that longer times of light exposure are needed. In contrast,
steady state was already achieved after 100 min with the 25 nm film, resulting in similar
photocurrent densities. The highest photocurrent responses were obtained from 40 nm films,
with highest current densities of -800 nA/cm” after 2.5 h. Again, the 40 nm PAni-pp film
showed the best performance among the series showing no significant loss after 4 h in total.

Hence, all PAni-pp films subjected to further analysis were produced with 40 nm thicknesses.

3.2.1. X-ray photoelectron spectroscopy analysis

To understand the photo-induced doping effect of PAni-pp films on a molecular level, 40 nm
PAni-pp films were deposited onto Au/Ti/glass and subjected to surface analysis by XPS.
The untreated sample and its homologues after exposure to 1.5 AM artificial sunlight in the
photoelectrochemical cell for 5 min and 3 h were examined. The survey spectra before and

after illumination revealed differences in elemental compositions, as summarized in Table 1.

Table 1: XPS elemental composition for 40 nm PAni-pp film on Au/Ti/glass slide prior to

and after 5 and 180 min of irradiation with 1.5 AM artificial sunlight, respectively.

Irradiation time, min | Composition, at.%

o) N C
0 3.5 10.1 86.4
5 7.1 8.6 83.3
180" 10.9 8.1 80.4

"5min and 180min irradiated specimens showed also presence of 1.0 at % of Si and 0.5 at. %

of Au respectively

The control sample showed 3.5 at.% of oxygen, which doubled upon the first 5 mins

of irradiation. Prolonged exposure to artificial sunlight resulted in a further increase in the
16



oxygen content, which reached a value of 11.0 at.% after 3 h. The XPS results thus revealed
oxygen incorporation into the PAni-pp coating upon irradiation. The rate of the reaction
changed with time. The initial irradiation period resulted in fast initial oxidation, whose rate
dropped distinctly, likely exponentially, with time. Figure 6 shows high resolution Cls core

level spectra prior to (trace a) and after 3 hours of illumination (trace b).
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Figure 6: High resolution component fitted Cls and N1s core level spectra for 40 nm PAni-
pp film on Au/Ti/glass slide: (a) Cls for untreated coating; (b) Cls for coating irradiated for
3 h with 1.5 AM artificial sunlight; (c) Nls for untreated coating; (d) Nls for coating

irradiated for 3 h with 1.5 AM artificial sunlight.



The assignments of the fitted components and the compositions of the Cls levels are
summarized in Table 2. The untreated PAni-pp control consisted of four types of carbon
environments. The CC/CH (sp’) and C-N components accounted for 69.5 and 21.8 % of the
total Cls envelope respectively. The values diverged from the theoretical stoichiometry of
polyaniline due to the complexity of propagating species present in a gas discharge during
plasma polymerization. The presence of C-O and C=0O components, at 6.9 and 1.9 %
respectively, indicates that the surface was lightly oxidized during the plasma coating
fabrication and (or) after that, upon exposure to air, as has been observed for other amine
plasma-deposited coatings [39—41].

After three hours of illumination the chemical composition of PAni-pp had changed.
The Cls spectrum showed 6 components which were assigned (Table 2) to C=C (sp*), C-
C/C-H, C-N, C=0 and COO environments. The appearance of a peak at 284.0 eV, which
corresponded to an unsaturated carbon environment (sp’), was likely to be primarily

responsible for the PAni-pp coating conductivity.

Table 2. Compositions of Cls and N1s core level spectra for untreated 40 nm PAni-pp film

on Au/Ti/glass slide and after its irradiation with 1.5 AM artificial sunlight for 180 min.

Composition, % of total
Irradiation
Cls Nls
time, min
C=C |C-C/C-H|C-N |C-O |C=0 [0-C=0 |-N= |-NH- |-HN"
284.0 | 285.0 286.0 | 286.6 | 288.0 | 289.0 398.8 | 399.8 | 400.8
0 0 69.5 21.8 |69 1.9 0 9.0 795 | 11.5
180 249 | 419 145 | 11.1 |49 2.6 282 |51.2 |20.6
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Since nitrogen plays the key role in PAni structures, being the bridging atom in the
polymer chain and the redox mediator between polymer units, the N1s core level spectra are
of particular value. Figure 6¢ shows that prior to illumination, nitrogen was mainly present in
the form of amine bonds (79.5% in Table 2) with small amounts of imine and amine polaron
components. The composition of the N1s spectrum reflects the insulating benzenoid/aromatic
character of the PAni-pp coating [42—45]. It appears that prior to illumination the PAni-pp
film mainly comprised a structure similar to leucoemeraldine base with admixtures of the
emeraldine base (Fig. 1). After 3 hours of irradiation the insulating amine bond had decreased
by ~30 % and that phenomenon was accompanied by increased formation of imine and amine
polarons. An increase in amine polarons content from 11.5 to 20.6 % implies a more
conductive polymer. A sharp increase in the amount of imine present reinforced the idea that
unsaturation led to higher conductivity, meaning the irradiated Pani-pp films could be classed

as alike to a pernigraniline base.

3.3. Doping PECVD polyaniline with metal centres

Binding of various metals into the polymeric matrix was achieved through incubating the thin
films with a 0.01M solution of the respective solutions of Mn(NOs3),, Co(NO3),, CuSO4 and
CuCl, for three days. These metals were chosen as they display interesting redox chemistry,
which potentially can be exploited for catalytic activity. These metals are cheap and abundant
and are known to have a high affinity for nitrogen-containing ligands. The solutions were
kept in the dark for the duration of binding. Enhanced photocurrents were observed with all
samples, as shown in Fig. 7. The highest photocurrent response results from CuCl, doping,
with a current density more than -3 uA/cm® which is almost double that of its sulfate
analogue. The nitrate salts of Co(II) and Mn(II) both showed a photocurrent response at -1

mA/cm®.
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Figure 7: Chronoamperograms of four different 40-45 nm PAni-pp samples decorated
with 0.01M aqueous solution of Mn(NOs3),, Co(NO3),, CuSO4 and CuCl, for 3 days.
The photocurrent responses were recorded at their OCP in 0.1 M phosphate buffered
saline solution in a three-electrode configured electrochemical cells using PAni/M
substrate as working electrode, a Pt rod as counter electrode and Ag/AgCl (3M KCI)

as reference electrode. The first, third and fifth 12 s record the dark current.

All of the transition metal centres used in this study have different stable oxidation
states (for example, cobalt is relatively stable in the oxidation states II and III). A possible
explanation for the increase in photocurrent density is photo-activated electron transfer from
the metal centres to the polyaniline backbone. Also, the metals centres could act as relays for
electrons “hopping” between polyaniline fragments, thus increasing the overall conductivity
and photocurrent density. Most likely, a combination of these two effects is the reason for the

observed effect.
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Table 3: Ellipsometry data showing the effect of illumination on PAni film thickness.

Average
Treatment Substrate
thickness (nm)
Control Silicon 40.8
Sample 1 - untreated Gold 44.9
Sample 1 - 5 Mins Gold 40.5
Sample 2 - untreated Gold 43.5
Sample 2 — 3 Hours Gold 16.9

Ellipsometry results (Table 3) showed that the films degraded with time. Film
thicknesses changed and delamination occurred. While photo-oxidation increased the
conductivity of the films as discussed above, it resulted in degradation of the polyaniline
when doped with transition metal centres. Further study is needed to investigate how this

might be overcome or a suitable compromise in performance achieved.

4. Conclusions

We successfully plasma polymerized polyaniline (PAni-pp) films with high structural
retention when pulsing was used for the plasma excitation,and explored the thin films as
potential candidates as organic semiconductor with p-type properties (electron acceptor).
Chronoamperometric investigations revealed that these films increase their performances as
photoactive semiconductor when irradiated with artificial sunlight (photo-doping or photo-
induced doping). Analysis by XPS prior to illumination and after long-term exposure to one
equivalent of sunlight allowed us to understand the photo-doping effect as light-triggered

transformation from a reduced form of polyaniline to another form with higher grades of
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oxidation. These unique properties of thin PAni-pp films becoming active just by switching
on light offers promise for applications in sensor, photocatalysis, or optoeletronic materials
where light plays a crucial role. Usually, chemical modification or harsh chemical conditions
such as strong acids and oxidants are required to dope polyaniline films. Here, exposure to
light suffices to achieve the film doping by itself, which has never been described before.
After doping the PECVD polyaniline with various transition metals, the films
displayed an enhanced photocurrent response; however, the long-term stability of films was
drastically decreased. Transition metal doped PECVD polyaniline would have huge potential
as an inexpensive and efficient photocatalytic materials for many applications, if a solution to

increase the long-term stability can be found in future research.
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