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The composite of a polymer electrolyte and a luminescent
conjugated polymer is a mixed ionic/electronic conductor (MIEC)
first studied in the so-called polymer light-emitting electrochemical
cell (LEC), which employs a polymer MIEC thin film sandwiched
between two electrodes.1 The application of a sufficiently large
voltage bias leads to electroluminescence from the luminescent
polymer as the injected electronic charges undergo radiative
recombination. The fundamental operating mechanism of an LEC
was thought to be in situ electrochemical doping of the luminescent
polymer followed by the formation of a dynamic, light-emitting
p-n junction.2-6 This LEC model is consistent with the observation
of localized electroluminescence in planar cells with micrometer-
sized interelectrode gaps.1,7

Early LEC research, however, was mainly conducted on thin
sandwich cells that can be efficient light emitters but do not allow
direct observation of the dynamic doping processes.8-15 The lack
of direct evidence for doping has led to the proposal of an alternative
LEC model, which attributes the unique LEC device characteristics
to “ionic space charge” effects without invoking electrochemical
doping.16 Much has changed since the demonstration of planar
LECs with millimeter-sized interelectrode spacing, which were
turned on by applying a voltage bias of several hundred volts to
overcome the enormous series resistance of the undoped polymer
film.17,18 The extremely large and fully exposed interelectrode gap
allows for time-lapse fluorescence imaging with high temporal and
spatial resolution. For the first time the dynamic p- and n-doping
as well as the junction formation processes were captured on
camera, providing conclusive evidence in support of the original
LEC model.19-22

Here we show it is possible to induce strong electrochemical
doping and electroluminescence by biasing a pair of sharp tungsten
probes in direct contact with the polymer MIEC film, without any
predeposited electrodes. We discuss the findings and the potential
applications of this new technique in the study of MIEC films.

Figure 1 shows the time-lapse images of an MIEC film under
ultraviolet (UV) illumination. The MIEC film contains poly[5-(2-
ethylhexyloxy)-2-methoxy-1, 4-phenylene vinylene] (MEH-PPV),
a red-emitting luminescent conjugated polymer. The MIEC also
contains polyethylene oxide (PEO), an ion-solvating/conducting
polymer, and cesium perchlorate. Two tungsten probes with a tip
radius of 10 µm were brought into contact with the polymer film
at ∼4.8 mm apart. This probe distance was large enough for imaging
with a digital SLR camera without additional optical magnification.
Upon the application of a 400 V bias, darkened profiles could be
seen to emerge from the probe tips and to grow in size with time
(Figure 1b-d). The darkening of the polymer film under UV
illumination indicates fluorescence quenching and is caused by the
electrochemical doping of the luminescent polymer.23 Unlike in
planar LECs with long, straight electrodes, the point-like metal-
polymer contact here gives rise to an n-doping profile that is nearly

circular and extremely smooth at the doping front. The p-doping
front is quite uneven although the overall shape of the p-doped
region also resembles a circle. The p- and n-doped regions
eventually make full contact between the tips to form a p-n junction
(Figure 1e), and electroluminescence can be observed in the junction
area when it is stronger than the background fluorescence (Figure
1f).

The polarity of the voltage bias was subsequently reversed.
Initially the doping profiles established under “forward bias” were
largely intact. A striking observation is the appearance of dark,
tree-like p-doping profiles in the previously n-doped region on the
left (Figure 2a-b). These doping patterns resemble fractals as they
possess self-similarity. At the right, a new, circular n-doping pattern
emerges. The new n-doping reverses the strong fluorescence
quenching induced by the previous p-doping process. The degree
of fluorescence quenching in areas not affected by new p- and
n-doping also decreased over time, which indicates spontaneous
doping relaxation (Figure 2c-d). Eventually the new p- and n-doped
regions made contact and electroluminescence was again observed
(Figure 2e-f). However, the new light-emitting p-n junction
formed was not continuous due to the highly branched nature of
p-doping propagation.

Electrochemical p-doping of a conjugated polymer involved the
oxidation of the polymer and the insertion of compensating anions
near the doping site.24 The dramatically different p-doping patterns
observed under “forward” and “reverse” bias suggests differing
reaction kinetics. In a fresh MIEC film, the p-doping reaction is

Figure 1. MEH-PPV:PEO:CsClO4 film in contact with two tungsten probes
at 4.8 mm apart. The film is at 330 K and under UV illumination. Time
elapsed since a 400 V bias was applied: (a) no bias, (b) 10 s, (c) 90 s, (d)
120 s, (e) 220 s, and (f) 270 s.
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likely rate-limited by electrode kinetics, i.e., the rate of electron
transfer across the interface between doped and undoped regions.
When the voltage bias is reversed, the polymer film near the positive
tip is nearly devoid of the anions necessary for p-doping due to
previous n-doping. As a result, mass transport becomes the rate-
determining factor. The transport of anions to the doping site is
likely due to a combination of diffusion and drift. Assuming the
motion of anions has sufficient randomness (random walk) and
comes to a stop at the doping front, then the diffusion-limited-
aggregation (DLA) model predicts a highly branched and fractal
growth pattern similar to that shown in Figure 2.25 The fractal
growth pattern is widely observed in electrodeposition, and elec-
tropolymerization reactions.26-30 Here we observe the first example
involving electrochemical doping and a luminescent conjugated
polymer. We also note that once the tips of p-doping crosses into
the old p-doped region, as seen in Figure 2d-e, the p-doping speeds
up dramatically and no longer branches out. This is expected as
ample anions become available and the p-doping growth is no long
mass transport-limited. n-Doping, on the other hand, does not
display any fractal growth behavior even in the previously p-doped
region, as seen in Figure 2. The cause of this asymmetry between
p- and n-doping is under investigation. However, the fractal
p-doping growth is unlikely caused by any irreversible damage
induced by the previous n-doping because the photoluminescence
of the n-doped region appears to completely recover in areas not
affected by p-doping (Figure 2).

The obvious advantages of the direct probing technique dem-
onstrated here are its simplicity and versatility. The probe location
and probe distance can be easily changed. The point-like contact

also possesses all the advantages of a microelectrode and is ideally
suited for voltammetry studies. The probing was carried out under
vacuum in a micromanipulated cryogenic probe station. This allows
a desired doping profile to be established at high temperature and
subsequently frozen by cooling to below the glass transition
temperature of the polymer electrolyte.31 The probes can then be
manipulated to various locations to map the electrical potential and
conductivity of a frozen polymer p-n junction.
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Figure 2. The same MEH-PPV:PEO:CsClO4 film as in Figure 1 upon bias
polarity reversal. Time elapsed since voltage polarity change (a) 30 s, (b)
50 s, (c) 100 s, (d) 200 s, (e) 280 s, and (f) 380 s.
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