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Abstract: We demonstrate that electrochemical side-reactions involving the electrolyte can be a significant
and undesired feature in light-emitting electrochemical cells (LECs). By direct optical probing of planar
LECs, comprising Au electrodes and an active material mixture of {poly[2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene] (MEH-PPV) + poly(ethylene oxide) (PEO) + KCF3SO3}, we show that two direct
consequences of such a side-reaction are the appearance of a “degradation layer” at the negative cathode
and the formation of the light-emitting p-n junction in close proximity to the cathode. We further demonstrate
that a high initial drive voltage and a high ionic conductivity of the active material strongly alleviate the
extent of the side reaction, as evidenced by the formation of a relatively centered p-n junction, and also
rationalize our findings in the framework of a general electrochemical model. Finally, we show that the
doping concentrations in the doped regions at the time of the p-n junction formation are independent of
the applied voltage and relatively balanced at ∼0.11 dopants/MEH-PPV repeat unit in the p-type region
and ∼0.15 dopants/MEH-PPV repeat unit in the n-type region.

Introduction

Conjugated polymers (CPs) are currently attracting great
interest for use in various applications, e.g., field-effect
transistors,1-4 solar cells,5-8 and data-storage devices,9-14 due
to a set of unique and appealing properties; these include
straightforward design of the chemical structure, tuneable
conductivity, efficient absorption and fluorescence, low fabrica-
tion cost, and mechanical flexibility. For light-emitting applica-
tions, two main types of CP-based devices have emerged: the

polymer light-emitting diode (PLED)15-19 and the light-emitting
electrochemical cell (LEC).20-36 The main difference between
these two devices is that the LEC contains a solid-state
electrolyte admixed with the CP in the active material, which
facilitates its initial electrochemical operation, while the PLED
is an entirely electronic device.
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Recent PLEDs have demonstrated impressive performance,
but two notable drawbacks with these devices are that a low
work-function (and reactive) metal cathode and a very thin (and
pinhole-prone) active layer are required for satisfactory opera-
tion. In contrast, LECs can be operated in an efficient manner
in device configurations comprising air-stable metals for both
electrodes and a thick active material. A notable example of
these important advantages is the recently reported planar LECs
(“surface cells”), comprising two identical Au electrodes
separating a mm-thick active material, which emit significant
light at a low applied voltage.37-38 However, despite these
attractive features, LECs have so far attracted very limited
commercial interest, partially because their operational lifetime
has not reached commercial standards yet.39-47

In order to address and resolve the operational stability
problem and to attain an optimal device performance, we are
working with the identification and alleviation of chemical and
electrochemical side-reactions in LECs.48 In this work, we have
utilized a planar surface cell structure, with an active material
of {MEH-PPV + PEO + KCF3SO3} and with an extremely
large (mm-scale) inter-electrode gap separating two Au elec-
trodes. Figure 1a presents the chemical structures of the active
material components, and Figure 1, parts b and c, presents
schematics of the planar device configuration. We demonstrate
that an electrochemically induced “side-reaction”sspecifically,
an irreversible reduction of the solid-state electrolyte at the
negative cathodescan be the dominant cathodic electrochemical
process in such common LECs during the initial electrochemical
operation. Two direct and important consequences of this side-
reaction are that the position of the light-emitting p-n junction
in the inter-electrode gap is strongly dependent on the opera-
tional conditions, and that a degradation layer is formed at the
negative Au cathode. Furthermore, we provide some general
operational guidelines for how to minimize this undesired side-
reaction, and we show that these result in a desired centered
p-n junction and the absence of the degradation layer. A
centered p-n junction is attractive because it minimizes the
risks for doping-induced micro shorts45 and electrode-induced
quenching of the light emission. Finally, we rationalize our

findings in the context of a straightforward electrochemical
model.

Experimental Section

Poly[2-methoxy-5-(2-ethyl-hexyloxy)-1,4-phenylenevinylene] (MEH-
PPV, Aldrich,Mn ) 40000-70000 g/mol) was used as received. Poly-
(ethylene oxide) (PEO,Mw ) 5 × 106, Aldrich) and the salt KCF3SO3

(98%, Alfa Aesar) were dried at a temperature (T) of 323 K and 473
K, respectively, under vacuum. Master solutions of 10 mg/mL
concentration were prepared: MEH-PPV dissolved in chloroform
(>99%, anhydrous, Aldrich), and PEO and KCF3SO3 dissolved
separately in cyclohexanone (99%, Merck). A blend solution was
prepared by mixing the master solutions together in a mass ratio of
MEH-PPV:PEO:KCF3SO3 ) 1:1.35:0.25, followed by stirring on a
magnetic hot plate atT ) 323 K for at least 5 h. The 1.5× 1.5 cm2

glass substrates were cleaned by subsequent ultrasonic treatment in
detergent, acetone, and isopropanol solutions. The 100-nm-thick Au
electrodes were deposited onto the cleaned glass substrates by thermal
evaporation atp < 2 × 10-4 Pa. The inter-electrode gap was established
by an Al shadow mask.

The blend solution was deposited by spin-coating at 800 rpm for 60
s, which resulted in active material films with a thickness of 150 nm.
The films were thereafter dried on a hot plate atT ) 333 K for at least
5 h. Finally, immediately preceding a measurement, in situ drying in
the cryostat for 2 h atT ) 360 K and under vacuum (p < 10-3 Pa)
took place. All of the above device preparation procedures, with the
exception of the cleaning of substrates were carried out in an Ar-filled
glove box (O2 < 3 ppm, H2O < 0.5 ppm). The characterization of
devices was performed under vacuum (p < 10-3 Pa) in an optical-
access cryostat. A computer-controlled source-measure unit (Keithley
2400) was employed to apply voltage and to measure the resulting
current. The photographs of the doping progression were recorded under
UV (λ ) 365 nm) illumination through the optical window of the
cryostat, using a digital camera (Cannon EOS 20D) equipped with a
macro lens.

Cyclic voltammetry (CV) measurements were carried out with a
computer-controlled potentiostat/galvanostat (Autolab, PGSTAT302/
FRA2, Eco Chemie) using the General Purpose Electrochemical
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Figure 1. (a) Chemical structures of the components in the{MEH-PPV
+ PEO+ KCF3SO3} active material. (b) The employed device architecture
showing three planar devices on a glass substrate in a top view, and (c) a
schematic showing the cross-sectional view of one planar device with a 1
mm inter-electrode gap.
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Software (GPES, Eco Chemie). All of the measurements were
performed in an Ar-filled glove box (O2 < 3 ppm, H2O < 0.5 ppm).
The electrolyte solution was either 0.1 M tetrabutylammonium hexaflu-
orophosphate (TBAPF6, g 99.0%, Fluka) in acetonitrile (CH3CN,
anhydrous,g 99.8%, Aldrich) or 0.1 M potassium trifluoromethane-
sulfonate (KCF3SO3, 98%, Alfa Aesar) and 2 M (calculated as a number
of repeat units of PEO per L of solution) low-molecular-weight PEO
(Mw ) 400, Polysciences) in acetonitrile. Au working electrodes were
deposited onto pre-cleaned glass substrates by thermal evaporation at
p < 2 × 10-4 Pa. MEH-PPV films were spin-coated from the
chloroform solution (10 mg/mL,> 99%, anhydrous, Aldrich) onto the
Au electrodes at 800 rpm for 60 s and thereafter dried on a hot plate
at T ) 323 K for ∼1 h. A silver wire was used as the quasi-reference
electrode. The silver wire was calibrated vs the bis-(η-cyclopentadienyl)-
iron(II)/ bis-(η-cyclopentadienyl)iron(II)+ ion (ferrocene/ferrocenium
ion, Fc/Fc+) reference redox couple (ferrocene,g 98%; Fluka) at the
end of each measurement by adding∼10-5 mol of ferrocene into the
electrolyte solution and performing a sweep. A Pt rod was used as the
counter electrode. The reduction/oxidation onset potentials were defined
to correspond to the crossing point between the baseline and the half-
peak-height tangent line. All the potentials are reported vs the Fc/Fc+

reference redox couple.

Results and Discussion

The initial operation of LECs involves electrochemical
doping, which transforms the CP from being essentially an
electronic insulator (in the undoped state) to a good conductor
(in the doped state).49-52 Ideally, the CP is electrochemically
p-type doped at the positive anode, via injection of holes and
subsequent electrostatic compensation by anions, and n-type
doped at the negative cathode, via injection of electrons and
compensation of cations. During this initial electrochemical
doping process, p-type and n-type doping fronts progress toward
each other in the inter-electrode gap until a light-emitting p-n
junction is formed. The entire turn-on process of a LEC device
can be conveniently visualized under UV illumination in a dark
room, since the strong UV-excited photoluminescence of many
CPs (e.g., MEH-PPV) is effectively quenched by doping.

Figure 2 presents sequences of photographs of the doping
front progression and the subsequent light emission for two
representative planar Au/{MEH-PPV+ PEO+ KCF3SO3}/Au

surface cell devices with a 1-mm inter-electrode gap. The
positive anode is positioned to the left in the photographs. The
doped regions appear as dark areas originating at the electrode
interfaces (marked with dashed lines). The device presented in
the upper panel of photographs was biased atV ) 5 V, and the
device presented in the lower panel was biased atV ) 15 V.
The presented photographs were selected such that the p-type
doping front had progressed the same distance in the inter-elec-
trode gap in the two photographs marked with the same letter.

From Figure 2, it is clear that the n-type doping onset,
compared to the p-type doping onset, is delayed in both devices;
see the two photographs (b), where p-type doping but not n-type
doping is apparent. Moreover, this delay of the n-type doping
onset is significantly more prominent in the device biased atV
) 5 V, as seen in the first signs of n-type doping already in
photograph (c) in the device biased atV ) 15 V but only in
photograph (d) in the device biased atV ) 5 V. The delay of
the n-type doping onset has the direct consequence that the light-
emitting p-n junction is formed closer to the negative cathode
in the device biased atV ) 5 V (see photographs e and f).

Two other interesting and consistent observations in all the
devices investigated (>40 in total) concern the shape of the
doping front. First, the shape of the p-type front becomes more
jagged with time and with increasing voltage, which is a direct
consequence of the ion-transport limited turn-on process (see
ref 44 for an explicit discussion on this issue). Second, and more
relevant to this study, the initial n-type front exhibits a spike-
like appearance that is absent in the initial p-type front. We
will return to this issue later in this paper.

Figure 3 presents the average positions of the p-type doping
front and the n-type doping front as a function of time
(normalized to the time at which the p-n junction forms) at
various applied voltages. Three general trends are apparent: (i)
the onset time for p-type doping is essentially independent of
the applied voltage; (ii) the delay in the n-type doping onset is
more significant at lower applied voltage; and (iii) the average
position of the light-emitting p-n junction (as observed at time
) 1.0) is shifted toward the negative cathode with decreasing
applied voltage, from 0.59 mm away from the positive anode
in devices with a 1-mm inter-electrode gap atV ) 20 V to
0.76 mm atV ) 5 V.
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Figure 2. Doping front propagation and subsequent light emission in planar
Au/ {MEH-PPV+ PEO+ KCF3SO3}/Au surface cells with a 1 mminter-
electrode gap during operation atT ) 360 K andV ) 5 V (top panel) and
V ) 15 V (bottom panel), respectively. The time of applied voltage is
indicated in the bottom part of each photograph.

Figure 3. Average positions of the p-type and the n-type doping front,
respectively, as a function of time (normalized to the time at which the
p-n junction forms) for planar Au/{MEH-PPV + PEO+ KCF3SO3}/Au
surface cells with a 1-mm inter-electrode gap during operation at various
applied voltages.
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We observe a similar behavior with decreasing temperature,
as we find that the delay in the n-type doping onset, as compared
to the p-type doping onset, increases significantly and that the
p-n junction shifts cathodically at lower temperatures (data not
shown). Since it is well-established that these active materials
exhibit a strongly temperature-dependent ionic conductivity,37,53-55

we attribute the increasing delay in the n-type doping onset,
and the resulting cathodic shift of the p-n junction, to reduced
ionic conductivity. Importantly, the observed shift of the light-
emitting p-n junction toward the center of the interelectrode
gap for devices operated at high applied voltage and with highly
ion-conducting active material is expected to have positive
implications for device performance, since it will, for example,
effectively eliminate problems with metal-induced quenching
of the light emission and doping induced short-circuit formation,
particularly in thin sandwich cells.56-58

In two previous publications,45,59we have presented a method
for calculating the concentration of dopants in the p- and n-type
doping regions at the time of the p-n junction formation. The
method makes use of the fact that balanced oxidation and
reduction takes place at the anodic and cathodic interfaces,
respectively, in LECs during the turn-on process (since it is a
solely electrochemical device during device turn-on); and that
accordingly, an integration of the current up to the time for the
p-n junction formation (as visually detected in planar devices)
yields the total oxidation/reduction charge injected at each
interface. If one then makes the assumption that all oxidation/
reduction charge goes to electrochemical p-type/n-type doping
of the CP, then calculating the concentration of dopants in the
p-type/n-type region simply requires dividing the total oxidation/
reduction charge with the volume occupied by the p-type/n-
type doping region and the elementary charge.

It is important to emphasize that the accuracy of the above
doping-concentration calculation depends on the validity of the
assumption that all the injected charge is consumed in electro-
chemical doping of the CP. It has previously been demonstrated
that this assumption is invalid if the energy barrier for
electrochemical p-type doping of the CP is different than that
for electrochemical n-type doping (resulting in different amounts
of charge stored in the electric double layers at the two electrode-
active material interfaces).24,60-61 However, it has also been
demonstrated that this correction is negligible for wide-gap
devices with inter-electrode gaps of the order of 1 mm,58 and
we therefore do not consider it further in this work.

Another source for error in the doping-concentration calcula-
tion is related to the fact that electrochemical reactions other
than doping of the CP can take place in LECs, and we choose
to collectively term such reactions as “electrochemical side-
reactions”. An important indication that these electrochemical
side-reactions indeed take place in the herein-studied devices

is the delay in the n-type doping onset in comparison to the
p-type doping onset clearly apparent in Figures 2 and 3. This
observation would be in direct violation with the charge-
conservation law, which dictates that electrochemical oxidation
must be balanced by electrochemical reduction in an LEC during
the turn-on process, unless an electrochemical side-reaction takes
place at the cathodic interface, particularly during the time period
at which solely p-type doping is observed.

Figure 4 presents the p-type doping concentration (solid
squares) as calculated with the above method by integrating
the current from the time of the p-type doping onset up to the
time of the initial p-n junction formation. The n-type doping
concentration was calculated using either the same time limit
as above, yielding a “nominal n-type doping concentration”
(open circles), or by integrating the current from the time of
the onset of n-type doping to the time of the p-n junction
formation yielding a “corrected n-type doping concentration”
(solid circles). The latter approach is obviously more “correct”,
but it is important to point out that it is still based on one specific
scenario, namely that electrochemical side-reactions dominate
on the cathodic side up to the time at which n-type doping
appears, after which n-type doping dominates. This assumption
is, however, supported by the optical probing of the n-type
doping front, since n-type doping is first completely undetectable
but when the n-type doping front appears it grows in size quickly
(see Figures 2 and 3). In this model, the extent of the side-
reaction can be estimated by the difference between the nominal
n-type doping concentration value and the corrected n-type
doping concentration value.

It seems plausible that the observed transition in the preferred
electrochemical reaction could originate in the chemical proper-
ties of the effective cathodic interface, and that the electro-
chemical side-reaction is preferred when the cathodic reaction
takes place at the Au interface, but that n-type doping of MEH-
PPV is preferred when the effective cathodic reaction front shifts
to the front edge of the n-type doped MEH-PPV. We note that
the inhibition of an electrochemical reaction by changing the
chemical properties of the surface can be a common and useful
feature, and that, e.g., a thin film of a doped conjugated polymer
can effectively protect an underlying metal from corrosion.62-64
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Figure 4. Average value and the associated error bar for the nominal n-type
doping concentration (open circles), the corrected n-type doping concentra-
tion (solid circles), and the p-type doping concentration (solid squares) as
a function of applied voltage. The data were calculated at the time of the
initial p-n junction formation in planar Au/{MEH-PPV+ PEO+ KCF3-
SO3}/Au surface cells with a 1-mm inter-electrode gap. The dashed lines
are a guide-to-the-eye.
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Returning to Figure 4, we find that both the p-type doping
concentration and the corrected n-type doping concentration are
essentially voltage-independent (see the two lower dashed lines
in Figure 4). The p-type doping concentration is∼2.6 × 1020

dopants/cm3, which corresponds to∼0.11 dopants/MEH-PPV
repeat unit; and the corrected n-type doping concentration is
∼3.5× 1020 dopants/cm3, which corresponds to∼0.15 dopants/
MEH-PPV repeat unit. The value for the p-type doping
concentration is in good agreement with previous reports on
similar devices, while the corrected n-type doping concentration
is lower.45,59The discrepancy in the latter case is caused by the
lack of correction for the delayed n-type doping onset in the
earlier studies.

Our current interpretation of the voltage-independent doping
concentration is that there is a specific doping value for which
MEH-PPV exhibits a clear transition from a low- to a high-
conductivity state, and that it is at this specific transitional
doping value that the front progresses forward independent of
the applied voltage. This conclusion is supported by a previous
publication in which we demonstrated that the “overpotential”
(defined as the applied potential subtracted by the band gap
potential of the CP) is primarily dropping over the undoped
region, and not at the interfaces or the doped regions, during
device turn on.44

Direct visual evidence for an electrochemical side-reaction
at the cathodic interface in devices which exhibit significant
time difference between the onset of p-type and n-type doping
is provided by optical microscopy images. Figure 5 shows the
anodic interface (left) and the cathodic interface (right) of a
planar Au/{MEH-PPV + PEO + KCF3SO3}/Au surface cell
with an extremely large inter-electrode gap of 1 cm after long-
term operation atV ) 30 V. While the anodic interface retains
a “clean” appearance after the long-term operation, a bright
“degradation layer” has emerged at the cathodic interface
between the negative Au electrode and the{MEH-PPV+ PEO
+ KCF3SO3} active material. It is interesting to note that we,

in general, find that the degradation layer is easiest to discern
in devices that exhibit slow doping kinetics, i.e., devices
operated at a low overpotential and/or low temperature (when
the ionic conductivity of the active material is very low), and
with large inter-electrode gaps. We will discuss why we believe
this occurs later on in this work. We are also currently working
with the identification of the products of the side-reaction, and
we hope to be able to come back with these data in a later work.

Insight into the electronic structure of the various components
in the LEC, i.e., the Au electrode, the MEH-PPV polymer, and
the {KCF3SO3 + PEO} electrolyte, is provided by cyclic
voltammetry (CV). Figure 6 shows CV data recorded employing
either bare Au (top graphs) or Au coated with a thin film of
MEH-PPV (lower graphs) as the working electrode, and using
either TBAPF6 in CH3CN (left graphs) or{KCF3SO3 + PEO}
in CH3CN (right graphs) as the electrolyte solution. The top
left graph demonstrates that the bare Au electrode is electro-
chemically inert in the probed voltage range (spanning between
-2.6 V and+0.8 V vs the Fc/Fc+ couple), while the lower left
graph demonstrates that MEH-PPV can be reversibly n-type
doped (reduced) at-2.3 V vs Fc/Fc+ and reversibly p-type
doped (oxidized) at+0.1 V vs Fc/Fc+. (These redox values are
∼0.1 V lower than those reported in a previous publication,59

which we attribute to the different sources of the MEH-PPV
polymer.) Importantly, when the electrolyte is changed from
TBAPF6 to {KCF3SO3 + PEO} the situation changes drastically
in that a significant irreversible reduction reaction emerges in
both the bare Au-electrode system (top right graph) and in the
MEH-PPV-coated Au-electrode system (bottom right graph).
On the basis of these data, we draw the conclusion that the
{KCF3SO3 + PEO} electrolyte is irreversibly reduced at a lower
potential than MEH-PPV is reversibly n-type doped.

(62) Wei, Y.; Wang, J. G.; Jia, X. R.; Yeh, J. M.; Spellane, P.Polymer1995,
36, 4535-4537.

(63) de Souza, S.Surf. Coat. Technol.2007, 201, 7574-7581.
(64) Kowalski, D.; Ued, M.; Ohtsuk, T.Corros. Sci.2007, 49, 3442-3452.

Figure 5. Optical microscopy images of the anodic (left) and cathodic
(right) interfaces after∼12 h operation atV ) 30 V andT ) 360 K of a
planar Au/{MEH-PPV + PEO+ KCF3SO3}/Au surface cell with a 1-cm
inter-electrode gap. The white line just to the left of the Au electrode on
the right appears to be the product of a cathodic electrochemical side-
reaction.

Figure 6. Cyclic voltammetry data recorded using a working electrode
(WE) of Au (top graphs) and Au coated with a thin film of MEH-PPV
(lower graphs). The electrolyte solution was 0.1 M TBAPF6 in CH3CN
(left graphs) and 0.1 M KCF3SO3 + 2 M PEO in CH3CN (right graphs),
respectively. A silver wire was used as the quasi-reference electrode,
and it was calibrated vs the Fc/Fc+ reference redox couple at the end of
each measurement. The counter electrode was Pt, and the scan rate was 25
mV/s.
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Figure 7 presents the proposed operational mechanism of the
LECs, in the form of a schematic electron-energy diagram. In
agreement with the CV data, we include in Figure 7a a reduction
level of the{KCF3SO3 + PEO} electrolyte at a lower energy
than the conduction band edge of MEH-PPV (corresponding
approximately to the n-type doping level). During the “initial
stage” operation, as presented in Figure 7b, the electrochemical
redox balance in the LEC is maintained by p-type doping
(oxidation) of MEH-PPV at the anode and reduction of the
electrolyte at the cathode. The latter reaction corresponds to
the electrochemical side-reaction, which manifest itself in the
lack of n-type doping progression during the initial stage
operation (see Figures 2 and 3) and in the form of the
degradation layer at the interface between the negative Au
electrode and the active material (see Figure 5). During the “later
stage” operation, the p-type doping at the anode is instead

balanced by n-type doping at the cathode, and it is during this
process that n-type doping emerges in Figures 2 and 3.

An interesting question that deserves attention at this stage
is related to the transition between the electrochemical-side
reaction and the n-type doping at the Au cathode, and why it
takes place earlier at higher applied voltage and/or increased
ionic conductivity of the active material. We propose that the
side-reaction is the thermodynamically preferred cathodic reac-
tion (which is supported by the CV data), but that the n-type
doping is the kinetically preferred cathodic reaction at the Au
cathode interface. This has the consequence that when very little
overpotential is available at small drive voltage or because all
overpotential is dropping over a low-ionic conductance undoped
region, the thermodynamically preferred side-reaction wins,
since the n-type doping reaction simply is not energetically
accessible. The situation changes at higher drive voltage or when
the ionic conductance of the undoped region (separating the
p-type and n-type regions) increases (because its ionic conduc-
tivity increases or because it decreases in size during later stages
of the doping process) since there is then sufficient overpotential
available at the cathodic interface to allow for both the side-
reaction and n-type doping. In such a scenario, the kinetically
favored reaction, the n-type doping, takes over. Moreover, as
discussed previously, during this later-stage operation when the
effective cathodic interface is located at the n-type doping front,
and not at the Au electrode, the acquired data indicate that n-type
doping is the dominant process.

Two directly apparent consequences of the electrochemical
side-reaction are that the n-type doping onset is delayed and
that the p-n junction shifts toward the cathode. One can also
expect that the electrochemical side-reaction will produce
reactant residues on the surface of the Au cathode (as visualized
in Figure 5), which subsequently will at least partially block
the initial n-type doping. The existence of a partial passivation
layer on the Au cathode surface, but not on the Au anode
surface, following the side-reaction is also consistent with the
observation that the initial n-type doping front exhibits a spike-
like appearance that is absent in the initial p-type front (see
Figure 2). The existence of an insulating degradation layer
between the negative Au electrode and the active material could
also have implications for the voltage distribution in a turned-
on LEC containing a light-emitting p-n junction, as it is
reasonable to expect that it will cause a significant portion of
the overpotential to shift from, e.g., the p-n junction to the
degradation layer. We note that such behavior could have a
notable influence on the results and conclusions inferred from
scanning Kelvin probe measurements on planar surface-cell
LECs.65-66

Conclusions

In order to improve upon the operation of LECs, it is
important to minimize the extent of side-reactions and to form
the light-emitting p-n junction in the center of the interelectrode
gap. In this work, we demonstrate that an electrochemical side-
reaction at the cathodic interface can be the dominant process
during the initial operation of common LECs, as directly

(65) Slinker, J. D.; DeFranco, J. A.; Jaquith, M. J.; Silveira, W. R.; Zhong, Y.
W.; Moran-Mirabal, J. M.; Craighead, H. G.; Abruna, H. D.; Marohn, J.
A.; Malliaras, G. G.Nat. Mater.2007, 6, 894-899.

(66) Pingree, L. S. C.; Rodovsky, D. B.; Coffey, D. C.; Bartholomew, G. P.;
Ginger, D. S.J. Am. Chem. Soc.2007, 129, 15903-15910.

Figure 7. (a) Schematic electron-energy level diagram for an LEC, with
the reduction level for the{KCF3SO3 + PEO} electrolyte positioned within
the band gap of the (MEH-PPV) conjugated polymer (CP). The electronic
and ionic response during (b) the “initial stage” operation, when the p-type
doping of the CP at the anode is balanced by an electrochemical side-reaction
of the electrolyte at the cathode, and during (c) the “later stage” operation,
when the subsequent p-type doping is balanced by n-type doping. The larger
circles represent ions, the smaller open and solid circles represent holes
and electron, respectively, and the arrows represent electronic charge
injection resulting in electrochemical doping. For clarity, the electric double
layers at the interfaces are omitted.
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evidenced by the formation a degradation layer at the cathodic
interface and by a delay in the onset of n-type doping. We
further show that it is possible to alleviate the extent of this
undesired side-reaction, and attain a relatively centered p-n
junction, by operating LECs at a high initial applied voltage
and under conditions at which the LEC active material exhibits
high ionic conductivity. We rationalize these findings with an
electrochemical model in which the thermodynamically pre-
ferred cathodic reaction is the side-reaction, while the kinetically
preferred reaction is n-type doping of MEH-PPV. Finally, we
show that the doping concentrations in the doped regions at

the time of the p-n junction formation is essentially independent
of the applied voltage at∼0.11 dopants/ MEH-PPV repeat unit
in the p-type region and∼0.15 dopants/MEH-PPV repeat unit
in the n-type region.
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