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Abstract: Solid-state polymer light-emitting electrochemical cells have been fabricated using thin films of blends of
poly(1,4-phenylenevinylene) and poly(ethylene oxide) complexed with lithium trifluoromethanesulfonate. The cells
contain three layers: the polymer film (as the emissive layer) and indium-tin oxide and aluminum films as the two
contact electrodes. When externally biased, the conjugated polymers are p-doped and n-doped on opposite sides of
the polymer layer, and a light-emitting p-n junction is formed in between. The admixed polymer electrolyte provides
the counterions and the ionic conductivity necessary for doping. The p-n junction is dynamic and reversible, with
an internal built-in potential close to the band gap of the redox-active conjugated polymer (2.4 eV for PPV). Green
light emitted from the p-n junction was observed with a turn-on voltage of about 2.4 V. The devices reached 8
cd/m2 at 3 V and 100 cd/m2 at 4 V, with an external quantum efficiency of 0.3-0.4% photons/electron. The response
speed of these cells was around 1 s, depending on the diffusion of ions. Once the light-emitting junction had been
formed, the subsequent operation had fast response (microsecond scale or faster) and was no longer diffusion-
controlled.

1. Introduction

Conjugated polymers such as poly(1,4-phenylenevinylene)
(PPV) have attracted attention since the discovery in the late
1970s that these polymers could be doped and the electric
conductivity varied over the full range from insulator to
metal.1-5 They are semiconductors in the neutral nondoped
state, and become highly conductive upon oxidation or reduc-
tion. Counterions are incorporated into the polymers during
the oxidation-reduction process which is therefore a doping
process, p-doping for oxidation and n-doping for reduction. This
reversible electrochemical doping and the corresponding changes
of the electrical, optical, and mechanical properties of the
material have been exploited for a variety of applications such
as rechargeable batteries, electrochromic windows, electro-
chemical “artificial muscles”, and sensors.6-10 All these ap-
plications involve the use of a layer of conjugated polymer as

the working electrode in an electrochemical cell of the typical
configuration with a liquid or solid electrolyte separating the
working and auxiliary electrodes from each other.11

On the other hand, semiconducting conjugated polymers have
been exploited for use in electronic and optical devices; these
polymers have been successfully used as the active materials
in field-effect transistors, light-emitting diodes, and polymer grid
triodes.12-18 Among these devices, the polymer-based light-
emitting diodes (LEDs) are especially attractive for use in
display technology. Polymer LEDs are constructed by sand-
wiching a layer of conjugated polymer between a pair of
electrodes. When applying a high electric field between this
pair of electrodes, electrons are injected from the cathode and
holes are injected from the anode into the polymer layer. If
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the polymer is fluorescent, the injected electrons and holes
recombine radiatively, yielding electroluminescence.
Recently, the invention of a new type of light-emitting device

has been reported;19,20 the light-emitting electrochemical cell
(LEC) combines the novel electrochemical properties of con-
jugated polymers with the ionic conductivity of polymer
electrolytes. In these solid-state LECs, the conjugated polymers
are p-doped on the anode side and n-doped on the cathode side
and a light-emitting p-n junction is formed between the p-doped
and n-doped regions. In this paper, we describe the electro-
chemical operating mechanism of LECs, and we discuss the
fundamental issues associated with the reversible formation of
the light-emitting p-n junction. For these studies, we have used
poly(1,4-phenylenevinylene), PPV, admixed with a polymer
electrolyte as the electrochemically active layer.

2. Mechanism of Operation of the Solid-State LEC

Figure 1 is a schematic diagram of the LEC. Between the
two contact electrodes (ITO and Al) is a layer of poly(1,4-
phenylenevinylene) (PPV) admixed with a complex of poly-
(ethylene oxide) (PEO) and lithium trifluoromethanesulfonate.
PPV is a luminescent polymer which can be electrochemically
doped n-type or p-type, and PEO complexed with a lithium salt
is a polymer electrolyte with relatively high ionic conductivity.
When a sufficiently high voltage is applied between ITO and
Al, charge is injected from the electrodes into PPV. Assuming
that the ITO electrode is wired as the anode and the Al electrode
as the cathode, the PPV polymer near the ITO is initially
oxidized, the polymer near Al is reduced (Figure 1b), and
counterions from the electrolytes move to compensate the
charges on the oxidized and reduced polymer chains. Since
both p- and n-doped PPV are good electronic conductors, the
PPV/electrode interfaces consequently become low-resistant
contacts.
The simultaneous p-doping and n-doping are initiated by

setting the electrochemical potential at the HOMO (top of the
π-band) of the conjugated polymer on the anode side, and at
the LUMO (bottom of theπ*-band) on the cathode side. The
minimum bias voltage (Von) to do so is the difference (Eg) in
chemical potentials between the LUMO and HOMO:

At bias voltages higher thanVon, the redox reactions (with

associated counterion insertion) symmetrically dope the PPV
near the ITO and Al electrodes to higher levels.
In general, the current passing through the LEC is made up

of two components: an ionic contribution and an electronic
contribution. After changing the applied voltage, oxidation and
reduction will occur and ions will move (i.e., the corresponding
doping levels will adjust) until the cell is in electrochemical
equilibrium. After forming the p-n junction and coming to
electrochemical equilibrium at an applied voltage greater than
Von, the ionic contribution to the current goes to zero. The
electronic contribution to the current does not go to zero: under
the influence of the applied voltage the holes in theπ-band of
PPV (p-type carriers) propagate from the anode toward the
cathode, and the electrons in theπ*-band (n-type carriers)
propagate from the cathode toward the anode. These holes and
electrons meet in the compensated volume between the n-type-
doped and p-type-doped regions; this compensated volume
defines the electrochemically induced p-n junction. Within
this p-n junction, the p-type and n-type carriers recombine to
form neutral charge carrier pairs which radiatively decay to the
ground state. Although the width and shape of the p-n junction
are not yet understood in detail (for example, as a function of
the bias voltage), on general grounds we expect the doped
regions to extend more deeply into the polymer at higher bias
voltages with an associated narrowing of the p-n junction.
The electrochemically induced p-n junction is dynamic and

reversible. The direction of the p-n junction can be reversed
simply by wiring ITO as the cathode and Al as the anode.
Alternatively, the junction can be removed by discharging the
previously charged electrochemical cell; this discharge can be
carried out either with the two contact electrodes shorted or
with the cell in open circuit conditions. In the latter case, the
discharge current flows internally through the semiconducting
polymer; in short circuit conditions, the discharge current flows
primarily in the external circuit (since the external impedance
can be made much less than the internal resistance of the
conducting polymer layer). Under such short circuit discharge
conditions, the integrated current provides an estimate of the
doping level:

The doping concentration (charge per repeating unit of the redox
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Figure 1. Schematic diagram of the electrochemical processes in a solid-state light-emitting electrochemical cell: (large open circle) an oxidized
molecule, (large closed circle) a reduced molecule, (circled minus) an anion, (circled plus) a cation, (small open circle) a hole, (small closed circle)
an electron, (asterisk) a photon. This figure, presented here in black and white, is available in color on the World Wide Web. See Supporting
Information paragraph on any current masthead page for instructions on accessing the images.
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polymer) is, therefore,

whereN is the number of repeat units of the redox polymer in
the film. Although the equality in eq 3 is only approximate
(the compensated region within the p-n junction is not doped),
this relation can be used to obtain an estimate of the doping
level and to demonstrate that the LEC functions as a charged
electrochemical cell which can store both charge and energy.
Because the electrical conductivity of the conducting polymer

increases by many orders of magnitude upon p-type or n-type
doping, most of the external bias is applied across the p-n
junction. Therefore, the minimum bias to maintain the p-n
junction equals the built-in potential difference of the p-n
junction which is ideally equal to the LUMO-HOMO band
gap of the redox material divided by the elementary charge (Eg/
e). A bias voltage higher thanEg/e will initiate the flow of
electrons and holes into the p-n junction with concurrent light
emission. In principle, the turn-on and operating voltages of
LECs are not sensitive to the total thickness of the polymer
layer. If, however, the thickness is too great or if the electronic
mobility is too low (as for example at low temperatures), the
series resistance of the n-type- and p-type doped regions will
decrease the actual voltage applied across the junction and the
device will require higher operating voltage.

3. LECs, Electrochemiluminescent Cells, and Polymer
LEDs: Comparisons

Unlike polymer light-emitting diodes (LEDs) which utilize
the semiconductor properties of nondoped conjugated polymers
and conventional electrochemical cells (batteries) which utilize
the redox properties of these polymers, LECs utilize both the
semiconductor properties and the redox properties. The high
electronic conductivity of conjugated polymers after doping is
also essential to the operation of LECs.
Electroluminescence from electrochemical cells, known as

electrochemiluminescence, has been known for many years.21-24

However, the mechanism of electroluminescence operating in
LECs is fundamentally different from the phenomena associated
with electrochemiluminescence. Electrochemiluminescent de-
vices rely on transport of the oxidized or reduced light-emitting
molecules (ions) themselves through the electrolyte between the
electrodes,rather than transport of the electronic charge
carriers between the electrodes. The oxidized and reduced
species (ions) then react with each other (or the electrode) to
form the original organic or metalloorganic species in an excited
state which can subsequently decay radiatively. Electrochemi-
luminescent displays have been described in which the elec-
trochemiluminescent substance is dissolved in a solid electrolyte.
Nevertheless, after generation of the oxidized and reduced
species, the ions diffuse away from their respective electrodes
and eventually meet somewhere between the two electrodes.
Since the diffusion of the ions is slow, the current and the
intensity of light emission are low. Alternatively, electrochemi-
luminescent material can be fixed on one of the electrodes in
an electrochemical cell and cyclically reduced and oxidized by
an alternating potential. A direct current potential can be used

only if the cell contains an additional species which serves to
interact with the luminescent material in such a way as either
to oxidize the electrochemically reduced material to the neutral
excited state or to reduce the electrochemically oxidized material
to the neutral excited state.
In the LEC, on the other hand, the oxidized and reduced

macromolecules are immobile; they do not physically move
from one electrode to the other. On the contrary, it is the
electrons in theπ*-band and the holes in theπ-band (i.e., the
electronic charge carriers) which move between the electrodes
within the immobile semiconductor. As noted above, ions move
only during the transient formation of the p-n junction. Ion
transport is not directly involved in the light emission; after
reaching a steady state under a fixed applied voltage, all ion
transport stops. Under such steady-state conditions, electrons
from the n-type region and holes from the p-type region combine
in the compensated p-n junction to form neutral pairs which
radiatively decay and give off light.
Electrochemical systems have been studied where redox

active molecules were dissolved in solid polymer electrolytes.25

Electrochemical reactions of the redox molecules in the bulk
polymer phase occur via the diffusion of the redox molecules
to electrodes. Although electron hopping between redox centers
in these systems sometimes plays a role in charge transport,
both the mass transport of the redox molecules and the electron
hopping are slow. The diffusion-type cyclic voltammograms
indicate that even the faster of the two processes had a narrow
diffusion distance, probably limited to the regions near the
electrode interfaces. Therefore, no p-n junction was formed
in such solid electrochemical systems. On the contrary, as will
be shown below, once the light-emitting p-n junction has been
formed in an LEC, the electronic charge injection into the
polymer layer is no longer diffusion controlled.
LEC devices also differ from conventional polymer LEDs

(and organic LEDs as well). In contrast to LECs, LEDs have
no ionic species in the polymer layer to compensate for the
charges on the polymer chains. In the LED, the semiconducting
polymer layer is oxidized on one side (holes are injected) and
reduced on the other side (electrons are injected), but doping
does not take place. The electrons and holes are injected by
tunneling through the energy barriers formed at the electrode/
polymer interfaces. Consequently, low-work-function cathodes,
and high-work-function anodes are usually required to produce
bright and efficient light emission.26-28 The fundamental
difference between the operating mechanisms of polymer LEDs
and polymer LECs demonstrates clearly and unambiguously the
difference between redox and doping in conducting polymers.

4. Experimental Details

Poly(1,4-phenylenevinylene) is prepared by the precursor route.29,30

The precursor poly(xylylidenetetrahydrothiophenium chloride) was
prepared according to ref 30d. Poly(ethylene oxide) (PEO),Mw )
5 000 000, was purchased from Polysciences. Lithium trifluoromethane-
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sulfonate (LiCF3SO3) was purchased from Aldrich. Both PEO and
LiCF3SO3 were used without further treatment. Thin polymer films
were prepared by spin-casting from a solution containing 50 mg of
poly(xylylidenetetrahydrothiophenium chloride), 50 mg of PEO, and
8.9 mg of LiCF3SO3 dissolved in 10 mL of acetonitrile. A small amount
of water was added in the solution to enhance codissolution of the two
polymers. The molar ratio of LiCF3SO3 to the CH2CH2O moieties in
PEO was 1:20.31 The spinning rate was 800 rpm. The films were then
heated in a nitrogen atmosphere at 200°C for 3 h to convert the
precursor polymer into PPV.
LEC devices were fabricated on a transparent, indium-tin oxide

(ITO) coated glass substrate (purchased from Standish) in a drybox.
Thin films of the PPV and PEO(LiCF3SO3) blend were used as the
active light-emitting layer between ITO and aluminum electrodes (the
400 Å Al layer was evaporated onto the polymer film at pressures
around 1× 10-6 Torr). The polymer layer was typically 0.4µm thick.
The LECs fabricated with this structure are denoted by the abbreviation
ITO/PPV+ PEO/Al. The active area of the devices was 12 mm2. The
devices were tested in a drybox. The yield of the devices was above
90%. For convenience, the forward voltage bias below indicates that
the ITO electrode is wired as the anode.
UV-vis absorption spectra were recorded using an HP 8452A diode

array UV-vis spectrophotometer. Photoluminescent and electrolumi-
nescent spectra were obtained using an Oriel Multispec 4 CCD array
spectrometer.

5. Results and Discussion

5.1. PPV + PEO(LiCF3SO3) Blends. For these initial
studies, we chose poly(1,4-phenylenevinylene) (PPV) and poly-
(ethylene oxide) (PEO) as the electronic and ionic conductors,
respectively. Both PPV and PEO are representative in their
category. PPV is a conjugated polymer capable of both p- and
n-type doping. The conductivity of neutral (non-doped) PPV
is less than 10-12 S/cm at room temperature.30b Both p-doped
and n-doped PPVs are highly conductive (measurements of
n-type material are more difficult because of the reactivity of
the n-type material with moisture and oxygen).32 Furthermore,
pure PPV is fluorescent, with efficient green emission, while
in doped PPV, the luminescence is quenched.33 PEO is a known
ionic conductor. When complexed with a lithium salt, especially
with a plasticizing salt such as LiCF3SO3, the ionic conductivity
is as high as 10-6 S/cm at room temperature, increasing to 10-4

S/cm at 72°C.31c
Thin films of PPV+ PEO(LiCF3SO3) blends have an ionic

conductivity of∼1× 10-7 S/cm at 22°C, and∼1× 10-5 S/cm
at 80 °C. The PPV+ PEO(LiCF3SO3) films also retain the
characteristics of PPV: (i) In the nondoped, pristine form, they
are photoluminescent, emitting green light with the spectrum

characteristic of PPV. (ii) Such films can be doped and become
highly conductive (σ > 1 S/cm) after being exposed to iodine.
Although doped PPV is not fluorescent, a blend of PPV

containing ionic species, but without oxidative or reductive
doping, retains the fluorescence of pure PPV. Electron mi-
croscopy studies have shown that the blends are phase-separated
composites, as would be expected from mixtures of polar and
nonpolar polymers, each with relatively high molecular weight.
The ions are, therefore, compensated in pairs and stored
primarily in the PEO.31,32

The morphology of the PPV+ PEO(LiCF3SO3) blend films
could be changed simply by changing the water content in the
solution used to cast the films. In anhydrous acetonitrile, the
PPV precursor precipitated from the solution upon mixing with
the PEO(LiCF3SO3) solution. In aqueous solution with less than
50% acetonitrile, the high molecular weight PEO(LiCF3SO3)
precipitated. The optimal water:acetonitrile ratio of solution
was found to be around 1:5 by volume which was used in this
study. Higher and lower water contents both induced macro-
scopic phase separation (>0.1 µm) in the spin-cast films and
lowered device performance (higher leakage current, lower
quantum efficiency, and slower response). Moisture was
removed from the blend films during the conversion of the
precursor polymer to PPV.
The UV-vis absorption and photoluminescent spectra of a

PPV+ PEO(LiCF3SO3) film are displayed in Figure 2. The
absorption onset is at 515 nm, which corresponds to a LUMO-
HOMO band gap (Eg) of 2.4 eV; the absorption peak is at 415
nm. The photoluminescent spectrum has a strong peak at 530
nm, with shoulders on both sides. These spectral features are
in good agreement with pure PPV film converted from the
precursor at temperaturesg200 °C.
Since the PPV+ PEO(LiCF3SO3) films retain both the

characteristics of the PEO(LiCF3SO3) complex and PPV, a
phase-separated interpenetrating polymer network is probably
formed in the blend films. While the PEO network provides
the channels for ion transport, the PPV network provides the
pathways for transport of electronic charge carriers. The
interpenetrating polymer network is an attractive morphology
for the active material in the polymer-based solid-state light-
emitting electrochemical cells.
5.2. Current-Light-Voltage characteristics of an LEC.

When an external voltage was applied to an ITO/PPV+ PEO/
Al sandwich structure, light was emitted from the polymer layer.
Figure 3 shows typical current-light-voltage characteristics
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Figure 2. Optical absorption and photoluminescent spectra of a thin
layer of a blend of PPV and PEO with LiCF3SO3 in the ratio of 1:1:
0.18 by weight.
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of an ITO/PPV+ PEO/Al cell under both forward and reverse
bias conditions. The current-voltage curve is antisymmetric
about the origin, in contrast to conventional semiconductor
diodes where a large rectification ratio (ratio of forward to
reverse current) on the order of 103-108 is obtained. In the
LEC, the rectification ratio is near unity. The light-voltage
curve is symmetric about zero bias. The apparent threshold
voltages for appreciable current injection and visible light
emission are at 2.5 V for forward voltage scans sweeping from
0 to 4 V, and around-2.6 V for reverse scans sweeping from
0 to-4 V. These threshold voltages are very close to the optical
band gap of PPV (2.4 eV).
The threshold voltages increase slightly with thicker polymer

films, but the increase is much less significant than that in
conventional polymer light-emitting diodes where the threshold
voltage is roughly proportional to the thickness of the elec-
troluminescent layer.27 This small thickness dependence of the
threshold voltage results from a combination of the limited ionic
conductivity (10-7 S/cm) and the series resistance of the lightly
doped material.
The low mobility of the counterions delays the formation of

the light-emitting p-n junction in thicker films. This effect is
clearly seen when the voltage scan is carried out at various
sweep rates as shown in Figure 4. The apparent threshold
voltage increases with sweep rate, characteristic of an electro-
chemical process during linear sweep voltammetry. The
expected hysteresis resulting from the low ionic mobility is
shown in Figure 5. The light-voltage curve during a forward
scan (sweep from 0 to 4 V) shows a shift of the threshold voltage
by about 0.2 V upfield compared to the curve during the reverse
scan (sweep from 4 to 0 V). During the reverse scan sweeping
from 4 to 0 V, a peak is observed at about 3.5 V. The time
interval from the beginning of the sweep to the peak position
is about 10 s. This interval reflects the time scale to form the
p-n junction in this system. The hysteresis can be reduced
and made negligible by decreasing the sweep rate.
Under a constant voltage of 4 V, the devices turned-on (started

emitting light) in less than 0.1 s. The current and light intensity
continued to increase for about 10 s when the p-n junction
reached equilibrium. Once the junction had been formed, the
subsequent operation had fast response (microsecond scale or
faster).

Figure 6 displays the electroluminescent spectra of the green
light emitted from devices operated at+4 and-4 V. Both
spectra are close to the photoluminescent spectrum of the
polymer layer (PPV is the chromophore), confirming the

Figure 3. Typical current-light-voltage characteristics of an ITO/
PPV+ PEO(Li)/Al cell. The voltage scans from 0 to 4 V and from 0
to -4 V, respectively.

Figure 4. Light-voltage characteristics of an ITO/PPV+ PEO(Li)/
Al cell during voltage scans from 0 to 4 V at sweep rates of 20, 90,
and 270 mV/s.

Figure 5. Light-voltage characteristics of an ITO/PPV+ PEO(Li)/
Al cell during a forward scan (0f 4 V) and a reverse scan (4f 0 V)
at a sweep rate of 90 mV/s.

Figure 6. Electroluminescent and photoluminescent spectra of a thin
layer of a blend of PPV and PEO with LiCF3SO3 in the ratio of 1:1:
0.18. The electroluminescent spectra were generated by incorporation
of the layer in an ITO/PPV+ PEO/Al LEC structure.
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expected reversible formation of the junction. Photons are
generated by the radiative recombination of holes in the HOMO
and electrons in the LUMO of PPV. The slight change of the
relative intensity of the emission peaks has also been observed
in light-emitting diodes using pure PPV as the emissive layer,
and attributed to the self-absorption of PPV.37

Initial stress life results are promising: devices were continu-
ously stressed at+4 and-4 V (light intensity about 100 cd/
m2) for 24 h, with a loss of emission intensity by less than 50%.
At lower light output, the stress life is significantly longer. For
example, at+3 and-3V bias (about 8 cd/m2), the light intensity
decays by only 5% in 24 h. In addition, since stable metals
are used as the contact electrodes, and the fluorescent conjugated
polymers are in their neutral undoped form, all components of
the LECs are environmentally stable at the quiescent “off” state.
As a result, one anticipates intrinsically longer storage lifetime.
Our initial ITO/PPV+ PEO/Al devices have been stored in an
argon atmosphere for 15 months. After such long-term storage,
the devices operate without loss of efficiency and do not exhibit
the formation of black spots which typically limit the storage
lifetime of polymer LEDs.
5.3. Doping and p-n Junction Formation in LECs.

Because the polymer must be symmetrically p- and n-doped
on opposite sides of the polymer layer, light is emitted
from the p-n junction which will form between the two
electrodes. Although the same charge must be injected at
both electrodes (positive on one side and negative on the other),
the polymer need not be precisely electron-hole symmetric.
Thus, one doping type (e.g., n-type) could occupy a larger
volume at a lower doping concentration than the other (e.g.,
p-type).
To investigate the location and width of the light-emitting

junction, we fabricated LECs in a surface cell configuration.35

A thin layer of PPV+ PEO(LiCF3SO3) was spin-cast onto a
glass substrate prepared with parallel, interdigitated gold
electrodes (Figure 7, the black lines). The gold electrodes in
Figure 7 are 50µm wide; the spacing between the electrodes is
15 µm. When 4 V was applied between the two electrodes, a
yellow-green emission line near the center of the spacing was
clearly seen after an induction period of about 1 min. The photo
displayed in Figure 7 shows the emission line, which defines
the dynamically formed p-n junction. In Figure 7, the junction
is relatively straight; the wavy structure noted earlier20 was
possibly the result of nonuniformity in the polymer layer.
Because a p-n junction is a capacitor, the energy stored in the
junction (CV2/2 per unit volume) is proportional to its length.
Thus, the stored energy functions as a source of line tension
which tends to suppress deviations from straight line behavior.
The width of the p-n junction in Figure 7 is approximately

1-3 µmwithin the 15µmwide spacing. The junction is slightly
closer to the anode than to the cathode. In addition, the area
between the anode and the emission line is darker than the area
between the emission line and the cathode, consistent with
p-type doping to a higher level in a smaller volume. During a
period of continuous operation, the dark area slowly grew,
pushing the junction closer to the cathode. The width of the
light-emitting junction remained essentially constant. Why the
p-n junction moved toward the cathode remains an open
question.
When a high voltage, e.g., 25 V, was applied between the

two parallel gold electrodes, light was emitted from the entire
spacing between the electrodes. The bright area rapidly
narrowed and became a narrow line near the center of the
interelectrode spacing in a few seconds. However, when the
device was operated at a low voltage, such as 4 V, no light was

observable before the narrow light-emitting junction was formed
after about 1 min.
In order to obtain some initial information on the in situ

doping, an ITO/PPV+ PEO/Al sandwich structure was fab-
ricated, and the optical absorption spectrum of the LEC was
measured during light emission. The Al layer was 100 Å thick
and semitransparent. The absorption spectra of the device
during operation at 6 V are displayed in Figure 8 (since the
thin Al layer had higher resistance, a higher voltage was required
to gain light emission visible to the naked eye). Green light
was emitted from the device. At the same time, the absorption

Figure 7. An optical microphotograph of the Au/PPV+ PEO/Au LEC
(surface cell configuration) during operation. A 4 V bias is being applied
between the pair of gold electrodes which are separated by 15µm.
Green light is emitted from the narrow p-n junction near the center of
the spacing. This figure, presented here in black and white, is available
in color on the World Wide Web. See Supporting Information para-
graph on any current masthead page for instructions on accessing the
images.

Figure 8. Absorption spectra of an ITO/PPV+ PEO/Al cell during
operation at 6 V. The Al layer is 100 Å thick and is semitransparent.
Key: ([) the fresh cell before being biased, (s) biased at 6 V as a
function of time (spectra were taken at 1 min intervals), (O) zero
bias, 2 min after the last operation.
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spectrum of the polymer layer changed. The intensity of the
absorption peak due to the HOMO-LUMO band gap transition
decreases, and its position slightly blue shifts with increasing
time, while the absorption in the red-near-infrared regime
increases. This process is reversible. As the bias is reduced to
0 V, the spectrum gradually returns to that of the pure polymer.
This spectral development is consistent with the expected
electrochemical doping of PPV. The weak absorption in the
red-near-infrared regime suggests that, in the sandwich cell,
the PPV is relatively lightly doped. In the sandwich structure,
where the active polymer layer is less than 1µm thick, the width
of the p-n junction might be close to the thickness of the
polymer layer. In this situation, therefore, a relatively small
spectral change would be expected, as indicated in Figure 8.
The doping level in the p-type and n-type regions and the
profile of the p-n junction is clearly dependent on the
interelectrode spacing (in the surface cell, the junction is 1-3
µm, considerably wider than the thickness of the entire layer in
the sandwich cell).
To confirm the importance of ionic conductivity in the

operation of LECs, we also fabricated sandwich-structured
devices using thin films (∼0.4µm thick) of the PPV and PEO
blend as the active layer. No ionic species were added in the
blend. These blend films were highly insulating (conductivity
is less than 10-9 S/cm). The electric current was less than 1
µA even at bias up to 15 V. In addition, PPV and LiCF3SO3
blend films (∼0.3µm thick) were also used as the active layer.
In this case, no PEO was added. The blend films also have
low conductivity, 3× 10-10 S/cm.34 The devices functioned
like a typical ITO/PPV/Al light-emitting diode which turned-
on at high voltage with low quantum efficiency.15a The current
and light intensity at reverse bias were significantly lower than
those in forward bias.
5.4. Relaxation of the p-n Junction in LECs. Since

p-doped and n-doped PPVs have different chemical potentials,
the biased LEC is a charged electrochemical cell. After the
removal of the external bias, the doping profile changes, and
the p-n junction relaxes as the cell discharges.
When the anode and cathode of an ITO/PPV+ PEO/Al cell

were disconnected (open-circuited) after continuous operation,
light emission ceased immediately. A relatively large potential
difference between the anode and cathode was measured, with
the anode at a higher potential than the cathode. This open-
circuit voltage decayed with time as shown in Figure 9. The
voltage decreases slowly from 2.0 to 0.02 V in approximately
7 min. Between the intervals of 0 and 6 min, the decay is
essentially exponential. Just as the formation rate of the p-n
junction is determined by the slow ion transport, the relaxa-
tion rate is also limited by the ion mobility. While the p-n
junction is relaxing, the excess lithium cations in the n-doped
regime, as well as the excess trifluoromethanesulfonate
anions in the p-doped regime, diffuse back into the electrolyte,
restoring uniform (neutral) ionic charge throughout the polymer
layer.
When the circuit is first opened, the instantaneous potential

difference across the p-n junction should be the built-in
potential 2.4 V (the band gap) rather than 2.0 V. In the surface
cell LECs, we indeed measured open-circuit voltages as high
as 2.3 V by applying a compensating voltage to the electrodes
such that theexternalcurrent remained zero during the relaxation
of the p-n junction.
When the anode and cathode of the LEC were electrically

shorted (through a low impedance ammeter) after a continuous

operation, light emission ceased immediately. An electric
current was detected flowing from the anode to the cathode,
i.e., opposite to the charging current during formation of the
junction. Figure 10 shows the decay of the zero-bias electric
current (relaxation current) after the LEC had been continuously
biased at 3 V for 12 min. Again, because there was some delay
before the first data point of the relaxation current was taken,
the actual initial current immediately after the circuit had been
shorted was larger than 6µA.
As shown in Figure 10, the relaxation current decays very

rapidly in the first minute, and then slows down and continues
beyond 5 min. This relaxation current results from carrier
transport between the p- and n-doped regions through the
external wire. At the same time, there is also an internal current
(not detectable by an external ammeter) between the p- and
n-doped regimes. The total relaxation charge is the time integral
of both the external and internal relaxation currents, which
should equal the doping level of the p-doped and n-doped
regimes. As discussed in section 2, however, with a low
impedance meter in the external circuit, the internal current
should be relatively unimportant. Using eq 2, we estimate Q
≈ 8 × 10-6 C. From eq 3, the doping concentration was
estimated to be∼0.7% charges per phenylenevinylene unit,36

consistent with the relatively small doping-induced spectral
changes seen in Figure 8.

(34) Esteghamatian, M.; Xu, G.Synth. Met.1994, 63. 195.
(35) Yu, G. US Patent Appl. No. 08/444998, 1995.

Figure 9. Decay of the open-circuit voltage of an ITO/PPV+ PEO-
(Li)/Al cell after applying a 3 Vbias for 12 min (ITO is the positive
electrode).

Figure 10. Chronoamperometric response at 3 V and the subsequent
relaxation current at 0 V (short-circuited) of an ITO/PPV+ PEO(Li)/
Al cell. The relaxation current flows from ITO to Al.
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6. Conclusion

We have investigated the mechanism of operation of light-
emitting electrochemical cells in which the active layer is a
phase separated blend of conjugated polymer and polymer
electrolyte. Devices made from PPV and PEO(LiCF3SO3) plus
two contact electrodes constitute a novel solid-state light-
emitting electrochemical cell. In this cell, a light-emitting p-n
junction is createdin situ through simultaneous p-type and
n-type electrochemical doping of the luminescent PPV on
opposite sides of the polymer layer. The admixed PEO(LiCF3-
SO3) complex provides the necessary counterions and ionic
conductivity needed for electrochemical doping. During the
doping process, the ionic species of the complex redistribute,
so that in the established doping profile, cations dominate the
n-doped regime and anions dominate the p-doped regime. The
p-n junction is dynamic and reversible: its polarity may be
reversed by applying a reverse voltage on the electrodes. The

junction relaxes when the external bias is removed, and the
semiconducting polymer PPV transforms back to the neutral
nondoped state. Simultaneously, the ionic species redistribute,
so that in the relaxed profile, a uniform neutral ion distribution
is obtained. Bright green light is emitted from the p-n junction
with a turn-on voltage close to the band gap of PPV. These
devices are suitable for display applications, with initial results
implying a relatively long storage life and stable continuous
light emission at low driving voltages. The response speed of
the light-emitting cells was around 1 s, depending on the
diffusion of ions. It can be increased by increasing the ionic
conductivity of the active polymer layer. Furthermore, once
the light-emitting junction has been formed, the subsequent
operation has electronic response which is fast (on the micro-
second scale or faster).
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(36) The density (d) of the PPV and PEO blend film has been assumed
to be 1 g/cm3. The number (N) of phenylenevinylene units in the active
area of the polymer layer isVdwA/Mpv, whereV is the volume of the polymer
layer,w is the weight percentage of PPV in the blend,A is Avogadro’s
number, andMpv is the molar weight of phenylenevinylene.N is calculated
to be 6.6× 1015.
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