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Anode-to-cathode spatially resolved study of polymer light-emitting device degradation has been
performed based on a massive planar device structure. The unique device configuration of the
extremely large planar frozen-junction light-emitting electrochemical cell allows for the study of
device degradation by direct imaging. Constant current stress for an extended period results in a
very unusual net luminance increase as opposed to luminance decay. Imaging of the emission zone
has shown changes that are consistent with polymer degradation by the loss of electron mobility. ©
2004 American Institute of Physics. [DOI: 10.1063/1.1810213]

Polymer light-emitting devices have been studied exten-
sively worldwide since the discovery of efficient electrolu-
minescence(EL) from conjugated polymer thin film.1,2 De-
spite much improved device efficiency and available full-
color emission, the eventual success of these devices in high-
information content, flexible flat panel displays demands a
better understanding of degradation mechanisms for engi-
neering devices with longer lifetimes. Various degradation
processes have been observed and mechanisms
postulated.3–10However, all the previous studies are based on
extremely thin sandwich devices that cannot be imaged
cross-sectionally and are susceptible to pinholes, high elec-
tric field, and adverse electrode effects. A planar metal–
polymer–metal device structure with large interelectrode
spacing offers an obvious advantage in elucidating the device
degradation mechanisms, as any change to the electrode/
polymer interface and the bulk of the emitting layer can be
directly observed.

EL from conjugated polymers can be achieved through
either a polymer light-emitting diode(LED) or a polymer
light-emitting electrochemical cell(LEC).1,11 There are very
few reports of polymer LED in a planar configuration.12–15A
planar polymer LED based on a non-ion-conducting light-
emitting polymer exhibits an extremely high light emission
turn-on voltage of 500 V for an electrode spacing of 30mm.
Light emission was only observed at low temperatures and
no image of the device was taken.12 The high operating volt-
age of a planar polymer LED is due to the high resistivity of
the nondoped polymer film. On the other hand, a LEC oper-
ates on the principle ofin situ electrochemical doping and
the formation of ap-n or p-i-n junction. The bulk of the
polymer film is doped upon applying a voltage bias and
therefore becomes much less resistive. In fact, planar LECs
with micrometer interelectrode spacing were demonstrated in
the first LEC publications along with sandwich LECs. A dis-
tinctive, narrow emission zone has been observed which is
consistent with the formation of a doping-induced light-
emitting junction betweenp- andn-doped regions.11,16

While the operation of a LEC at room temperature in-
volves both ionic and electronic processes, afrozen-junction
LEC operated at temperatures below the glass transition tem-
peraturesTgd of the LEC polymer electrolyte involves only
fast electronic processes similar to a common polymer
LED.17,18 Hence the study of frozen-junction LECs should

provide useful insights into polymer light-emitting devices in
general. Recently we demonstrated planar LECs with ex-
tremely large interelectrode spacings.19,20 With an interelec-
trode spacing up to 1 cm, these massive planar LECs offer
unparalleled spatial and temporal resolution for imaging as
well as ease of fabrication. In this letter, we present anode-
to-cathode spatially resolved study of polymer light-emitting
device degradation based on the imaging of frozen-junction
planar LECs. Changes in the emission zone have been di-
rectly imaged, which can be attributed to polymer degrada-
tion by the loss of electron mobility.

We use polyf5−s28-ethylhexyloxyd-2-methoxy-1,4-
phenylene vinyleneg (MEH-PPV) as the light-emitting poly-
mer, and poly(ethylene oxide) (PEO,Mw=2 million)/lithium
trifluoromethanesulfonate complex as the polymer electro-
lyte. On top of a 1.5 cm by 1.5 cm glass substrate, the poly-
mer film was formed by spin casting from a cyclohexanone
solution containing the above-mentioned materials, followed
by baking at 50°C for at least 5 h. The resulting polymer
blend film has a thickness of 0.65±0.11mm, as determined
by profilometry. In addition, all the devices were fabricated
with an anode-to-cathode distance of 0.6 mm by thermally
evaporating 100 nm of aluminum on top of the polymer film
through a shadow mask. The device configuration is shown
in the inset of Fig. 1. Current injection is through the oppo-
site edges of the electrodes, which are 8 mm in length. All
the planar LECs were fabricated in a dry nitrogen-filled
glove box/evaporator system and then transferred to a cry-
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FIG. 1. Current–voltage–light intensitysI –V–Ld characteristics of a
0.6 mm frozen-junction planar LEC(device 4), before (in closed circles)
and after(in open circles) constant current stress at 605 mA/cm2 that lasted
177 h.
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ostat for testing under a dynamic vacuum of 10 mTorr.
A set of four identical devices were turned on and frozen

upon which stress measurements at various driving current
densities were performed. Under a voltage bias of 150 V at
315 K, light emission is detected in less than 2 min when the
light-emitting junction is initially formed, and continues to
increase with increasing doping level and current density.
The maximum light output is achieved after about 30 min, at
which point the device is cooled in less than 3 min to 200 K
while maintaining the 150 V “prebias.” This leads to a
frozen-junction LEC whose characteristics can be studied
without junction relaxation or continued doping. Current–
voltage–light intensitysI –V–Ld characteristics of a 0.6 mm
frozen-junction planar LEC before and after stress measure-
ment are shown in Fig. 1. TheI –V curves are highly sym-
metric between −200 and 200 V. Light emission, however, is
only detected under forward bias(the same polarity as the
prebias) with a very low turn-on voltage of around 3 V. De-
spite the fact that our device is 20 times larger in interelec-
trode spacing than the planar polymer LED reported by Lem-
mer et al.,12 the light emission turn on voltage is more than
100 times lower, indicative of a much smaller device resis-
tance due to a strong doping effect. After stress, the device
becomes more resistant and efficient, as indicated by a lower
device current and higher light intensity.

Stress measurements are performed on four identical
frozen-junction planar LECs at 200 K under constant driving
currents of 3, 10, 20, and 30mA, respectively. The corre-
sponding current densities are 61, 202, 403, and
605 mA/cm2, respectively. During the stress measurement
both the driving voltage and the light intensity are recorded
every 15 s. Figure 2(a) shows the driving voltage as a func-
tion of time sV–td. In all devices the driving voltage in-
creases with time under a constant current condition, indica-
tive of an increasing device resistance. This voltage drift is
very commonly observed in both organic and polymeric
sandwich LEDs under constant current stress.3,7,10,21–23

A very unusual observation is that all four devices
showed an increase in light intensity after a small initial de-
cay, as shown in Fig. 2(b). Furthermore, the rate of light

intensity increase, as determined from the linear region of
the light intensity versus stress timesL–td characteristics,
increases exponentially with driving current density(not
shown). On the other hand, nearly all the organic and poly-
mer LEDs previously studied show monotonic decrease in
light intensity with a device half lifetime inversely propor-
tional to the driving current density. Thisnet luminance in-
crease over an extended period has only been observed pre-
viously by Parkeret al. on a group of highly efficient
sandwich polymer LEDs with long half lifetime.7 In fact, our
devices show very similar trends to Parker’s, although we
could not observe the ultimate decline of light intensity due
to a relatively short testing periods,150 hd, limited by the
coolant volume of our cryogenic system.

The initial rapid increase in voltage and decrease in light
intensity have been attributed to a morphological change re-
lated to polymer chain relaxation by Parkeret al.7 However,
there has been no explanation to the puzzling luminance in-
crease. It can been seen from Figs. 2(a) and 2(b) that theL–t
and V–t characteristics bear remarkable resemblance after
the initial settling period, with corresponding inflections oc-
curring at the same time. It suggests that the same dominat-
ing mechanism is responsible for both the increase in driving
voltage and in luminance. The gradual increase in device
resistance and therefore driving voltage has been commonly
attributed to the formation of nonconductive “dark spots”21

and/or the decrease in charge carrier mobility.3,7 The forma-
tion of black spots, which leads to a loss of active area, will
not cause an increase in device efficiency. The loss of charge
carrier mobility, on the other hand, may result in a more
balanced charge carrier injection and/or improved recombi-
nation, and therefore the observed luminance/efficiency in-
crease under constant current.

There has been strong evidence from the study of single-
carrier sandwich devices based on PPV derivatives indicat-
ing that it is the electron mobility that decreases during stress
measurement. “Electron-only” devices show the largest volt-
age increase rate, while “hole-only” devices show almost no
voltage increase, indicating that the hole mobility is not de-
graded with time.7,24 We expect the loss of electron mobility
in a dual-carrier injection device will not only affect the
driving voltage, but also the light emission characteristics.
For example, with electron mobility reduced and hole mobil-
ity remaining the same, the emission maximum in space will
shift toward the cathode. In addition, reduced carrier mobil-
ity should lead to an increase in charge carrier capture cross
section, and therefore more efficient recombination and light
emission at constant current. These behaviors have been pre-
dicted by organic LED and polymer LED models,25,26 but
have never been observed experimentally. Based on direct
imaging of large frozen-junction planar LECs, we have ob-
served changes in light emission that are consistent with the
loss of electron mobility. Figure 3 shows EL of the same
device in dark and under UV illumination, before and after
the stress measurement. The UV illumination also reveals
doping-induced photoluminescence quenching and the elec-
trodes. It can be seen very clearly that EL only occurs at the
junction betweenp- and n-doped regions[Figs. 3(c) and
3(d)]. Initially the EL is more or less uniform within the
emission zone[Fig. 3(a)]. After about 150 h of continuous
operation under a constant current density of 61 mA/cm2,
the EL becomes nonuniform, with its maximum shifted
21 mm toward the cathode, as determined by a custom image

FIG. 2. The time dependence of device driving voltage(a) and light inten-
sity (b) for four identical 0.6 mm frozen-junction planar LECs operated at
200 K at various driving current densities. Device numbers and driving
current densities are labeled underneath the corresponding curves.
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processing software[Fig. 3(b)]. The shift of emission zone
maximum toward the cathode is consistent a reduced elec-
tron mobility relative to hole mobility after stress.

In addition, the full width at half maximum of the emis-
sion zone decreases from 84 to 77mm. The emission zone in
both sandwich and planar polymer LEDs have been shown to
extend over the entire electrode spacing,12,27 indicative of a
somewhat inefficient electron–hole capture process. The ex-
tremely wide emission zone observed in our large planar
LECs lends further credit to this hypothesis. Despite the al-
ready low electron mobility in MEH-PPV,28,29 the decrease
of electron mobility should increase the electron/hole capture
radius and improve the recombination rate. This leads to the
narrowing of the emission zone and an increase in light in-
tensity as shown in Figs. 1 and 2(b).

The above-mentioned device behaviors have been ob-
served in all our frozen-junction planar LECs(more than 10)
that underwent stress measurement, regardless of driving
current, film thickness, or interelectrode spacing. We empha-
size here that the observations are not caused by doping
propagation or any other ionic process associated with a
dynamic-junction LEC. In a dynamic-junction LEC, light in-
tensity will increase during turn on, but is always accompa-
nied by a decreasing driving voltage due to an increasing
doping level. While in our frozen-junction planar LECs, the
light intensity and driving voltage increase simultaneously.
Our separate study of doping propagation as a function of
temperature shows that the junction is sufficiently frozen at
200 K,30 which is below the glass transition temperature of
the polymer electrolyte we used. In order to rule out any
effect due to possible microscopic ionic motion under elec-
trical field, stress was carried out under an ac driving scheme
with zero net electrical field in order not to promote any net
ionic motion. Exactly the same device behaviors were ob-
served.

In conclusion, we have performed an anode-to-cathode
spatially resolved study of polymer light-emitting device
degradation. The device configuration of the extremely large
frozen-junction planar light-emitting electrochemical cell al-
lows for the study of device degradation by direct imaging.
The observed net luminescence increase and changes in the
emission zone are consistent with polymer degradation with
reduced electron mobility.
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FIG. 3. Photographs of a 0.6 mm frozen-junction pLEC(device 1) before
and after 190 h constant current stress at 200 K. The stress current density
was 61 mA/cm2. (a) EL in dark before stress;(b) EL in dark after stress;(c)
EL under 365 nm UV illumination before stress;(f) EL under 365 nm UV
illumination after stress.
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