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Time delayed electroluminescence overshoot in single layer polymer
light-emitting diodes due to electrode luminescence quenching
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We investigate the transient response of single layer polymer light-emitting diodes~LEDs! based on
poly@2-methoxy, 5-(28ethyl-hexyloxy)-1,4-phenylene vinylene# ~MEH-PPV!. An electro-
luminescence overshoot is observed between 1 and 2ms after turning off the voltage pulse,
depending on temperature. We attribute the delay between overshoot and voltage turnoff to
detrapping of majority charge carriers at the polymer/cathode interface. Due to the luminescence
quenching zone of the metal the luminescence is found to decrease rapidly after the voltage is
switched off, but then rise again to up to a third of the steady state value. The overshoot is found
to be independent of the applied bias, but is strongly influenced by temperature and pulse length,
indicating a trapping process in interfacial traps is responsible for the effect. The overshoot area
corresponds to the charge located on interfacial traps near the cathode and scales as a power law
with the pulse length. Our findings demonstrate the presence of extrinsic traps in MEH-PPV devices
and highlight the importance of distinguishing between the effects of extrinsic and intrinsic traps in
polymer LEDs. Spatial correlations of electrons and holes due to their mutual Coulombic field also
appear to be important. ©2001 American Institute of Physics.@DOI: 10.1063/1.1331066#
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I. INTRODUCTION

Over the past decade, polymer light-emitting diod
~LEDs! have been the focus of intense scientific intere
which has led to great advances regarding materials, de
fabrication, and device performance.1 Although organic elec-
troluminescence~EL! is in principle straightforward to de
scribe, the macroscopic device parameters of these su
cron scale structures are hard to predict quantitatively
polymer LEDs, both injection and transport effects gove
the current–voltage characteristics as well as light emiss
and efficiency. We present transient EL on single layer LE
made of the polymer MEH-PPV. Transient EL has fr
quently been used as a tool to study device properties2–8

both under low current cw conditions,2–5 and under high
excitation density.6,7 It can be used to obtain a dispersio
parameter which is related to structural disorder8 as well as
information on charge carrier dynamics7 and trapping.3 Tran-
sient measurements are of great relevance to the deve
ment of passively addressed displays in which the p
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brightness of a pixel is generally much greater than
brightness of the display. Pulsed EL is also important
obtaining high excitation densities that will be needed
polymer lasers.7 We present data on an overshoot effect
single layer LEDs which we are able to explain by invokin
the effect of an interfacial insulating layer on electron-ho
correlation and the influence of geminate recombination
carrier diffusion.

II. EXPERIMENT

MEH-PPV LEDs were prepared on ITO substrat
which had previously been masked, etched, and cleane
an ultrasonic bath of acetone and isopropanol. MEH-P
was spin coated from a chlorobenzene solution onto the s
strate at spin speeds of typically 1000 rpm yielding fi
thicknessL of approximately 150 nm. Aluminum contact
100 nm thick were subsequently evaporated onto the p
mer layer at pressures below 531026 mbar covering both
the conducting and the etched part of the ITO electro
Electrical contacts were made by attaching copper wires
the ITO anode and the region of the aluminum cathode c
© 2001 American Institute of Physics

AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



is
id
ve

et
de
te

xc
an
10
x

l t
el
ef
-
in

on
ow
h
ni
rg
nt

a
e

em

ur

nd

fo
d
o

rve
on.
cale.
w
own
r-
at
nt
in-
the
ay
s no

s
e

he

cale

312 J. Appl. Phys., Vol. 89, No. 1, 1 January 2001 Lupton et al.
ering the etched ITO using silver paint. The LEDs had em
sive areas of 7 mm2. The samples were mounted in a liqu
nitrogen cryostat under vacuum. The devices were dri
electrically with a function generator with rise times,10 ns
and the emission was detected by a photon counting s
with a multichannel analyzer. Typical RC times of the dio
in the circuit were measured to be 600 ns, which is consis
with estimates based on the device geometry.

III. RESULTS

The EL response of the diodes to pulsed electrical e
tation was recorded for different biases, pulse lengths,
temperatures. Figure 1 shows typical EL transients for a
ms pulse at 295 and 80 K which are normalized to the ma
mum emission. At room temperature the pulse heightV was
8 V, which was just enough to give an acceptable signa
noise ratio. As the device is cooled down, the turn-on fi
for light emission increases but so does the quantum
ciency, so at 80 K a bias of 9 V was chosen to give a com
parable brightness. Figure 1 shows that the EL rise time
creases as the temperature is lowered. This can
understood to arise from the slowing of minority carriers
the transition to dispersive transport observed at l
temperatures.9 A remarkable feature is observed after switc
ing off the voltage pulse as seen in the inset in Fig. 1. I
tially, the EL decays rapidly corresponding to the discha
ing of the parallel plate capacitor the device represe
However, after a delay of 1–2ms, the EL is found to rise
again and then decay slowly without the application of
external field. It can be seen that the total area of this ov
shoot and the position of the peak depend strongly on t
perature.

We find that the overshoot also depends on pulse d
tion. A typical overshoot is shown in Fig. 2 for a 500ms
pulse at 295 and 80 K. The EL initially decays rapidly a
then rises again to a peak after 1.8ms at 295 K and 2.6ms at
80 K. We find that the overshoot is more pronounced
longer pulses. This can be seen by comparing Figs. 1 an
The lower panel of Fig. 2 shows the decay of the oversh

FIG. 1. EL transients of an ITO/MEH-PPV/Al device driven by 100ms
pulses at~a! 295 K and 8 V,~b! 80 K and 9 V, normalized to the brightnes
at 100ms. Inset is the evolution of the EL after the driving bias has be
switched off.
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on a double logarithmic scale. The low temperature cu
clearly decays according to a power law after the protrusi
The room temperature peak decays over the same time s
However, it initially exhibits a more rapid decay than the lo
temperature measurement and then appears to slow d
after approximately 10ms. The bias dependence of the ove
shoot is explored in Fig. 3 where EL traces of the device
80 K are shown on a logarithmic scale at three differe
voltages. The intensity of the trace and the overshoot
crease with applied bias. However, when normalized to
brightness at 100ms the peak of the overshoot and the dec
times are unchanged, indicating that the applied bias ha

n

FIG. 2. Decay of EL after switching off the driving bias, normalized to t
emission intensity at the point of turnoff~defined as time 0ms! for a 500ms
pulse at~a! 295 K and 11 V and~b! 80 K and 12 V~upper panel!. The lower
panel shows the decay on a double logarithmic scale.

FIG. 3. Bias dependence of the transient EL features on a logarithmic s
at 80 K.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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effect on the physical dynamics of the overshoot other t
to increase the number of charge carriers involved.

In contrast, there is a marked dependence of the are
the delayed recombination on pulse length, as shown in
4 for a device at 80 K driven with pulse lengths of 100, 20
500, and 1000ms with identical duty cycles of 10%. At room
temperature, the peak area is smaller by a factor of 3.5,
the functional dependence is the same. The dependenc
the integrated overshoot as a function of pulse length
shown in Fig. 5 in double logarithmic representation. T
peak was integrated from the local minimum position at;1
ms after turnoff. There is a small contribution from the no
mal decay of the EL, which is, however, orders of magnitu
smaller than the overshoot at short times. It appears tha
peak area increases with pulse length following a temp
ture independent power law with an exponent of;0.3. An
increase in duty cycle was found to lead to a small incre
in the peak area. Little dependence on duty cycle was
served below the 10% value used here, suggesting that
was sufficient to extract all of the trapped charge from
device prior to application of a new pulse.

Bilayer devices with polypyridine used as an electr
transporting layer10 were also studied, but no overshoot w
observed, indicating that the MEH-PPV—aluminum inte
face may be the origin of this effect. The delayed EL cou
be quenched completely by prebiasing the device with a c

FIG. 4. Dependence of the delayed EL feature on pulse length at 12 V
80 K ~pulse lengths of 100, 200, 500, and 1000ms!.

FIG. 5. Power-law scaling of integrated delayed EL feature with pu
length on a double logarithmic plot at 80 K~s! and 295 K~h!.
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stant 2 V dc offset. The overshoot peak was also found
disappear when the device was operated in air, which s
gests that the trapping of charges is not due to atmosph
impurities introduced into the polymer during processing.

IV. DISCUSSION

A. Qualitative interpretation

Overshoot effects have previously been discussed
both single-2,6 and bilayer devices.5 In many cases, over
shoots are associated with large currents or even spark6

and occur directly after switching off the bias. A simila
effect to the one observed here has been noted by Pi
et al.,2,11 although the EL hump observed occurs with a d
lay on time scales in the order of milliseconds2 or 10ms.11 A
preliminary qualitative discussion2 and quantitative
analysis11 linked the phenomenon to interfacial effects a
strong local electric field gradients under the space cha
limited conditions of carrier flow. In contrast, in ou
ITOuMEH-PPVuAl structure, both electron and hole curren
are injection limited. The overshoot effect in bilayer LED
has been discussed and modeled in detail by Nikitenkoet al.5

Qualitatively, we find that our results for single layers a
similar to those reported previously, although the brightn
of the anomaly reported here does not exceed the bright
prior to switching off the bias. However, the fact that th
effect reported here is observed in a single layer device w
non-ohmic contacts suggests that the origin is due not to h
spatial gradients of electric field or charge accumulation a
polymer/polymer interface, but to charge trapping at t
polymer/metal interface. We propose, as an extension of
scenario previously described in Ref. 2, a superposition
detrapping of charge carriers and quenching of singlet e
tons at the metal cathode to explain the shape of the pro
sion and its distinct separation from the switchoff region
the EL trace.

The polymer/aluminum interface plays a crucial role
device operation. First, a thin insulating aluminum oxi
layer between the polymer and the metal would lead to s
nificant buildup of positive space charge at the cathode. S
ond, majority charge carriers may be trapped at then-doped
polymer/aluminum interface12–14 during device operation
due to the presence of metallic atoms. The influence of p
tive space charge on the injection of minority carriers is i
portant, as the barrier to injection from aluminum into MEH
PPV is very high. It appears that the trapping proce
depends on the length of the current pulse rather than
magnitude, as is seen in the comparison of Figs. 3 and 5
schematic representation of the processes giving rise to
overshoot is shown in Fig. 6. When the bias is turned off,
holes are sucked back into the anode as the parallel p
capacitor discharges with the characteristic RC time c
stant. Some majority carriers, however, remain trapped at
metal/polymer interface, whereas some minority carriers
still trapped in the bulk15–17 of the device after turnoff (t
50). The field inside the LED then approaches zero~at t
>1 ms), and holes migrate back to the anode and recomb
with electrons they meet on the way. As luminescence
effectively quenched within 10 nm of the metal,18 the de-
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trapped charge carriers have to migrate a certain dista
before radiative recombination can occur. This, in qualitat
terms, is the origin of the delayed luminescence peak. S
the delay itself is governed by the diffusion of holes, t
temporal position of the delayed luminescence peak does
depend on pulse length or bias att,0. The absence of a bia
dependence suggests that injection effects are not releva
the overshoot process. Application of a 2 V dc bias offset
quenches the delayed luminescence because in this cas
internal field cannot reverse, and holes hence cannot be
leased from the cathodic trapping surface.

B. Charge carrier diffusion

Since the energy barriers for hole and electron inject
are ;0.5 and;1 eV,19,20 respectively, the transport is, i
general, injection limited. Consequently, the electric fie
and the spatial density of holes are uniform,F05V/L and
p(x,t)'p0 . The uniformity also results from the predom
nance of holes inside the LED, while the density of electro
decreases sharply with the distance from the cathode,x, due
to recombination on a scale of the order of a fe
nanometers.20 Accounting for the suppression of radiativ
recombination atx,a0 due to singlet exciton quenching,a0

being the effective quenching distance from the cathode
the order of 10 nm, the quasistationary~st! EL current att
50 can be expressed as follows:

JEL
st 5w0RLp0Se , ~1!

wherew0 is the average efficiency of radiative recombinati
at x.a0 ,Se is the area density of electrons in the region
most effective EL~at x>a0), and the Langevin recombina
tion constantRL5emh /««0 which is governed by the field
dependent mobility of holesmh(F0) ~e is the elementary
charge,«0 is the permittivity of free space, and« is the

FIG. 6. Schematics of the processes giving rise to the overshoot. U
application of an external bias holes are accumulated at a thin insula
layer between the cathode and the polymer. Upon switching off the bias
internal field is reversed and holes migrate back to the anode and me
with electrons in the bulk of the material. The luminescence is quenc
within a characteristic quenching zone in the region of the cathode.
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dielectric constant of the polymer, which is taken to be!.
We assume that the hole mobility considerably exceeds
electron mobility in the field ranges under consideration.

The existence of a blocking layer on the cathode lead
the formation of a surface density of holesS>Jh /v, v be-
ing the hole tunneling frequency andJh5mhF0p0 the hole
current. It should be noted that for the case of zero bias,
potential drop between the anode and the position of inte
cial holes is less than 0.5 V, even if the hole area cha
density eS is comparable to capacitor area charge den
««0F0 . This is a consequence of the proximity of interfac
holes to the anode. The time periodt>1 ms>RC is suffi-
cient for the majority of holes in the bulk to saturate t
interfacial layer or escape from the LED. Thus, the diffusi
rather than drift of ‘‘cathodic’’ holes, i.e., holes accumulat
at the cathode, in their own electric field towards the anod
responsible for the spike. The holes located at the interf
can be divided quantitatively into ‘‘hot’’~mobile! holes with
mobilities approachingmh , and ‘‘cold’’ holes, localized on
deeper interfacial states, with much smaller mobilities. T
‘‘hot’’ holes are found to be responsible for the EL spik
itself and for the initial decay of EL after the spike. Indee
even if the diffusion coefficient of ‘‘hot’’ holes correspond
to a value of mobility as high asmh0'1025 cm2/V s, the
carriers diffuse a distance 5–10 nm, comparable to
quenching distancea0 , within 1–2 ms after the moment of
the EL minimum att'1 ms. Similar time scales are ob
served experimentally.

The analyses of the overshoot kinetics requires, ho
ever, more detailed consideration. The time required by
electrons to spread to their quasistationary spatial distr
tion ~i.e., the recombination lifetime! can be estimated from
the saturation time of EL~see Fig. 1!. It is not shorter than 20
ms atT5295 K and larger atT580 K. The electron density
on a time scalet<20ms after switching off the bias is, con
sequently, the same as prior to the end of the bias pu
Since the EL spike is substantially less bright than the EL
t<0, the recombination time of electrons att.0 exceeds 20
ms considerably. Thus, the majority of electrons survive
the time scales considered here. Hence the kinetics of the
decay are completely determined by the hole diffusion, a
since in the limit of diffusion controlled decayJEL;t20.5,
the decay is asymptotic. Experimentally, however, a pow
law decay with the average temperature-independent e
nent21.65 is observed, as seen in Fig. 6.

C. Geminate recombination of correlated
electron-hole pairs

The observed kinetics of the EL decay can be ration
ized in terms of geminate recombination~GR! of electron-
hole pairs21 near the cathode. After turnoff of the voltag
pulse, the injected charge carriers are removed from the
vice, leaving the Coulombically bound geminate pairs. T
process of geminate recombination is also controlled by
fusion of the fastest carrier in a pair, but it is accelerated
the mutual Coulomb field. It is well known22 that the GR-
controlled recombination rate (2dW/dt) at a timet after a
spike decreases according to a temperature-indepen
power-law t22...– 1.5 with the exponent gradually changin

er
ng
he
up
d

AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



ia

is
ri

y.
na
al
.

om
e
le
tri
th
in

m
ag
s
tio
g

ble

b
bi
e
il

f.
n

a-
n

-

s
o-
th
io
e

-

th
n-
n
n

he

ri-

q.

t of

his
tion

can
ith
r
for

-

e
he
er

y,

ag-
the
e of
he
-
he

-
real

nal
he

the
a

from

315J. Appl. Phys., Vol. 89, No. 1, 1 January 2001 Lupton et al.
from approximately22 to 21.5, whereW(t) is the survival
probability of the geminate pair generated att50. The GR-
controlled reaction rate is strongly affected by the init
separation of the pairr 0,r c , wherer c5e2/4p««0kT is the
Onsager~Coulomb! radius,r c(T5295 K)'17 nm andr c(T
580 K)'63 nm. This radius considerably exceeds the d
tance between some of the interfacial holes and the majo
of ‘‘radiative’’ electrons, which can recombine radiativel
However, GR is meaningful as a specific way of recombi
tion only if the majority of recombining pairs have spati
separations less thanr c , i.e., if pairs are spatially correlated
Otherwise, an equation of the type~1! invoking the Langevin
constant is the adequate way of describing the carrier rec
bination. ‘‘Hot’’ holes in the proximity of the interface ar
located preferentially inside the Coulomb sphere of an e
tron. This results from the perturbing influence of the elec
field lines around the electron on the hole as well as
influence of the blocking layer, which acts as a reflect
boundary for holes. The probability of hole capture inside
planar potential well of radiusAr c

22x2 (x,r c being the dis-
tance of an electron from the blocking layer! during the time
period smaller or comparable to the recombination lifeti
of electrons is close to unity. This means that the aver
number of correlated ‘‘hot’’ holes per ‘‘radiative’’ electron
is governed by the ballistic Coulomb capture cross sec
e/««0F0 rather thanr c

2. The probability of holes appearin
on the interface at a distance smaller thanr c from ‘‘radia-
tive’’ electrons during the time period smaller or compara
to the recombination lifetime of electrons~at t,0) is of the
same order as the probability of recombination, i.e., close
unity. The potential well, formed on the cathode surface
the Coulomb field of localized carriers, reduces the proba
ity of hole capture on a deep interfacial state, provided th
is no such state inside the well, and increases the probab
for the hole to remain ‘‘hot’’ until the bias is switched of
Otherwise, if the captured hole became trapped and he
‘‘cold,’’ its Coulomb repulsion would suppress recombin
tion of an electron with other noncorrelated ‘‘hot’’ holes o
an initial time scale att.0.

Using Eq. ~1!, one obtains for the normalized GR
controlled EL current att.0

JEL~ t !

JEL
st 5

N~r 0 ,r c!««0F0

eJh~F0! S 2
]W~r 0 ,t !

]t D , ~2!

whereN!1 is the average number of correlated ‘‘hot’’ hole
per ‘‘radiative’’ electron, which quantifies the trapping pr
cess. Due to the lack of experimental information on
spatial and energetic distribution of the traps, this correlat
parameterN is chosen as the free parameter in the mod
The lower limit for r 0 in Eq. ~2! is the distance of total EL
quenchinga0<10 nm. The rigorous solution for the GR
controlled recombination rate att.0 is complicated by the
following circumstances:~1! The initial distribution of holes
relative to electrons is not spherically symmetric;~2! the ox-
ide blocking layer acts as a weakly absorbing surface for
holes;~3! the initial separation of different pairs is not co
stant;~4! even for the simplest case of an initial distributio
of holes on a sphere of radiusr 0 centered around an electro
the exact mathematical solution is very complicated.23 How-
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ever, for the qualitative description of the GR rate, t
simple ‘‘prescribed diffusion approximation’’22 is appli-
cable. The result for the spherically symmetric initial dist
bution isW(r 0 ,t)5exp(2(rc /r0)$12erf(r0 /A4pDt)%) where
D is the diffusion coefficient and erf is the error function.

Figure 7 shows that the results of calculations from E
~2! and experimental data atT5295 K andT580 K are in
qualitative agreement. The average calculated exponen
the EL decay atT580 K is 22, and the time at which the
spike occurs is somewhat overestimated by the model. T
overestimate is due to the prescribed diffusion approxima
used above and is more significant at low temperature.23 The
broadening of the experimental maximum at short times
be associated with the recombination of the pairs w
shorter initial separations. Detrapping of ‘‘cold’’ holes o
recombination of noncorrelated pairs can be responsible
the long-lived EL tail fort>20ms, especially at high tem
perature. The values of the average initial separationsr 0 ~10
nm at 295 K and 11.5 nm at 80 K! are close to the distanc
of effective quenching of radiative recombination by t
metal electrode. The number of ‘‘hot’’ correlated holes p
electronN ~0.026 at 295 K and 0.020 at 80 K! is much less
than unity. Thus, the majority of electrons survive initiall
as was mentioned above.

A relatively weak temperature dependence of the m
nitudes and times of the spike are a striking feature of
experimental results. It should be noted that the increas
the Coulomb acceleration of GR, which is reflected in t
increase ofr c /r 0 with decreasing temperature, partially com
pensates for the decrease of the diffusion coefficient. T
latter is related to the mobility of ‘‘hot’’ holesmh0 through
the Einstein relationD5mh0kT/e. The weak temperature
dependence and high value of this mobility~it is assumed to
be 831026 cm2/V s at both temperatures! can be rationalized
by realizing that this quantity is actually effectively in
creased by the Coulomb field and is hence not the
temperature-dependent zero-field mobility.

As commented on above, the application of an exter
dc bias of 2 V quenches the delayed luminescence. T
built-in potential is estimated as being the difference in
electrode work functions and is of the order of 0.5 V. With

FIG. 7. EL overshoot kinetics after a 500ms pulse at~a! 295 K and~b! 80
K. The points are experimental data and the solid lines are calculated
Eq. ~2!. The parameters used aremh05831026 cm2/V s,«53, ~a! Jh

55 mA/cm2,N50.020,V511 V; ~b! Jh51 mA/cm2,N50.026,V512 V.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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316 J. Appl. Phys., Vol. 89, No. 1, 1 January 2001 Lupton et al.
sample thickness ofL5150 nm, one hence obtains a field
F05105 V/cm. Assuming an initial separation of gemina
pairs of r 0510 nm, one finds thateF0r 0 /kT is close to 4,
which is considerably greater than unity. GR is hen
suppressed.23 In comparison, the contribution of the built-i
field to GR is relatively small and acts as an accelerato
diffusion.

D. Area of the delayed luminescence peak

The area of the delayed luminescence peak can be
rived from Eq.~2!. Integrating with respect to time yields

Q5
N~r 0 ,r c!««0F0

eJh~F0!
@12W`~r 0!#, ~3!

where W`(r 0)5exp(2rc /r0)!1 is the escape probabilit
from GR. SinceN;S;Jh(F0), andN is correlated with the
Coulomb capture cross sectione/««0F0 , the integral of the
relative EL spikeQ defined by Eq.~3! appears to be field
independent. This is consistent with the experimental ob
vations in Fig. 3. This field independence of the EL kinet
is also apparent from Eq.~2!, asW(r 0 ,t) is not field depen-
dent.

The interesting and striking feature of the dependenc
Q on the pulse length is its invariance with temperature
similar effect has been observed and investigated in dou
layer structures.5 It was attributed to the progressive accum
lation of minority carriers ~electrons! at the internal
polymer–polymer interface.5 The difference to the presen
case is, however, that there is no significant electric fi
inside the LED after switching off the external bias. Als
electrons are immobile on the time scale under considera
and the majority of electrons are conserved after the sp
~recall that the overshoot effect is much smaller than in
case of the previous work5!. Progressive accumulation o
electrons near the cathode was also shown to influence
experimental results in Ref. 5, resulting in the gradual
crease of EL at long times under application of a bias, a
seen in Fig. 1. However, in the present investigation the
crease ofQ with pulse length is much stronger than in Ref.
On the other hand, from the results in Fig. 5 the progress
increase of the total area density of interfacial holes requ
a lifetime of carriers inside the LED of more than 104 ms,
which is hardly compatible with the model described abo
or the relatively small value ofQ. However, the total density
of interfacial holes significantly exceeds that of ‘‘hot’’ hole
and the increase of the overshoot effect with pulse len
may be rationalized qualitatively as the increase of the fr
tion of the ‘‘hot’’ holes with time~at t,0). A similar phe-
nomenon~i.e., the increase of the fraction of mobile carrie
under continuous generation! is well known in the situation
of nonequilibrium carrier kinetics resulting in dispersiv
transport~see, for example, Refs. 16 and 24!. The latter pro-
cess results from thermalization within a broad energy d
tribution of localized states and is, in contrast, strongly
pendent on temperature.

The increase of the fraction of mobile carriers with tim
under continuous generation, resulting from the thermal
tion within a broad energy distribution of localized states
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in contrast, strongly affected by the temperature. The w
temperature dependence of the EL overshoot kinetics
served in Ref. 5 was previously explained by attributing t
origin of the overshoot process to positional rather than
ergetic disorder of the rate-limiting states. This interpretat
also applies to our current investigation. It should be no
that the thermalization kinetics of interfacial holes a
strongly affected not only by the energy distribution of inte
facial traps, but also by spatial features of the surface of
blocking layer and possible unevenness. The effect of s
face roughness on carrier localization is described schem
cally in Fig. 8. Particularly in the case of a strong elect
field of F0'106 V/cm, such a roughness could lead to t
suppression of diffusion in the direction opposite to that
the field. Clusters of several neighboring surface traps, wh
we describe in terms of surface wells, would hence be re
tively isolated from other clusters by barriers of insulati
Al2O3 and give rise to features which result in ‘‘dispersive
kinetics of localized carriers. These features are first that
release from a cluster is much more difficult for a carr
than the capture of a carrier on a trapping state in a clus
and second, that the release times are broadly distribute
temperature independence of the relaxation of ‘‘hot’’ carrie
is hence a signature that tunneling between different clus
in the plane of the surface, i.e., orthogonal to the field dir
tion, is the rate limiting step, rather than thermalizati
within a cluster. In the case of a sharp decrease in the di
bution of interfacial traps with energy, one concludes that
majority of interfacial holes generated are initially in
‘‘hot’’ state.

If the release timet r is controlled by the energy of a
trapping stateE, giving t r;exp(E/kT), and the energies ar
distributed exponentially according tog(E);exp(2E/E0), it

FIG. 8. Schematics of hole trapping and release at the cathode. Due t
surface roughness of the insulating aluminum oxide layer between the p
mer and the cathode, potential wells are formed which act as hole tr
Holes are either mobile~‘‘hot,’’ marked by bold lines! or are trapped in the
surface wells and are immobile~thin lines!. Thermally activated jumps be
tween wells are suppressed by the external field. Carriers are hence ra
captured on traps. As the reverse release processes are thought to b
probable, tunneling transitions between wells form the rate limiting step
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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is known that the fraction of mobile~‘‘hot’’ ! carriers de-
creases with time as (t2t8)a21, wherea5kT/E0 is the dis-
persion parameter andt8 is the time of generation.24,25 In the
present case the release time is controlled by the tunne
lengthr, sot r;exp(2r/as), as being the localization length o
the carriers in the direction along the surface of the block
layer. The distribution of tunneling lengths in the direction
nearest proximity of neighboring surface wells is adequa
described by the one-dimensional Poisson equationF(r )
;exp(2r/d), using the characteristic lengthd. The similarity
between the functional forms of these two equations lead
the conclusion that this distribution of tunneling lengths p
vides the same energetic relaxation kinetics of ‘‘hot’’ hol
which would result from thermalization of carriers in an e
ponential energy distribution of traps.16 By means of this
analogy, and assuming thatt is equal to the pulse lengthP,
integration of the fraction of mobile~‘‘hot’’ ! carriers overt8
from 0 to P yields the power-law observed in Fig. 5:

Q;N;Pa, a5as/2d. ~4!

The straight lines in Fig. 5 show the excellent fit of th
functional form in Eq.~4! to the experimental data atT
5295 K andT580 K with a'0.3. It should be noted tha
the localization length of a carrieras is much larger in a
strongly bonded inorganic solid such as Al2O3 than in a van
der Waals bonded organic.26 Assumingas'1 nm, one ob-
tainsa50.3 at the reasonably large value ofd'1.5 nm. Us-
ing the same parameters as for the fit in Fig. 7, the ratio
the absolute values ofQ for the two temperatures, as calc
lated from Eq.~3!, is found to be 5. Considering the qua
tative character of the model, this value is remarkably cl
to the experimental value of 3.5 seen in Fig. 5.

V. CONCLUSIONS

We have reported the appearance of a time delayed o
shoot in single layer MEH-PPV LEDs. The phenomenon c
be explained by considering the effect of a thin insulat
barrier layer between the cathode and the polymer and ta
into account the effect of spatial correlations of electrons
holes on the diffusion of charge carriers. The fact that
decay of the luminescence is offset somewhat from the t
of current turnoff is a signature of the electrode quenching
excitations formed in the vicinity of the cathode. We a
tribute the creation of trapping sites to a modification of t
polymer at the metal/polymer interface and not to the bulk
the sample, as the observed protrusion disappears after
dation of the polymer and is not observed in bilayer devic
Clearly, an accumulation of charge as observed here
lead to a modification of the device capacitance and co
well contribute to transient measurements of capacitance
conductance.16,17 Our measurements hence provide a p
sible explanation of previous transient measuremen16

which appear to be in conflict with the observation that m
device properties such as current–voltage characteristics
efficiency may be explained without the need to include tr
ping effects.9,19,27,28We have shown that transient EL pro
vides an extremely useful tool to probe the device proper
Downloaded 30 May 2001 to 138.251.105.137. Redistribution subject to 
ng

g
f
ly

to
-

f

e

er-
n

ng
d
e
e
f

f
xi-

s.
ill
ld
nd
-

t
nd
-

s

and can be used to gain microscopic insight into carrier
netics using appropriate models. Finally, the observation
relatively long decay transients in these devices and the
currence of delayed luminescence are of considerable im
tance for display applications. In passively addressed
plays, the luminescence lifetime is clearly of importance a
any increase in lifetime will lead to a reduction in appare
flicker. The controlled introduction of trapping and char
accumulation sites may hence increase the performanc
passive matrix displays and should be explored further.
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