PHYSICAL REVIEW B 73, 125202 (2006)

Exciton dissociation by a static electric field followed by nanoscale charge transport
in PPV polymer films
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The simultaneous study of the electric-field dependence of the photoluminescence and the photoinduced
charge transport in the phenyl-substituted Super Yellow PPV derivative shows that charge carriers are created
indirectly through field-induced ionization of excitons, and allows the identification of a free-carrier mobility
larger than ~3 X 107% cm? V~! 57! that is valid for transport over a few nm during an apparent free-carrier
lifetime of ~50 ns. The time dynamics of the photoluminescence and its temperature-quenching behavior
indicate the presence of two species of excitons, which can be interpreted as intrachain and interchain excitons.
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The nature of the photoinduced generation of charge car-
riers in conjugated polymers has been the subject of an in-
tense discussion'~% that is complicated by the variety of ex-
citonic states in polymers and the influence of interchain
interactions.* To investigate the main question of whether
photoexcitation results in localized excitons or directly leads
to mobile charge carriers, one can study luminescence!? and
photocurrent>® as a function of the applied electric field, but
to get more conclusive results it is necessary to simulta-
neously measure the time dynamics of luminescence and
photocurrent and relate them to each other. In this paper, we
do so on a nanosecond time scale after illumination with
picosecond pulses. We obtain the required time resolution in
a standard polymer light emitting diode (PLED) configura-
tion by measuring the time dynamics of the charge accumu-
lated on the electrodes, instead of the photocurrent.

It is important to be able to investigate these fundamental
effects in finished, encapsulated PLED devices that are pro-
tected from the environment, so that any material properties
derived from the experiments directly apply to the special
geometries used in real devices. One example of this is the
fact, typical of dispersive charge transport, that mobility val-
ues determined by time-of-flight over distances of the order
of several micrometers do not necessarily apply to the films
used in PLEDs, which can be less than 100 nm thick.

The polymer we investigated is Covion Super Yellow
(SY),” a phenyl-substituted poly phenylenevinylene (PPV)
derivative.3-19 It is the luminescent layer in a top-emitting
PLED structure encapsulated in an inert gas atmosphere. An
AI/Ni/ITO (1000 A/500 A/500 A) anode is followed by a
hole transporting layer of polyethylenedioxythiophene-
polystyrenesulfonic acid (PEDOT) (800 A), a light emitting
layer of SY-PPV (600 A), a cathode made of electron-beam-
evaporated aluminum (50 A), and a sputtered ITO film
(800 A) as the current-carrying layer. We generally investi-
gated active areas of the order of 0.4 cm?. For the observa-
tion of the photoluminescence, the sample was excited every
100 ms by a 30 ps long laser pulse at an energy density of
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1.7 pd/ cm? and at a wavelength of 440 nm, near the maxi-
mum of the absorption spectrum of SY-PPV. The dynamics
of the photoluminescence PL(z), detected at its peak emis-
sion wavelength of 546 nm and at longer wavelengths, was
measured by a high speed photodetector (~1 ns response
time) attached to a digital oscilloscope sampling at a rate of
2 GHz/s and averaged 150 times. Different electric fields
were applied to the PLED contacts in the reverse bias direc-
tion and the change in the potential drop over the PLED was
monitored on the oscilloscope with an RC time constant of
the circuit larger than 1 ms. This integrated pulsed photocon-
ductivity (IPP) setup'’!? ensured that the voltage change
measured on the oscilloscope was proportional to SAQ(7)/C,
where AQ(r) is the photoinduced surface-charge density that
is deposited on the contacts, S is the illuminated area, and
C=30 nF is the capacitance of the PLED.

Figure 1 shows PL(r) and AQ(¢) for different applied volt-
ages. As shown in the inset, the time dynamics of PL(¢) is
characterized by a fast response IgL comparable to the time
resolution of our detection system, and by a weaker lumines-
cence Ill)L that lingers at later times. This delayed portion of
the luminescence has a noticeably different behavior with
applied field when compared to the peak of the photolumi-
nescence curve, which does not change much at lower fields.
The photoinduced charge AQ(f) grows exponentially in time,
with a time constant 7=50+3 ns. Since this time does not
depend on the magnitude of the applied field, it is not due to
a time-of-flight effect over the thickness of the polymer film
and we associate it with a limited carrier lifetime, probably
caused by trapping of the moving charge carriers at uniden-
tified states.

Figure 2 shows the electric field dependence of the final
steady-state value AQ”=AQ(0.2 us) of the accumulated
charge and of the intensities I~ and I}~ measured at the peak
of the luminescence transient and in the time interval around
5+2 ns indicated in the inset of Fig. 1, respectively. There is
a very clear correlation between the quenching of the lumi-
nescence and the growth of charge transport. The final sur-
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FIG. 1. Temporal variation of the luminescence PL(z) (solid
curves) and accumulated charge AQ(r) (dashed curves) at different
applied fields shown with a step of 1.5X 10° V/cm in the range of
(8.3 10" —(2.4x 10 V/cm. The inset shows the time dynamics
of PL(¢) with instantaneous [IgL(E)] and delayed components of the
luminescence [Ill)L(E)].

face charge density is given by AQ™(E)=neutE/(Sd), where
e is the unit charge, n is the total number of excitons that are
ionized to produce mobile charge carriers, w is the mobility
of the majority carriers, 7=50+3 ns is the carrier lifetime
determined above, and d is the thickness of the photocon-
ducting film. Assuming that the photoinduced excitons either
decay radiatively or they are ionized to generate the mobile
charge carriers, n must be proportional to 1-/"X(E)/IP%(0)
and we can expect the accumulated charge to be given by
IPL( E)

- W} entE, (1)
where NP=n/(Sd) is the average density of photoinduced
excitons. The solid curve in Fig. 2 is the prediction of Eq.
(1). The photoluminescence quenching predicts the charge
generation very well at lower fields. The deviation observed
at fields higher than 3.1 X 10° V/cm could be ascribed to a
field-dependent mobility or to additional ionization of more
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FIG. 2. Electric-field dependencies of the accumulated charge
AQ() (solid squares) and of the intensities of instantaneous IgL
(open circles) and delayed components Ill)L (solid circles) of the
luminescence, and their reproduction with Egs. (1) and (3) (solid
and dotted curves, respectively).
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strongly bound nonradiative excitonic states or trapped car-
riers that becomes possible at higher fields. The good agree-
ment between the data and Eq. (1) is very clear proof that
luminescence quenching is directly connected to charge-
carrier generation and that charge carriers are excited indi-
rectly through field-induced ionization of the exciton that is
responsible for the luminescence emission.

The correlation between photoinduced luminescence and
charge transport allows us to obtain a good estimation of a
lower limit for the mobility by extracting N* from the num-
ber of photons in the laser pulses and the absorption constant
a=1.2X10° cm™' that we determined for the illumination
wavelength. With this absorption constant, excitons are
photoexcited over the whole film thickness of d=60 nm
and their average density is given by NP=Fd[l
—exp(—2ad)]/(hvd), where F=1.7 uJ/cm? is the fluence of
the laser pulses, ¢ is a quantum efficiency for exciton gen-
eration, which should be close to unity at the wavelength we
are using, and the factor of 2 accounts for the reflected pulse.
At electric fields below 3 X 10° V/cm we obtain NP ~4.8
X107 em™ and u/$p=3.3X107% cm? V- 57!, Assuming ¢
=1, we obtain a good lower limit for the mobility because we
explicitly took into account the field-dependent ionization
rate of the photoinduced excitons. This mobility is an order
of magnitude higher than that reported in most other PPV
derivatives, for example in MEH-PPV,!>!% even though it is
still much lower than the high values reported in Ref. 15.
The lower reported values are probably affected, apart from
the difference in materials, also by the dispersive nature
of charge transport, which reduces the apparent mobility
when transport is measured on larger length scales. Since the
electron mobility in PPV polymers is normally very low
(~107° cm? V-!s71),* we assign our mobility value to
holes. The drift length obtained with the above mobility is of
the order of 5 nm at 3 10° V/cm, which is significantly
smaller than the thickness of our polymer film, consistent
with the fact that we did not observe a transit time effect.

We now analyze the field-induced quenching of the pho-
toluminescence. Since we found that the quenching is due to
field-induced ionization, it must depend on the potential with
which the exciton is bound. To obtain more information on
the binding energy of the excitons that we photoexcite, and
use it to understand the field-induced quenching observed in
Figs. 1 and 2, we performed photoluminescence experiments
at various temperatures. The sample was mounted on a
temperature-controlled hot plate and the homogeneity of the
temperature was additionally checked with a chromel-alumel
thermocouple attached to the sample surface.

Figure 3 shows PL=I£L +If L and the temperature depen-
dence of its time integral between 300 and 600 K (inset).
Both the fast and delayed components I} (i=0,1) of the
luminescence can be described by a Mott-like temperature
dependence of the kind IfL(T)zlfL/[l+A,- exp(=E;/kT)],'°
but IlfL(T) does not saturate at low temperatures, so that the
data in Fig. 3 can be well fitted by
PL

I
PYT) = 0

1+ Ao EoksT © O )

The instantaneous response IgL(T) becomes strongly tem-
perature-dependent at high temperatures between 500 and
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FIG. 3. PL(?) in temperature intervals of 300—380 K (dotted
curves) and 520-600 K (solid curves) and the temperature depen-
dence of its time integral (inset, open circles) reproduced with Eq.
(2) (solid curve).

600 K as described by a thermal activation energy E,
=0.6+0.1 eV, while the delayed response I'“(T) has a
weaker, smoother temperature dependence that is already
clearly visible at temperatures in the 300—380 K range and
that is thermally activated with E;=0.16+0.05 eV. We con-
clude that the two activation energies we observed are re-
lated to two temporally separated processes and reflect the
existence of a second excitonic species with an independent
quenching mechanism. For all thermal measurements we
used a polymer encapsulated in inert gas atmosphere, which
avoids oxidation effects. Also, the photoluminescence data
retraced themselves over several heating-cooling cycles, con-
firming the absence of any irreversible changes in the poly-
mer above the glass-transition temperature, which is about
450 K in SY-PPV.!7 The fact that the glass transition does
not influence the photoluminescence process is also seen by
the absence of abrupt changes in the photoluminescence in-
tensity around the glass-transition temperature, as can be
seen in the inset of Fig. 3.

The higher activation energy of E;=0.6+0.1 eV, which is
the only parameter that we derive from measurements above
the glass-transition temperature, can be assigned to the ther-
mal ionization energy of an exciton on a polymer chain. This
interpretation relies on the assumption that this energy is not
significantly influenced by the glass transition, and that the
luminescence quenching that we observed is not strongly
affected by a possible temperature-dependent nonradiative
recombination rate. The latter point can be argued in terms of
simple considerations based on a linear coupling configura-
tion coordinate diagram, typical vibronic energies, and the
excitation and emission spectra; this would give a thermal
activation energy for nonradiative recombination of the order
of several eV. But the interpretation of the observed quench-
ing as thermal ionization is also supported by the fact that a
potential barrier of 0.6 eV separating the bound excitonic
state from the unbound state of the charge carriers is consis-
tent with the observed field-induced quenching of the fast
luminescence component IgL. In fact, its electric-field depen-
dence can be very well fitted with a simple one-dimensional
model for tunneling through a parabolic potential barrier,'”
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FIG. 4. Electric-field dependence of the intensity of the delayed
component of the luminescence IllDL at three different temperatures
in the range where the high-temperature quenching does not yet
appear (solid circles). The solid curves are an approximation based
on the simple model discussed in the text. The inset shows the same
data for constant electric field increments in an Arrhenius plot.
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with only the reduced mass m and the preexponential factor
b as free parameters. The dotted curve in Fig. 2 corresponds
to Eq. (3) with m=0.2, which is of the correct order of mag-
nitude for the reduced mass of excitons in PPV and may
account for tunneling parallel- and perpendicular to the chain
configurations.?? The activation energy of E,=0.6eV
is in the range of those observed in PPV-derivatives in
general, and it is close to that reported by Martin et al.
(~0.8+0.15 eV) for MEH-PPV.'?

We now turn to the interpretation of the lower activation
energy of E1=0.16+0.05 eV that we observed at lower tem-
peratures. In contrast to the IgL component of the lumines-
cence, the field dependence of the longer-lived lumines-
cence, I}])L, cannot be reproduced with a tunneling description
even approximately, with any value of the energy barrier.
However, we saw that the activation energy E;=0.16 eV
gradually decreases with the applied field by measuring the
luminescence at three temperatures spread over the low-
temperature range where the high-temperature quenching of
the I}~ component does not yet occur. The results are shown
in Fig. 4. To avoid any uncertainties associated with possible
morphological changes in the polymer above the glass-
transition temperature, we chose the three temperatures used
for the data in Fig. 4 to be well below the glass-transition
temperature of 450 K.!” The data can be modeled using the
second term in Eq. (2), with the activation energy E; modi-
fied by the addition of an electrostatic energy eayE over a
length scale ay, as in E{(E)=E,—eayE, or by a Poole-Frenkel

expression of the form E,(E)=E, - vkzT\VE.?' Both models
have only one adjustable parameter and both give an equally
good agreement with the data. As an example, Fig. 4 gives a
fit with the former model using ag=1.2 A. Alternatively, us-
ing the Poole-Frenkel expression leads to a vy coefficient of
the order of 1073 (cm/V)'?, as expected for charge-carrier
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hopping in polymers.'3 The delayed luminescence has been
assigned to interchain excitons in PPV and its deriv-
atives.>?*23 Interchain excitons are also known as spatially
indirect excitons due to the chain aggregation,>* and they
could be related to an additional photoinduced absorption
band commonly observed in PPV and its derivatives at
~1.4 eV.?*? The question arises if the delayed lumines-
cence that we see in SY-PPV can also be assigned to an
interchain exciton. The main argument against such an inter-
pretation would be that the observed 0.16 eV activation en-
ergy is significantly smaller than the thermal equivalent of
the optical absorption of ~1.4 eV,?*? which can be esti-
mated to be of the order of ~0.85 eV from the frequency
dependence of the dielectric function.?’-?° However, Yan et
al.?® observed identical luminescence spectra at short
(110 ps) and longer times (20 ns) after excitation, showing
that the interchain exciton can transform back into a regular
exciton. The delayed photoluminescence that we measured
can be assigned to an interchain exciton if the energy of E,;
=0.16 eV is interpreted as the activation energy of the trans-
formation process between interchain and intrachain exci-
tons. This transformation can happen by hopping of a charge
from one chain to another, and we found that the field de-
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pendence of E| can be understood by the change in electro-
static potential over a distance of the order of angstroms,
which does correspond to the expected value for the inter-
chain distance (~4 A) (Ref. 22) or, as mentioned before, by
a Poole-Frenkel description as is normally used to describe
hopping transport.

In conclusion, we have shown that photoexcitation in SY-
PPV primarily results in intrachain excitons with an activa-
tion energy of 0.6 eV, and that mobile charge carriers are
only created later, by field-induced ionization of this exciton
that happens through tunneling through the potential barrier
of its binding potential. These observations are different from
earlier findings in PPV where a direct carrier photoexcitation
was claimed® and agree with the indirect-excitation picture
described in Ref. 1. By quantitatively taking into account the
amount of carriers generated by field-induced ionization, we
could easily derive a good estimation of the free-carrier mo-
bility that is valid for transport over distances of the order of
a few nm. We have shown that the mobility in our SY-PPV
sample was certainly larger than 3 X 107 cm? V~!s71,

We thank Covion Organic Semiconductors GmbH, Frank-
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