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Abstract. Recently published near field scanning optical measurements
(NSOM) on the conjugated polymer MEH-PPV exhibited a strong dependence of
the photoluminescence intensity on the applied electric fields at the NSOM tip. The
observed effect is apparently due to exciton quenching by hole polarons. In the
present paper, a model “single carrier” electro-modul ated-photoluminescence de-
viceisused to further explore the exciton quenching effect of hole polaronsin MEH-
PPV. Hole polarons, created by charge injection from an ITO electrode, are ob-
served to dramatically quench the photoluminescence intensity of MEH-PPV. The
Stern—VVolmer guenching efficiency of a hole polaron in conjugated polymer thin
films was measured to be 390 nm?. This value, and other data presented herein, are
consistent with the published NSOM photol uminescence modul ation measurements
and offer further evidence that hole polarons are efficient photoluminescence

guenchersin MEH-PPV.

INTRODUCTION
Thisarticleis concerned with the quenching mechanism
of singlet excitons by hole polarons in conjugated poly-
mers. Charge carriers in conjugated polymers are be-
lieved to be highly localized polarons. Polarons in
MEH-PPV are localized as a result of both strong
vibronic coupling and a high degree of molecular disor-
der.22 The mid gap energy states of polaronsgiveriseto
nonradiative relaxation pathways for excitons and re-
duce the photoluminescence (PL) quantum yield of this
material .>® Both polarons and excitons play critical
roles in organic opto-electric devices. In an organic
light-emitting diode (OLED),%" for example, charge car-
riers are injected from electrode to the active mediato
form electron and hole polarons, which later recombine
to generate excitons. Polarons may also be created from
dissociation of excitons, which in turn is induced by
external electric fields®*? by a photovoltaic effect,’*°
by extrinsic trap states created during processing,6” or
by intentional/unintentional chemical doping.s-2°
Therefore, a detailed knowledge of the interactions be-
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tween polarons and excitons in conjugated polymersis
indispensable for the performance optimization of de-
vices based on these materials, such as electro-lumines-
cence displays and solar cells. Additionally, hole-polar
guenching of excitons in poly[2-methoxy, 5-(2-ethyl-
hexyloxy)-p-phenylene-vinylene] (MEH-PPV) is ap-
parently also closely related to the poorly understood
photooxidation/photo-bleaching mechanism of this ma-
terial and related conjugated polymers.

Exciton quenching by hole polarons is believed to
play an important role in recently described near-field
scanning optical microscopy (NSOM) measurements
with electrically biased NSOM tips on MEH-PPV 34
Such experiments offer a promising means for func-
tional imaging of organics devices, such asorganic light
emitting displays. The NSOM experiments exhibit
strong PL intensity modulation (>80%) as a function of
electrical bias on the NSOM tip. The electrically biased
scanning tip in this type of experiment simultaneously
* Author towhom correspondence should be addressed. E-mail :
p.barbara@mail .utexas.edu
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optically excites the MEH-PPV and traps polarons in
the intense electric field of the biased probe. For a
negatively biased tip the PL is strongly quenched, con-
sistent with hole (positive) polaron quenching. In con-
trast, with a positively biased tip no quenching is ob-
served. In fact, in the presence of oxygen with a
positively biased tip the NSOM PL intensity is actually
substantially enhanced. The enhancement mechanismis
not well established, but apparently involves “repair-
ing” of photooxidation quenching defects by a “reduc-
tion” process, since the enhancement is substantially
reduced when molecular oxygen levels are reduced by
purging the NSOM apparatus with nitrogen. Thus, oxi-
dation/reduction processes are intimately involved in
the PL electric field induced modulation mechanism of
MEH-PPV.

Unfortunately, quantitative modeling of the NSOM
polaron quenching data has not been possible due to the
complexity of the polaron generation/recombination dy-
namicsin the tip region and the large uncertainty of the
strength and distribution of electric field in the NSOM
tip region. This paper presents an aternative, more di-
rect approach to the measurement of exciton quenching
by hole polarons. An LED-like device structure is em-
ployed in which hole polarons are directly injected from
the anode. An insulating layer blocked electron injec-
tion from the cathode in order to maintain only onetype
of polaron in the device (see Fig. 1), i.e, a “single
carrier device” .

EXPERIMENTAL

Thin films of MEH-PPV were prepared by spin coating an
MEH-PPV/chloroform solution onto an indium tin oxide
(ITO)-coated microscope cover glass substrate. The ITO layer
serves asthe holeinjection electrode and has a sheet resistance
of 50 ohms. The thickness of the MEH-PPV film (80 nm) is
measured by atomic force microscopy (AFM). A 200-nm-
thick LiF layer was deposited on top of MEH-PPV, followed
by a 200-nm aluminum layer deposited through a mask, mak-
ing the effective electrode areato be 0.2 cm?. Both LiF and Al
layers were fabricated by vacuum evaporation. LiF was cho-
sen for its high dielectric constant (~10) and for the ease of
thermal evaporation. The LiF layer blocks the electron injec-
tion from the Al electrode. Electric pulse train was generated
by afunction generator and was applied acrossthe I TO and Al
electrodes.

RESULTS AND DISCUSSION
Voltage pulse trains of both positive and negative elec-
trical pulses were applied to the blocked-device (see
Fig. 1). The recorded PL signal was synchronously
averaged over more than 100 cycles of the voltage pulse
train. The result shows that PL intensity decreased by
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Fig. 1. Electric field photoluminesnce device structure and
associated data for MEH-PPV. The sign of the bias was de-
fined according to the convention in LED, i.e., positive bias
means higher potential on ITO electrode. A 10-Hz frequency
was used for all measurements. The duty cycle of the pulse
was kept low at 20% to reduce the risk of device breakdown.
The leaking current of the blocked device was less than 0.01
HA. A focused excitation of 488 nm wavelength was applied
using a high numerical-aperture (NA) objective (NA = 1.25)
on an inverted microscope (Zeiss Axiovert). Excitation areais
about 10° cm?. The excitation power varies from 0.1 nw to
10 nw. No significant photobleaching of MEH-PPV was ob-
served at this excitation power density.

about 10% under positive bias of 10V, and increased by
1% under negative bias of —10 V. Both the steady-state
PL intensity and the relative changes of the PL ampli-
tude under bias were not sensitive to the choice of the
specific area that was illuminated. The transient re-
sponse of the PL intensity to the “turn-on” of the posi-
tive bias has multiple kinetic components. The fast re-
sponse component that accounts for about 80% of the
amplitude change is within the measurement time reso-
lution (1 ms). The slow component is on the millisecond
timescale.

The Fermi level in ITO is approximately 0.5 eV
above the highest occupied molecular orbital (HOMO)
of MEH-PPV. Under the device configuration illus-
trated in Fig. 1 with a sufficiently positive bias, hole
injection should occur at the interface between ITO and
the MEH-PPV polymer. Thus, the quenching at positive
bias should be assigned to hole polarons guenching.
Quenching of the optically produced singlet exitons by
hole polarons may involve either an energy transfer
mechanism or an electron transfer mechanism, or both,



as described below. The observed PL enhancement
effect for negative bias is less well understood than
the positive bias quenching effect. Potential assign-
ments for the enhancement effect are given below.

A simple estimate for the steady-state density of hole
polarons (») is available through the the capacitance of
the LiF layer,

_@$-de |
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n D
where ¢ is the electrostatic potential drop across the
device, ¢, isthebuilt-in potential, e isthe permittivity of
LiF, e is the electron charge, d is the thickness of the
MEH-PPV layer and / is the thickness of LiF layer.
Using the n values from eq 1, the PL data can be
analyzed using the Stern-Volmer relation (eq 2) to ob-
tain an estimate for polaron quenching efficiency, K.
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Here [, is the fluorescent intensity in the absence of
hole polarons, 7 isthe measured fluorescent intensity ion
in the presence of hole polarons, and K is quenching
efficiency in units of volume per quencher. A plot of the
relative quenching amplitude versus bias (Fig. 2) shows
the quenching increases linearly with voltage bias. The
value of K of 390 nm*for hole polarons in MEH-PPV
film was derived from the slope of the plot.

Itisinteresting to compare the experimental result to
an estimate based on adiffusion-controlled rate constant
(Ky4) dynamic quenching model, see eq 2. Since the
diffusion constant of polaronsis much slower than exci-
tons, we only consider the diffusion of excitons.

o 4 B 12
Bias Voltage (walt)
Fig. 2. A Stern—Volmer plot for the steady-state photolumi-

nescence intensity versus bias for an MEH-PPV thin film in
the device architecture shown in Fig. 1.
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K, =4mDt=4mi? (3)

Here D is the diffusion constant of excitons, 7 is the
excited-state lifetime of MEH-PPV, r istheradius of an
exciton, and /, is the diffusion length of exciton. Esti-
mates in the literature are available for the r (0.6 nm?)
and [, (7 nm?®). The predicted K, vaue (370 nm®) is
equal to the measured K within experimental error
(=50 nm?®). This is highly consistent with the polaron
guenching mechanism. The actua quenching mecha-
nism is probably more complex than asimple diffusion-
controlled process, since the quenching of excitons by
polarons should not be well described by a single rate
constant in principle, due to material heterogeneity and
other non-idealities. Furthermore, the polaron concen-
tration distribution in the polymer filmis not expected to
be uniform. It should be higher near the LIF blocking
layer duetothefield. Thelatter effect would tend to lead
to an underestimation of the quenching efficiency when
using eq 2.

To fully understand the kinetic response of PL inten-
sity to the bias voltage, the inhomogeneous nature of
conjugated polymers in both charge transport and
charge injection should be taken into account. Davids
et a. have proposed a device model# based on coupled
Poisson and continuity equations that allows for such
effects. The model had been applied successfully for the
modeling of current flow in LED devices.?% We have
adopted this approach to model our device.
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where n isthe number density of hole polarons, u isthe
hole mobility, E is electric field, and ¢ is the permittiv-
ity. The inhomogeneity of mobility was accounted for
by using field-dependent mobilities.

E
H = Ho €Xp E_o (6)

Wetake , to be 1.7 x 10° cm?V sand E, to be 1 x
10° V/ecm.2 The injection from ITO electrode was
assumed to be dominated by thermionic emission,

Jj= AT{&—exp(— ﬂﬂ
n, kT (7
dE,| (8)
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&
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where A isthe Richardson constant, n, is polaron density
at anode, n, is density of exciton states, A, is interface
zero-field Schottkey barrier, and ¢, is the didlectric con-
stant of polymer. The tunneling injection is not taken into
consideration since theinjection barrier ishigh (0.5 eV).%
The photon-assisted injection could also be safely ignored
here because (1) the excitation power density islow, and
(2) any photon-assisted injected polaron will quickly
diffuse out of the excitation region and therefore won’t
accumul ate because of the focused excitation.
Theresult of the calculation isplotted in Fig. 3 along
with the experiment data as comparison. The multiple
timescale in the response can be understood by consid-
ering the strong field-dependent mobility of polaronsin
conjugated polymers. At early time, there are few charge
carriers in the polymer region, and the charging rate is
limited by injection at the interface. As the charging
process approaches equilibrium, the polaron flux drops
dramatically along with the electrical field. Therefore,
the injection rate decreases and is limited during this
period by the drift rate of polarons inside the polymer.
For positive biases, changing the optical excitation
power was observed to have little effect on the quench-
ing amplitude at fixed bias voltage (see Fig. 4), further
supporting that the charge injection is thermionic and
not photo-assisted. Interestingly, the PL intensity under
negative bias, on the other hand, shows a noticeable
dependence on the excitation power dependence. It is
obviously photo-driven and becomes negligible at low
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Fig. 3. The dynamics of the fluorescence intensity vs. applied
voltage (dashed line) for the device structure shown in Fig. 1.
The experimental (dotted line) and theoretical (solid line)
curves are in good agreement, supporting the validity of the
dynamical model described in the text.
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excitation power. The enhancement observed in the
negatively biased deviceis apparently dueto neutraliza-
tion (by electron polarons or other electron donors) of
photo-generated hole polarons or other photo-oxidized
formsof MEH-PPV . At zero and negative biases, photo-
oxidation routes to oxidized MEH-PPV appear to domi-
nate thermionic production of these species. This effect
appears to be analogous to the previously reported en-
hancement effect in the NSOM data, where photooxida-
tion involving molecular oxygen was the dominant
source of oxidized MEH-PPV under conditions where
thermionic generation and trapping of hole polarons
was not favored. For the devicesin this paper, molecular
oxygen may also play arole. Although the devices have
been prepared in vacuum, it iswell known that pinholes
inthe metal layersallow for small amounts of oxygen to
enter devices fabricated by this technique.

It should be emphasized that the observed effects
reported herein are not due to electric field induced
fluorescence quenching by exciton dissociation into
charge pairs®#% While this effect has been observed in
both conjugated polymersit occurs at much greater fields
than accessed in the experiments described herein.t?

A set of charge transfer processes that account for the
various effects described herein are outlined in Fig. 5.
At low excitation intensity the device properties are
dominated by simple exciton generation, thermionic in-
jection hole polarons, and quenching of excitons by hole
polarons. At large optical excitation rates, the conjugated
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Fig. 4. The MEH-PPV photoluminescence intensity vs. bias
voltage and excitation power. The results are represented in
terms of percent quenching and percent enhancement, where
the zero bias intensity is used as areference.
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Fig. 5. Energy level diagrams and proposed charge transfer processes that account for the observed effects portrayed in Figs. 1-4.

polymer can undergo photooxidation due, for example,
to O, impurities. This step leads to the generation of
photo-oxidized defects, which can be “repaired” by re-
duction (electron transfer) in the presence of a negative
bias.

CONCLUSION

New measurements on the photoluminescence intensity
of MEH-PPV inasinglecarrier clearly demonstrate that
hole polarons are efficient exciton quenchers for the
conjugated polymer MEH-PPV. The observed quench-
ing efficiency is estimated to be 390 nm?®, similar to
estimates based on NSOM and other techniques. In
addition, it is observed that at high excitation intensities
photooxidation in MEH-PPV generates quenching de-
fects that are apparently repairable by reduction when
the deviceis negatively biased.
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