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1 INTRODUCTION

Time-resolved photoluminescence (PL) spectroscopy has emerged as an important
toal for studying the optical and eledronic properties of solid state materials suited for
optoeledronic applications. PL-experiments provide relatively direct information about
recombination and relaxation processes. In generd, these experiments are useful for the
investigation of the dectronic properties of the excited state and offer several advantages
over other optical techniques. In the @ntext discussed here, the high sensitivity of PL—
spectroscopy and the relative ease to adbtain temporal information is of large importance
The high sensitivity allows to study the PL—behavior over large variations in the excitation
intensity and therefore is a means to explore the low excitation limit as well as nonlinea
effeds. The time-resolved methods are most important for the investigation of the
excitation dynamics.

A deeper understanding of the excitation dynamics of conjugated polymers became
particularly important with the discovery and the rapid improvements of polymer light—
emitting devices (LEDs). Since the amission spectra in electroluminescence (EL) and PL
experiments are in most cases the same, PL—spectroscopy can be used as a powerful tool
to understand the processes which determine the LED—operation. Poly (p—phenylene
vinylene) (PPV) was used as the active layer in the first polymer—LED" and has been a
subject of intense research in the past years. In our contribution we dso focus on PPV and
its derivatives. Despite the large number of experiments which were performed to study
the photophysical properties of PPV, aunified picture to explain the different experimenta
findingsis gill ladking. Major differences exist in the model used for the description of the
primary photoexcitation®. One key issue here is the role and the strength of the
Coulomb-interadion, i.e. whether the photoexcitation hes to be described as a strongly
bound neutra excitation or as a pair of oppositely charged free carriers. Another important
issue is the role of the disorder for the static and the dynamic dedronic properties.

Before 1990 the emission dynamics in conjugated polymers had not been explored
in great detail. Wong et a.” have reported luminescence lifetimes much smaller than 1 ns
and have pointed out that nonradiative & well bimolecular processes play a role.
Furukawa & al.°> have studied the time resolved luminescence in PPV and have explained
the results in terms of selftrapping of the excitations. A comprehensive study of the
emisson dynamics on al time-scades ranging from femtoseconds to nanosecnds,
however, has only been performed in recent years®™®. In our contribution we will review
our experiments addressing the picosecond PL—dynamics of PPV and its sluble derivative
poly(phenylphenylene vinylene) (PFPV).

A bulk of experimental results and well established concepts exists in the field of
time—resolved spectroscopy of inorganic semiconductors. Since many luminescence
phenomena in conjugated polymers are similar to those observed in these materias, we
believe that a comparison of the observations in the organic semiconductor PPV with its
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inorganic counterparts is helpful and might provide more insight into the nature of the
photoexcitation and its relaxation processes.

Our chapter is gructured as follows: In Sec. 2 we give ashort description of the
experimental method and the underlying principles. In Sec. 3 we discuss the results of PL—
spectroscopy in threedifferent inorganic model systems. We focus on the role of Coulomb
interadion and disorder for the optical properties of the different semiconductors and
introduce the basic emission characteristics in three inorganic semiconductors. Each of the
them represents a dass of materials with a different amount of disorder and dstinctly
different emisson behavior. We start with GaAs as an example of a direct bandgap
crystalline semiconductor and show that excitonic effeds play an important role in this
meaterial. Then we discuss aSi:H as a typical amorphous smiconductor which is aready
widdly used in large aea optoelectronic goplications (the field which also offers promising
prospects for conjugated pdymers). In aSi:H the strong dsorder dominates the dedronic
properties and excitonic effeds play only a minor role. Very instructive examples of
systems with a superposition of disorder and excitonic dfect are found in the field of alloy
semiconductors. We discuss here & an example the emisson dynamics in CdS,Se;.x mixed
crystals. In Sec 4 we review our time—resolved PL—experiments on PPV and related
polymers and compare the findings to the behavior in the inorganic model systems. Our
experimental results are also analyzed by comparison with Monte-Carlo (MC) smulations.
Thus a more quantitative insght into the relaxation and recombination dynamics is
achieved. In order to explore the mechanism of photocarrier generation in conjugated
polymers, we have performed PL—experiments under the influence of an electric field. In
Sec. 4.4 we describe the dectric field induced modifications of the emisson dynamics in
PPV and discuss the sgnificance of these findings for characterizing the primary
photoexcitations in conjugated polymers. Again we compare the results with MC—
smulations and discussrelated experiments in the field of inorganic semiconductors. The
paper is concluded in Sec. 5.

2 METHOD

Time—resolved PL (TRPL) has been rapidly developed over the past yeas. Fast
electronics alow the direct detection of picosecond phenomena and by the use of optica
correlation techniques a time-resolution on the order of 100fs, comparable to the
duration of the shortest laser pulses, is now available’® . The general scheme of a TRPL
setup is fown in Fig.1. The ecitation pulses are produced by a modelocked laser which
provides ultrashort laser pulses. In most of our experiments on conjugated polymers we
have used a femtosecond modelocked Ti:sapphire laser providing laser pulses on the order
of 100fs and a photon energy of about 1.5€V. Light quanta suitable for exciting the
conjugated polymers were then obtained by frequency doubling these pulses. Alternatively,
some of our experiments were performed with a synchronoudy pumped dye laser as
excitation source. In al cases the sample was kept at variable temperatures in a ayostat.
The emitted PL was then collected in atime and spedrally resolved manner. Depending on
the time-scale under investigation, different techniques can be employed to obtain
temporal resolution. In the experiments which are discussed in this contribution we have
used three different techniques for time—resolving the amission dynamics:
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1. The highest time resolution is achieved with the technique of luminescence
upconversion’”. Here the luminescence is focused onto a nonlinear crystal and
superimposed with a strong femtosecond laser pulse (gating pulse) which is focused on
the same spot of the aystal. The sum—frequency signal corresponding to one photon
from the PL and one photon from the gating puse is detected. Using this optical
correlation technique, a time-resolution of about 300 fs was accomplished™.

2. A convenient way for the investigation of the PL—behavior with a dlightly smaller time—
resolution is to use astreak—camera. Here the time—resolution is obtained by applying a
trangent high wltage to deflection plates giving rise to a time—-dependent deflection of
photoelectrons that are excited by the PL. The distribution of photoelectrons is
monitored with a phosphorescing screen and a read—out optic. This technique provides
afast data acquisition and a time-resolution of about 20 psin our case™.

3. For measuring the time—resolved luminescence at larger time delays and at very low
excitation levels the method of time—correlated single photon counting can ke used.

Sample
Modelocked |— |
Laser

Time and
Spectrall
Resolv

Detection

Fig. 1: Scheme of the setup for time-resolved luminescence spedroscopy.

Generdly, TRPL measures the decay of the excited state population. In the most
sraightforward case, when the excited material can be described by an ensemble of
independent twoevel systems (cf. Fig. 2 (@), TRPL measures the deay rate of the
excited state* . After pulsed excitation the excited state population decays with a time—
independent rate, usually the sum g=g, +g, of a radiative and a nonradiative rate.

| solated molecules in the gas phase or in solution can often be described in such a simple
model.

' Here we asume that the phase relaxation in the excited state is very rapid and only
incoherent phenomena have to be mnsidered.
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(a) (b)

Fig. 2. Schematic structure of the relevant electronic levelsin time-resolved lumincescence
gpectroscopy. () shows a smple two-level system. g, and g, denote the radiative

and nonradiative deadivation rate for an electron excited to sate [2>.(b) illustrates
the more complicated situation where various levels are involved. The decay of the
luminescence detected within a certain detection window is determined by
deactivation into the ground state & well as energy relaxation (dashed arrows) to
lower lying levels. At different energies different emission dynamics may be
detected.

The situation is more complicated when more than two levels or even a continuum
of states is involved. Fig. 2 (b) illustrates this Situation. In this case, the observations in
spectrally resolved TRPL depend very much on the detection photon energy. |1.e. when the
emisson from higher lying levels is detected, TRPL monitors the depopulation of the
states at this edfic energy due to energy relaxation processes (dashed arrows in Fig. 2
(b)) rather than due to a direct radiative transition into the eectronic ground state.
Vibronic relaxation, cis-trans-isomerization, intersystem—crossing are typicd examples
that are observed in moleaular spectroscopy”™®. Fig. 2 (b) can also be gplied to
crystalline solid state materials. Here the continuum of levels represents the density of the
(delocalized) band states. A specid example of energy relaxation are energy transfer
processes, as e.g. widely investigated in the field of molecular crystals**®> and mixed dye
solutions™. Here the energy relaxation occurs together with a spatial transport of charges
and/or energy.

3 LUMINESCENCE DYNAMICSIN INORGANIC MODEL SYSTEMS
3.1 Bimolealar carrier recombination in a crystalline semiconductor

The photoluminescence in 1lI-V—semiconductors has been a subject of intense
research in the last decades. Time resolved luminescence spectroscopy has been
successfully applied for the investigation of the relaxation and recombination mechanisms
in these solids which are widely used in semiconductor lasers, light—emitting diodes and
high-speed electronic devices’’. GaAs was used as the active materia for the first
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semiconductor laser diode and can be regarded as a prototype material for a direct—gap
semiconductor. A scheme of a smplified band—structure is $own in Fig. 3.
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Fig. 3: Simplified band structure of a Il11-V semiconductor near the center of the first
brillouin zone. When a photon is absorbed, an eectron from the valenceband V is
excited into the conduwction band C. Due to the small photon momentum only
verticd transitions are dlowed. Arrow 1 corresponds to absorption of a photon
whereas the arows 2 and 3 represent emission processes at different photon
energies.

The absorption of a photon promotes an electron from the valence band into the
conduction band (shown as arrow 1 in Fig. 3) leaving an unoccupied state in the valence
band (hole). Since the photon momentum is negligible, only vertical trandgtions are
alowed. In the dfective mass approximation the dispersion of the dsorption coefficient
a for optical absorption between two band states is determined by the joint density of
gtates and thus for a three-dimensional semiconductor

apy w- Eg (1)

where hw is the photon energy and E; is the band gap of the materia. Red
semiconductors, however, exhibit optical properties which are more complicated than
expected from this smple picture. As an example Fig. 4 shows the asorption spectra of
GaAs a room and at low temperature, respectively. At room temperature (Fig. 4 (b)) the
absorption shows an onset at the bandgap of about 1.423 eV. However, the asorption is
much higher than expected from the smple density—of—states arguments in Eq. (1).
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Fig. 4: Absorption spectra of GaAs at low temperature (a) and at 300K (b)™.

The enhanced absorption is attributed to the Coulomb interadion of the dectron
and hole involved in the asorption process and is well described by Elliot’s formula®®.
Upon lowering the temperature, the Coulomb interaction becomes even more prominent in
the opticd spectrum as seen in Fig. 4 (). The strongest absorption has now purely
excitonic charader and islocated below the asorption attributed to the optical transtions
between the free arrier states. The low lying absorption peak is due to a Wannier—exciton
with abinding energy E; of 4.2 meV.

The discussion of the asorption spectrum of the band-type semiconductor GaAs
points out several features which are dso of importance for the discussion of the optical
propertles of less well characterized materials, like eg. conjugated polymers:

Albeit the dielectric constant of GaAs is relatively large, the Coulomb interaction plays
an important role for the optical spedrum, even at temperatures where KT is much
higher than the exciton kinding energy.

There is no contradiction between excitonic and free Garrier states. A superposition of
both states determines the optical spectrum.

Whether a purely excitonic trangition can be identified in the optica spectrum or not
depends on the temperature, i.e. theratio KT/ E;.

Since spontaneous emission is an inverse process of optical absorption, the same
matrix element and the same states are involved. However, the gtuation is more
complicated, since energy relaxation processes can occur between the absorption of a
photon and the subsequent radiative transtion back to the ground state (recombination).
Since the energy relaxation processes usually occur on a time-scale of picoseconds,
whereas the recombination is a slower process, time-integrated PL—spectroscopy is mainly
probing the lowest lying excited states. Fig. 5 shows a typical low temperature PL—
gpectrum of GaAs. The most prominent feature is a peak between 1.51 eV and 152 eV
and is attributed to the radiative decay of excitons. After photoexcitation with an energy
larger than the bandgap, the photoexcited eectrons and holes undergo energy relaxation
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and form neutra excitons which then decay radiatively. Therefore the interpretation of the
luminescence of the band semiconductor GaAs in a typical experimental situation has to
include excitonic effeds.
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Fig. 5: Low temperature PL-spectrum of GaAs. The excitation energy was 1.92 eV. The
peak between 151 eV and 152 eV is attributed to free excitons whereas defects
areinvolved in the luminescence between 1.48 eV and 149 eV,

PL due to the recombination of free carriers in GaAs can be observed under
different experimental conditions:

1. As a1 in Fg. 4, raisng the sample temperature smears out the excitonic feduresin
the dsorption spectrum and concomitantly also in the emission spectrum. However,
a the same time the PL—quantum efficiency drops rapidly due to activated
nonradiative recmbination processes.

2. Many body effects at higher excitation densities lead to energetic lowering of the free
carrier states while the energy of the excitonic states remains amost the same. At
aufficiently high excitation densities (above the Mott—density) the free Garrier sates
are located below the excitonic states.

3. Time resolved luminescence spedroscopy with a time-resolution faster than the
energy relaxation allows for the observation of emisson from unrelaxed states (hot
luminescence).

Time resolved spectroscopy is aso a versatile toal to distinguish between excitonic
and free carrier recombination since different dynamics are expeded for the two
phenomena. After exciting a semiconductor with an ultrashort laser pulse axd without
considering energy relaxation processes, the dynamics of an excitonic population n,,, and
the trangent PL—intensity is determined by

IPLL’ln‘i‘XC:'gN‘]exc. (2)
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Here g is the recombination rate. Exciton recombination is a monomolecular
process and therefore an exponential decay curve is expected in a transent luminescence
experiment that probes excitonic emission. On the other hand, radiative recombination of
free carriers is a bimolecular process. The following rate equation is usualy applied to
describe the transient carrier densities n, and n, of the dectrons and holes, respectively:

lo. BN, =1, =- Bnen, | ©)]

where B is the bimolecular recombination coefficient. This equation, however, only
summerizes the complex superposition of relaxation and recombination processes of the
excited electron-hole plasma. If the emission is detected in a spectrally resolved manner, a
more gpropriate description hes to consider momentum conservation during the emission
process (cf. Fig. 3). In a first order approximation (neglecting Coulombic dfects) the
temporal and spedra dependence of the PL is described by:

le (E,) W fe(Ee, ) XF, (B 1) (4)

Here f. and f, ae the eledron(hole) occupation probabilities of the
conduction (valence)-band states at the specific energy E. , which corresponds to the

optical trangtion.

Evidence for free carrier recombination processes is sen if experimenta methods
with high time resolution are employed®®. Fig.6 shows the picosecond transient
luminescence recorded with the PL—upconversion technique. The emission at different
energetic positions above the bandgap of GaAs after excitation with a 100 fs laser pulse &
2 eV isdepicted.

The observed behavior can be explained as follows: Within the time resolution of
the experiment the photoexcited electrons and holes thermalize via very efficient carrier—
carrier scattering pocesses and form Fermi-Dirac—distributions. The aljacent
temperatures of the dectron and hole distribution are different and significantly higher than
the temperature of the lattice The crrier distributions then cool down to the temperature
of the aysta lattice. This process takes place on a picosecond time-scale via @arrier—
phonon scattering processes. During the cooling process the occupation probability of
states nea the bandgap increases and therefore a delayed rise is observed at lower
emission energies.

The superlinear dependence of the recombination process on the arrier density is
evident in the intendty dependence of the time—resolved luminescence spectra. Fig. 7
compares the transient luminescence spectra detected diredly after photoexcitation in the
I11-V semiconductor InP. Upon increasing the arrier density by a factor of 4, a 10-fold
increase in the initia luminescence is observed. However, the superlineaity is dightly less
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than the quadratic dependence which is expected for a bimolecular process following
Eq. (4).
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Fig. 6: Transient luminescence of GaAs detected at different photon energies after
excitation with a femtosecond laser pulse & 2eVv®'.
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Fig. 7: Time resolved luminescence spectra of InP recorded at a time delay of 60 fs after
photoexcitation with a2 eV laser pulse for two different excitation densities™.
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In summary, athough GaAs can be regarded as a classicd direct gap band
semiconductor, the optica spectra consists of free carrier and excitonic features.
Depending on the experimenta stuation the one or the other description is better suited
and usually a superposition of both effects occurs. We emphasize that there is no
contradiction between excitons and free carriers in this material. The concept of excitons
(i.e. Wannier—excitons) is rather an extension of the concept of Bloch—waves and both
models rely in a similar manner on the periodicity of the aystd. In the ideal case, al
electronic states, the free arriers as well as the (free) excitons are delocalized over the
whole ay4al.

At this point we dso mention that radiative recombination in 111-V semiconductors
and reterostructures is gill a matter of intense research. Despite the well established
genera ideas of bimolecular free carier and monomolecular exciton recombination, the
microscopic physics of the radiative decay is gill not fully understood. The role of
coherence, polaritonic dfects and various other interesting phenomena is gill a subject of
active research™.

3.2  Photoluminescence in a strongly disordered semiconductor: Hydrogenated
amorphous slicon

The discussion of the dectronic properties of crystaline I11-V semiconductor is
based on the periodicity of the material and the adjacent delocdlization of the dectronic
wave functions. The validity of the Bloch-theorem is the reason that the optical properties
of 111-V semiconductors and heterostructures are fairly well understood.

The absence of a long range order changes the stuation dramatically. We now
qualitatively discuss the recombination process of photoexcited carriers in hydrogenated
amorphous silicon (a-Si:H)*. From an applied point of view the mparison of this
material with conjugated polymers is particularly important since both materials have
smilar advantages (i.e. low fabrication cost and the possibility of large aea deposition)
and are therefore potentially suited for the same applications like e.g. large area
optoeledronics.

The very difference of amorphous slicon as compared to crystalline silicon is
largely due to the occurrence of localized electronic states. They determine the transport
and the luminescence properties to a large extent. Fig. 8 shows a scheme of the dectronic
levelsin a-Si:H. The lack of the long range order leadsto localized electronic states which
are energetically below the extended conduction band states. The @rresponding locdized
hole states are located above the extended valence band states. These localization
phenomena can be explained in the framework of Anderson-localization which (for certain
parameters) predicts a mobility edge that separates localized from delocdized states.
Above the mobility edge the dectronic states are ill fully delocalized as in the ase of
crystalline silicon. Due to the rapid scattering processes, however, the momentum is not a
good quantum number as in the aysds. Thisisimportant for the optica absorption since
the relaxation of the k—conservation rule leads to the much higher absorption coefficient of
a-Si:H as compared to crystalline silicon.
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Fig. 8: lllustration of the photoexcitation dynamics in a-Si:H. After exciting an eectron
from the extended valence band states to the extended conduction band states the
carriers first thermalize into localized states below the mobility edge (1). The
subsequent carrier dynamics a low temperatures is then governed by energy
relaxation (2), radiative (3) and nonradiative (4) recombination™.

The locdized nature of the lowest lying excited states determines the transport
properties as well as the photoluminescence behavior. PL in aSi:H is explained within the
following scenario for the photoexcitation dynamics (see Fig. 8): For sufficiently high
photon energies the most probable asorption process is the promotion of an electron
from an extended valence band state into an extended conduction band state. The excited
carriers undergo energy relaxation and relax down to locdized states below the mobility
edge. This process occurs on the same time-scale &, e.g. the energy relaxation in GaAs
and takes place within picoseconds®. After thermalization into the localized states the
dynamics dows down. Transport from one localized state to another is then only possible
via atunndling mechanism (hopping) or via thermal excitation into an extended state ad
subsequent capture into another localized state (multiple trapping). Additionally, these
energy relaxation processes are superimposed by the recombination of oppositely charged
localized carriers.

The eergy relaxation again can be monitored by means of time-resolved
luminescence measurements. Measurements of the transient luminescence & different
energetic positions reveal the typical behavior of an ensemble of excitations which relaxes
down to lower lying electronic states for larger times. As an example Fig. 9 shows the
results for the amorphous semiconductor aloy aSioseCoi1:H which exhibits similar
properties like aSi:H. The genera phenomenon is smilar to the behavior foundin the case
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of GaAsin Fig. 6. The higher the detedion energy, the faster the luminescence decay since
the recombining electron-hole pairs move out of the spectra detection window towards
lower lying states.

For longer time delays the Stuation becomes more mmplex since carriers rather
recmmbine than relax down to lower lying states™. Recombination of two oppositely
charged carriers occurs via atunneling process between two localized states which are
occupied by the electron (€) and the hole (h), respedively (see Fig. 8). Nonradiative
recombination with the involvement of a defect state occurs smultaneously. This becomes
more and more important at elevated temperatures and leals to the rapid decrease of the
PL-quantum efficiency. The dynamics of the recombination is determined by the
distribution of distances between the dectron and Ioles which recombine and emit a
photon. The key issue here is that there is a rather broad dstribution of spatial distances
between the two involved charge cariers. Hence, there is aso a broad range of
recombination times. Fig. 10 depicts the result of a transient luminescence measurement
covering six orders of magnitude in time. The luminescence decays very gradually and can
gill be detected 10 ms after the excitation light pulse. The lower part of the figure
illustrates the lifetime distribution obtained from the measurement. The Stuation here is
completely different from the dtuation in crystaline semiconductors, where the decay of
the photoexcitation is described by a time-independent rate in the @ase of excitons and by
a time-independent bimolecular recombination coefficient in the case of free @rrier
recombination.
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Fig. 9: Time resolved luminescence transients of the amorphous semiconductor a
SipssCos1:H at different detection energies (solid line: 1.55 eV, dashed line 1.68
eV, dashed-dotted line 1.88 €eV). The luminescence was excited with a
picosecond laser pulse derived from a synchronously pumped dye laser pulse and
then detected with a streak-camera™.

In &Si: H the radiative lifetime of an e-h—pair with a spatial separation R is
determined by
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Here a denotes the localization length and ¢, is a constant. Typical values are
a =10 A and t,=10"s. Therefore the peak in the lifetime distribution between

10 *sand 10%s indicates a typicd separation of 70A for the recombining peir. The
broad lifetime distribution refleds the broad distribution of distances between the
recombing e-h—pairs during the relaxation and recombination process. This complicated
decay dynamics is arealy observed at low excitation intensities where recombination only
occurs for e-h—pairs which were generated by the same photon (geminate pairs). Further
complications arise when the excitation density is that high that interaction between the e-
h—pairs leads to non—geminate processes.

Fig. 10: The upper portion depicts the decay of the luminescence in aSi:H. The lower
curves are the lifetime digtributions which were calculated from the measured
data™.

In summary, aSi: H is an example of an inorganic semiconductor where the PL—
dynamics is completely governed by the disorder—induced localization of the dectronic
states. At low temperatures tunneling between these localized states determines the energy
relaxation and the recombination dynamics. Both process can be observed by time-
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resolved luminescence spectroscopy and lead to a completely different PL—dynamics as
compared to crystalline semiconductors.

3.3  Excitonslocalized by disorder

The discussion of the emisson dynamics of inorganic systems has < far illustrated
the typical behavior of a band-type semiconductor as found in the case of GaAs and InP
and the dominating effect of carier locdization in the @ase of aSi:H. Aninteresting class
of materids which combines the properties of the two abovementioned solids are
crystalline semiconductor alloys. In contrast to a-Si:H which exhibits no long range order,
these materias have awell defined crystal structure. Typical semiconductor aloys are eg.
AlGaixAs and CdSSeix. These ternary semiconductors are digtinctly different from
related binary systems snce the occupation of the cdionic (in the @ase of Al,Gai.xAS) or
the anionic (in the ase of CdSSe.,) gSte in the crystal is a subject of compostiona
disorder. This disorder leads to potentia fluctuations which subsequently create localized
electronic states below the extended band states of the semiconductors. A particularly well
investigated example is CdSSe; .

Fig. 11. Time integrated luminescence spectra for CdSSeix with different relative
concentration of S and Se*.

Fig. 11 shows the time-integrated PL—spectrum of CdS,Sey« for different relative
concentration of the group VI materials. In the binary semiconductor CdSe the PL
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gpectrum is dominated by two emission lines around 1.82 eV which are dtributed to the
radiative decay of the free eciton and an exciton bound to a neutral donor at dightly
lower energies. Similar to the emisson in GaAs, a these ecitation intengties the
luminescence due to free carrier recombination is negligible since the photoexcited
electrons and holes relax rapidly to form neutra quasiparticles at lower energies.

The PL in the dloy semiconductor CdS 42Sepss is sgnificantly broader than in the
pure CdSe-sysem. The much kroader emission band is attributed to the radiative
recombination of localized excitons occupying an inhomogeneously broadened density of
localized exciton states®. The mmpositional disorder present in this materia leads to the
formation of localized excitonic states with arather broad distribution of energies.

Fig. 12: Luminescence dynamics measured at different spectral positions within the main
emission band of the CdSy 4,Seps5-sample™.

More ingght into the nature of the involved relaxation processes is again obtained
by time-resolved luminescence spectroscopy. The pure CdSe-sample exhibit a rapid rise
of the luminescence (data not shown here) which is attributed to the fast formation of free
and bound excitons from the initially excited ensemble of free arriers. After the initial fast
rise, an exponential decay with a daraderistic time nstant of about 320 ps is observed
a dl detection energies and attributed to exciton recombination. The exponential decay
and the finding that the dynamics is intensity independent® are incompatible with free
carrier luminescence since the bimolecular nature of the recombination process sould lead
to a different behavior. The experimenta results for the luminescence dynamics in
CdSy 42Sey 55 are shown in Fig. 12 and differ considerably from the findings for the pure
CdSe—crystal. The luminescence decay is now strongly dependent on the detection energy.
For high detection energies, corresponding to a high energetic position in the
inhomogeneously broadened density of states, a fast deay is observed. In contrast, a
delayed rise and a much dower decay of the luminescence is observed at smaller energies.
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These results were explained in terms of energy transfer of excitons between different
localized states®. The emisson dynamics is governed by competing radiative
remmbination and energy relaxation of excitons to lower lying sates in the
inhomogeneously broadened density of states (DOS).

The data wuld be explained by a set of rate equations for the occupation
probability n; of the localized excitonic state (site) i with energy E; :

n = é (njnji - ninij)' n/t, (6)
]
with the hopping rate
My = &xpg— —— E>E (7)

In Eg. (6) the first term on the right hand side corresponds to hopping processes
into state i, whereas the second term describes the scatering out of state i into ather
(lower lying) states. The last term accourts for the radiative exciton recombination which
was described by a @ngant rate. Since the experiments were performed at low
temperatures, only downward hopping processes were considered. The transfer of an
exciton from one site to another is due to a phonon assisted tunneling (hopping) process
as described in EqQ. (7).a denotes the locdizaion length, n, is an attempt-to-escape

frequency and R; is the distance between the two stes. The solid lines in Fig. 12 shows
the results of calculations based on Egs. (6) and (7).

The behavior found here has to be distingushed from the dynamics in aSi:H. In
CdSSeix the excitons are first rapidly formed and then relax as a neutra quasiparticle
whereas in aSi:H éectrons and holes undergo energy relaxation within the dengty of
localized states as sngle dharged particles. This can be explained by the different nature of
the disorder and the different Coulomb interadion in the two materials. In aSi:H only a
short range order exists and this leads to a very short localization length of both the
electron as well as the hole states and to a much stronger inhomogeneous broadening. In
CdSSeix on the other hand the compositional disorder leads to longe range potentia
fluctuations which mainly affed the valence band states. The daraderistic length scae is
believed to be larger than the exciton Bohr radius. Additionaly, the stronger Coulomb
interadion and the smaller amount of inhomogeneous broadening of the tail ates in
CdS,Se,« prevents the dissociation of the neutral quasiparticle into two charges.

4 RECOMBINATION AND RELAXATION OF PHOTOEXCITATIONS IN
POLY(PHENYLENE VINYLENE)S
4.1  Recombination dynamics
We gtart our discussion of the emissive behavior of PPV with a mwmparison of the
time-integrated absorption and emission spedrum. Fig. 13 depicts the room temperature
spectrafor PPV.
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Fig. 13: Time-integrated absorption (Abs) and photoluminescence spectrum (PL) of PPV.
The verticd arrows indicate the different detedion energies in the PL-
upconversion experiments. The density of states for the 0-O-trandtion derived
from afit to the low energy part of the asorption spedrum is also shown as a
dotted line for comparison™.

The onset of the optical absorption is located at about 2.4 €V and the spectrum
extends to energies in the UV. Besides a shoulder at the rising edge, no spectrally narrow
fedures are observed. The PL—spectrum on the other hand shows three distinct emission
bands which are sgnificantly narrower than any feature in the asorption spedrum. The
different bands can be dtributed to the purely eledronic trangtion at the highest energy (at
about 2.38 eV) followed by vibronic progressons at lower energies. The spectra found
here resemble the general behavior of fluorescing organic molecules and are very similar to
those observed in oligomeric model compounds of PPV*. However, there is no strict
mirror symmetry between the dsorption and the emission spedrum. This already provides
evidence for the occurrence of energy relaxation processes in the excited state. Site—
seledive luminescence spedroscopy®’ has revealed that the different width of emission and
absorption bands can be explained by a strong inhomogeneous broadening of the optical
trangtion. After excitation into higher lying states of the inhomogeneoudy broadened
trangtion, relaxation processes preferentialy populate the lowest lying states. The
radiative trangtion to the ground-state occurs from the lower lying level of the DOS and
thus the amisson is substantialy spectrally narrowed compared to the @sorption band.
Before we discuss these relaxation processes in more detall in Sec. 4.2 we focus on the
nature of the recombination process which is measured on the time-scale ranging from
20 psup to severd ns.

Fig. 14 depicts a comparison of the TRPL for three different polymers. We
compare PPV with its phenyl-substituted derivative PFPV and a polymer blend system
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consisting of 20 % PPPV and 80 % Polycarbonate (al concentrations by weight). The
curves were taken with rather low spectral resolution nea the spectral maximum of the
respective time-integrated luminescence spectrum. They represent the overall decay of the
photoluminescence in these materials.

Fig. 14: Luminescence transients of three different polymer samples for different
temperatures. The PL was excited with a 7 ps laser pulse & a photon energy of
2.64 eV. The PL was detected near its ectral maximum at about 2.21 V™.

In PPV the PL—decay at low temperatures is highly nonexponential. For a
quantitative comparison of the different samples we define adecay time ¢, at which the
PL-intensity has dropped to l/e of the initid intensity observed diredly after
photoexcitation. In PPV ¢, is determined to 135 ps. In PPP/ the decay at a temperature
of 10K is dgnificantly dower than in PPV but exhibits also a strong ronexponential
behavior. The value of the dharacteristic decay time t,,, in this case is 430 ps. An even
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dower decay is observed in the cae of the polymer blend system PPPV/PC. The PL
decays amost exponentially and can be described by a daraderistic time t,,,=780ps at

low temperatures. At higher temperatures the PL—decay is faster in dl three materials with
the most pronounced temperature dependencein PPV and PRPV.

Further ingght into the recombination processes is obtained from measurements of
the quantum efficiency for the photoluminescence. Fig. 15 illustrates the temperature
dependence of the PL—quantum efficiency for the three different samples. The vaues
depicted in the figure were determined in comparison to a reference sample consisting of
the PPV—oligomer 1,4 Distyrylbenzol which is known to have aquantum efficiency of
94 % and a radiative lifetime of 1.3 ns®®. The data shown in the figure therefore reflects
with slight corrections the estimated absolute quantum efficiencies. Fig. 15 reveasthat the
highest quantum efficiency is obtained for PPR//PC. In bulk PPPV the PL—efficiency is
reduced and even smaller values are measured for PPV. In dl materias the PL—efficiency
decreases with higher temperatures.

Fig. 15: Relative quantum efficiency of the different samples as compared to the dficiency
of amodel oligomer as a function of temperature™.

Combining the data from Figs. 14 and 15 reveds a general trend that is observed in
many fluorescing materials: The higher the PL—quantum efficiency the dower the PL—
decay. The fastest PL—decay in PPV is accompanied by a low quantum efficiency of less
than 5% whereas the dmost exponential and rather dower decay occurs in the sample
with the highest quantum efficiency, namely PPPV/PC. The gtraightforward explanation
for these findings is, that the fast PL—decay process is due to a nonradiative process which
decreases the dendty of emitting species in an nonexponentia manner during the first tens
and hundeds of picoseconds. This nonradiative process cannot be characterized by a
time—independent rate (like e.g. an intersystem crossing or multiphonon procesy since this
should lead to an exponential PL—decay. The distinctly different emission dynamics of
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PPPV and the polymer blend PPPV/PC gives direct evidence that the nonradiative process
which leads to the rapid PL—decay in PPPV and PPV is a phenomenon where atransport
process is involved. Upon diluting the conjugated polymer in an inert matrix the transport
is hampered and the nonradiative processis sippressed.

More insght into the underlying mechanisms is found by measuring the TRPL on a
longer time-scae employing the technique of time correlated single photon counting.
Fig.16 illustrates again a comparison of PPR/ and the polymer blend syssem. The data
shows clearly the faster PL—decay of the bulk paymer. The PL in PPR/ decreases much
more rapidly within the first two nanoseconds than in PPR//PC. However, after the initial
faster decay in PPPV the decy aso becomes exponentiad and is very similar with the
dynamics found in PPR//PC. This exponential PL—decay at longer time delays is in both
systems described by atime onstant of 1.4 0.1 ns.

Fig. 16: Comparison of the PL-decay in PFPV and the polymer blend PPPV/PC after
excitation with a 2 pslaser pulses a 3.1 eV. The arves were measured with the
tedhnigue of time-correlated single photon counting.

We atribute this decay rate to the mostly radiative decay of those excitations
which are not a subject to the transport—based nonradiative. It is worthwhile to note that
the decay rate is very similar to the reported predominantly radiative decy rate in the ase
of the PPV—oligomer®.

Another important finding is that al measured decay curves are not intensty
dependent a our excitation levels. All emission transients sale linearly with the laser
power used for excitation. This behavior is depicted in Fig. 17. Here we have plotted the
initial PL—intensity in PPV measured in a temporal window of 20ps after the
photoexcitation as a function of the excitation laser pulse energy. In accordance with the
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observations by other groups'®’ a linea dependence is found over the eitire excitation
energy range.

Fig. 17: Intensity dependence of the initial (within the first 20 ps) PL-intensity in PPV after
excitation with a 100 fs laserpulse & 3.1 €V. The data was derived from streak-
camera measurements.

The findings reported here ae of mgjor importance for the araderization of the
nature of the photoexcitation. The linear dependence of the PL—intensity right after
photoexcitation and the intensity independent dynamics is certainly incompatible with a
bimolecular recombination of free arriers as the dominating channel. As $iown in Sec. 3
the PL—intensity in the aase of afree @rrier recombination should follow

I HNXP (8

where n and p are the density of electrons and holes, respectively. This $ould lead to a
guadratic dependence of the initial PL on the excitation intensity and to an intensity
dependent decay curve. Additionally, the exponential decay curve & larger time delays is
incompatible with a bimolecular recombination process. We therefore conclude that the
radiating species are neutral, noninterading photoexcitations with a density proportional
to the light intensity.

We note here that a nonlinearity in the emisson behavior in PPV has been
observed in earlier TRPL—experiments’ as well as in more recent studies®. However, the
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excitation densities in these experiments were exceeding ou intensities by severa orders
of magnitude.

The exponential PL—decay at larger time delays is again an important finding for
characterizing the photoexcitation. A time-independent decay rate rules out geminate—
pairs as observed in aSi:H being the most important photoexcitation. In that case the
distribution of distances between the geminate dectrons and holes leads to a strongly
time—dependendent probability for the radiative recombination. The striking similarity of
the PL—decay rate of 1.4 ns with the reported value for PPV—oligomers of 1.3 ns as well
as the very smilar PL—spectra indicate that the nature of the excitation in the polymer isa
neutral localized photoexcitation similar to the one in smaller molecules.

All experimental findings are in accordance with a model which regards the
conjugated polymer as an array of chromophores formed by the ensemble of fully
conjugated segments of the polymer backbone. Due to the disorder and the defects present
in the samples, the cnjugation length is much shorter than the actua length of the
macromolecules. This leads to a cnfinement of the dedronic wavefunctions on small
segments of the polymer backbone. Furthermore, due to the similarity with the oligomeric
model compound, we expect the photoexcited electron-hole-pair to be strongy bound by
Coulomb interaction. The locdization due to the potential barriers induced by kinks and
other defects in the polymer and the Coulombic interaction prevent the two oppositely
charged carriers from noving away from each other. This is different from the case of a—
Si:H where the dectron and hole thermalize more or less independently from each other
within the distribution of localized states and then recombine with a broad distribution of
rates. Albeit we did not observe any indication for this type of recombination in our
experiments, we note that Rothberg et a.”*° have reported PL—decays in PPV and MEH-
PPV which exhibit the turnover to a slower nonexponential decay at longer time delay.
Their findings were attributed to the delayed formation of singlet excitations from a
geminate pair like ecitation (interchain excitons). The differences to our results might be
explained by the different morphology of the materials used in both sets of experiments.

We conclude that the strongest smilarity of the conjugated polymer with the
different inorganic materials discussed in Sec. 3 is found for the case of localized exciton
luminescence a observed in CdS,Sey.«.

In summary, the scenario for the decay of the photoexcitation in PPV is as follows:
The dsorption of a photon excites alocalized rneutral electronic excitation which is smilar
to the excited state in conjugated oligomers. The subsequent fast deaease of the PL is due
to a transport based nonradiative process which deadivates some of these excitations.
This process cannot be described by a time-independent rate. This is explained by the fact
that not all excitations have the same environment and therefore this transport process has
a digtribution of rates. After those ecitations have decayed which are subject to a high
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probability for the nonradiative decay?, the radiative recombination of the surviving
excitations leals to the observed exponential decay at larger time delays.

4.2  Femtosecond energy relaxation

We now turn over to the discussion of the PL—upconversion experiments which
alow for a subpicosecond time resolution. Thus the initial energy relaxation processes
after photoexcitation can be monitored directly. The ultrafast PL—dynamics in PPV after
excitation with a 150 fs laser pulse & 3.14 €V is $own in Fig. 18. Already within the time
resolution of the experiment (about 300fs) the PL—spectrum evolves into a spectrum
which is $milar to the one observed in time-integrated measurements’ .

Fig. 18: Time-resolved luminescence spectra of PPV after excitation with a 150 fs laser
pulse & 3.12eV*.

For comparison Fig. 19 depicts the time—resolved spedra for an oligomeric
powder sample. The behavior around time-delay zero is smilar to the dynamics found for
the polymer. Again an ultrafast rise of the amission band is observed. Since the photons
from the exciting laser pulse ae dsorbed into higher lying vibronic bands, the ultrafast
rise & lower emission energies and the absence of luminescence dose to the excitation
energy indicates an extremely fast vibronic relaxation in both the polymer and the
oligomer. Thisis attributed to the high uibrational mode density in both systems.

% This process will be discussed in much more detail in the following section.
® The weight of the different vibronic bands is dightly different due to experimental
artefads.
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Fig. 19: Time-resolved luminescence spectra of a model oligomer with 3 phenylene units
after excitation with a 150 fs laser pulse & 3.12 €.

The subsequent excitation dynamics in the polymer and the oligomer differs. In the
polymer the main emission band at about 2.25 eV shifts towards lower energies with
proceading time axd also gets dightly narrower. The redshift as a function of the time
delay is siownin Fig. 20.

Fig. 20: Transient energetic postions of the main emission band at » 2.24 eV in the
conjugated polymer PPV (filled circles). The open squares siow the transient
spectra position of the emission band a »2.63 eV in the model oligomer
OPV3™,

Within the first 50 ps a spectral shift of about 30 meV towards lower energies is
observed for the polymer. This transient redshift is absent in the oligomer as can be seenin
the same figure. From these findings we conclude that the redshift is an intrinsic properties
of the polymer. It is attributed to the energy relaxation of the photoexcitations within the
inhomogeneously broadened density of states (DOS). As pointed out in the previous
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chapter, the DOS is formed by the various localized states which are formed on the
different fully conjugated segments of the PPV-backbone. Due to the various lengths of
these segments and hence different energies of the excited states a broad dstribution of
energies is observed. We therefore attribute the redshift to hopping processes from higher
lying localized levels (at shorter conjugated segments) to lower lying states (located on
longer conjugated segments).

Fig. 21: Normdlized luminescence transent in PPV at different detection energies. The
solid lines are model calculations™.

The hopping dynamics in PPV which leads to the overall transient redshift of the
PL—spectrum is even more evident in the emisson dynamics measured at different
detection energies. Fig. 21 depicts PL-transents for the different photon energies. For the
highest detection energy of 2.7 eV the PL decays on a subpcosecond time-scale whereas
for lower emission energies the decay becomes dragtically slower. The situation is
illustrated in Fig. 22. The different conjugated segments form a rather broad DOS with a
Gaussian width of s =0.08¢eV (as obtained from a fit to the low energy part of the
absorption spedrum in Fig. 13) and a enter energy of E,=2.565€V. The different

detection energies correspond to different energetic locations within the DOS. An
emission energy of 2.7 eV corresponds to the highest states of the DOS while the other
detection energies monitor the population of the states which are located at lower
energies. In the initial moment after photoexcitation and subsequent ultrafast vibronic
relaxation al states of the DOS are occupied with the same probability (t, in Fig. 22 b)).
The evolution of the PL at the different spectral positions is then determined by the
dynamic population and depopulation at the different energies. For states at the upper end
of the DOS ( E,, =2.7 €V) the probability of a neighboring state to be lower in energy is
amost one. Therefore the energetically highest lying states are rapidly depopulated by
downward hopping processes. The decay time observed a the highest emission energy
alows an estimate of the fundamental hopping time for the transfer of an excitation to a
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neighboring state. With a dharacteristic PL—decay time of about 400 fs and the assumption
of six nearest neighbors, a fundamental dwell time of about 2.4 ps is deduced. At lower
energies the PL—decay is dower since the number of states which are available for
downward jumps gets smaller.

Fig. 22: a) Scheme of the energy relaxation in the inhomogeneoudy broadened density of
states of the polymer. The aurved arrows indicate the hopping processes of the
photoexcitations. The straight horizontal arrows indicae the paositions of the
different detection energies in the upconversion experiment. b) illustrates the
distribution functions of the photoexcitations for different time delays after pulsed
excitation.

A comparison of the energy relaxation pattern with itsinorganic counterparts gives
again some interesting indghts. In the discussion of the recombination dynamics we
argued that only the localized exciton luminescence in CdSSex.« exhibits a similar behavior
as the PL in the conjugated polymer. The energy dependent measurements iow again the
strong similarity with the dloy semiconductor. Asin the cae of CdS;42Senss (see Fig. 12)
the luminescence transients exhibit a strong dependence on the detection energies. In both
meaterias the highest detection energies exhibit the fastest decays, whereas a dower decay
is observed at lower energies. However, we point out that the observation of a strong
energy dependence in the emission dynamics is also dbserved in the band—semiconductor
GaAs and in the anorphous fmiconductor a-Si: H, as $iown in the Figs. 6 and 9. The
concept of energy relaxation is a general concept and it only relies on a broad density of
states which can be ather due to an ensemble of localized states with different energies or
due to different states in a band—structure.

There is one striking difference in the polymer case & compared to the aystaline
inorganic semiconductors. In GaAs as well as in CdS; 4,Seyss the PL—transents at lower
emisson energies $ow a delayed maximum. In PPV the PL rises ultrafast a al photon
energies, only a very dight increase within the first picosecond is monitored at 2.4 eV,
which is low in the DOS. In the inorganic semiconductors the delayed maximum is
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explained by the accumulation of carriers or excitons in the lower lying levels in course of
the energy relaxation. From the dsence of this feature in PPV, we have to conclude that a
large portion of the photoexcitations that are scattered out of the states at higher energies
do not arrive & lower states in the DOS. Therefore our fs-experiments indicate that a
competing nonradiative process occurs in addtion to the energy relaxation within the
DOS. This is in good agreement with the results in Sec. 4.1 which have indicated a fast
nonradiative process which leads to the decay of the PL on the time scale of tens and
hundreds of picoseconds. The PL—upconversion data gives evidence that this process is
aready important on a subpcosecond time-scale. The nature of this trapping process and
amore quantitative analysis of the energy relaxation will be discussed in the next sedion.

4.3  Monte-Carlo smulations of the photoexcitation dynamics

Albeit the qudlitative discussion in the previous sction has provided considerable
insight into the picosecond dynamics of the photoexcitations, a more quantitative
understanding of the microscopic mechanisms is desirable. |.e. the relevant parameters
which underly the energy relaxation and the nature of the nonradiative process are
important for an understanding of the primary photoexcitation and its dynamics. A suitable
method for modeling are Monte—Carlo (MC) simulations snce they are easly applicable
for rather different model systems and a wide variety of parameters.

A quantitative smulation of the mnjugated pdymer photoexcitation dynamics has
to start with setting up a model for the eledronic states. The basic mode was already
introduced in the previous sction and illustrated in Fig. 22. The intensity dependence of
the PL, its gmilarity with the oligomer emission and the clear evidence for strong
inhomogeneous broadening indicated the localized nature of the photoexcitation which are
believed to be extended over severa (6-10) fundamental repeat units of the polymer. In
this context each of the horizontal lines in Fig. 22 @) represents one fully conjugated
segment (site).

In our smulation, each point of a 64°- cubic lattice with a lattice ®nstant a
represents one site. In order to acoount for the spatial disorder present in the rea polymer,
each site is sifted by arandom vector v. Its maximum length n__ reflects the anount of

gpatiad disorder. The inhomogeneous broadening is smulated by assigning random
energies with a Gaussan distribution to the sites. In order to smulate the transport-based
nonradiative process, we introduce sites which are located dgnificantly below the
"regular" DOS of conjugated segments. The pulsed optical experiment isthen smulated by
distributing several thousand excitations randomly over al sites. This corresponds to the
initial moment after excitation with the ultrafast laser pulse and the subsequent vibrational
relaxation. The dynamics of the system is then determined by the rates for hopping of the
photoexcitations from one ste to another. In generd these rate have the following form:

i
n=mxt(r)i e (E-E)o ©)
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Here n, isthe atempt-to-escape-frequency, E; and E; are the energies of the
stes i and j, respectively, and r; is the spatial distance between the stes involved.

Downward hopping processes are dways allowed whereas hops to higher lying states are
thermally activated and thus exhibit a temperature dependent rate. Theterm f (r;) isonly

dependent on the spatia distance between the initial and the fina site of the excitation.
The proper choice of this part of the hopping rate is a nontrivial problem since phonon
asssted tunneling of single charges as well as of neutral excitations can ocaur.
Additionally, dipole—dipole energy transfer, as commonly observed in molecular crystals,
is a likely process. The exponential distance dependence for phonon assisted tunreling
(PAT) was dready introduced during the discussion of exciton relaxation in CdS,Se; . In
the @se of a dipole—dipole energy transfer a 1/r°~dependence is expected. The totd rate
for the change of the population at sitei is expressed asin Sec. 3.3

[o] [o]
n = a n;n; - nia My =1 e . (20
i i

Here the term n, . accounts for the radiative recombination of an excitation

localized at site i. This process does not depend on the spedfic site and is in our case
assumed to occur with arate of 10°s™,

The relaxation dynamics is smulated by an MC—agorithm which numerically
solves the set of rate equations™. For the cmparison with the experimental results, either
the transgent number of excitations in a specific energy interval (considering the spectra
resolution of the experiment) or the time-dependent total number of surviving excitations
is determined from the smulation run.

We gart our comparison with a discussion of the PL—upconversion experiments.
The experimenta data (symbols) as well as the computed luminescence transients (solid
lines) for different spectral positions are plotted in Fig. 23. In the fitting procedure n, was

first adjusted such that the high energy curves (at 2.7 eV and 2.6 eV) were fitted. The
smulation results for these emisson energies do not depend on the density of traps
introduced into the sample. The states at these high energies in the DOS are rapidly
depopulated by either spedra relaxation or capture into trap states. Both processes are
downward hopping processes and are assumed to occur with by the same basic rates and
hence the trap density does not affect the depopulation.

At an emission energy of 2.5eV the sStuation is different. Without any traps, a
delayed maximum in the luminescence transient is computed. This behavior is not
observed in the experiment. Gradually increasing the trap density and hence the number of
nonradiative processes in the smulation shifts the cmmputed maximum towards time delay
zero. Good agreement with the experimental curve is obtained if atrap density of 20 % is
assumed. The curves in Fig. 23 were @culated under the assumption of an exponentia
distance dependence of the hopping rate. In our simulations we have useda =0.2 a ,



240

corresponding to 6 A for alattice amnstant a of 30 A . The other hopping parameters for
the best fit are an attempt—to—escape frequency of n, =6x10"s* and a spatia disorder
n.., =0.4. We note that the finding for the trap density does not depend on the exact
choice of the distance dependence f(r;), smilar results are obtained if dipole-dipole

excitation transfer is assumed.

Fig. 23: Symbols: Transient luminescence of PPV at different emission energies at room
temperature (same data a in Fig. 21). Lines: The solid lines $ow the results of
the MC-calculation of the transient luminescence for different emission energies
and a trap dengty of 20 %. The other lines $1ow the expected luminescence
transients at 2.5 eV for lower trap densities™.

Further insight into the trapping process is obtained from a smulation of the PL—
decay at longer time delays. In Fig. 24 we compare the nanosecond—decay curves with the
MC—eaults. These curves were @lculated using two different sets of parameters which
both fitted the femtosecond PL—upconversion data. The solid lines were cmputed with
exactly the same parameters as used for the fit of the femtosecond data in Fig. 23, i.e.
under the asumption of an exponentia distance dependence for the hopping rate. As sen
in Fig. 24, good agreement between experiment and simulation is also found on the
nanosecond time-scale. Even the temperature dependenceis nicely reproduced. At higher
temperature the excitations can undergo activated hops and are therefore more mobile and
can thus more easily reach trapping sites.

The dashed line in Fig. 24 shows the result of a cdculation where the femtosecond
relaxation behavior was fitted with an 1/r® distance dependence & expeded for a dipole—
dipole transfer process. As clearly seen, the asumption of a trap density of 20 % which
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fits the upconversion experiments with this ansatz for the hopping process leads to a ns—
decay which is much faster than the experimentally observed one.

Fig. 24: Symbols. Luminescence decays of PPV recorded at different temperatures. The
emisson is deteded at its gedral maximum. Lines. Calculated luminescence
decay curves for different assumptions for the trapping process. A dipole-dipole
transfer is assumed for the clculation of the dotted line, whereas the solid lines
are based on the assumption of a phonon-assisted tunneling process™.

In concluson, the spectra relaxation can be quantitatively explained within the
framework of a random wak hopping relaxation of localized excitations in an
inhomogeneously broadened DOS. While the upconversion data does not alow to
determine the exact distance dependence of the hopping rate for the energy relaxation
observed on the picosecond timescde, the cmparison of the nanosecond behavior favors
exponential hopping rates. Since the dynamics on this time-scae is mainly due to the
nonradiative trapping process we a@nclude that the a@pture into the traps is determined by
a phonon-assisted tunneling process. These findings are in good agreement with the
scenario for the PL—quenching in PPV suggested in Ref.”. Based on a combined
spectroscopic effort usng IR and luminescence spectroscopy, an electron capture by
carbonyl groups (created via photooxidation) was suggested as the main nonradiative
decay channel. We @nclude that the photoexcitation dynamicsin PPV can be described by
a superpostion of energy relaxation due to a random walk within the different conjugated
segments and an eledron capture by the cabonyl group which leads to a dissociation of
the neutral excitation and therefore to a quenching of the PL.

A high trap density of 20 % can be explained by the fact that the photoexcitation is
delocalized over a length on the order of 10 repeat units. That means that already each
fifth conjugated segment acts as a trap state if only one out of 50 repeat units exhibits a
carbonyl defect. This result agrees quite well with the estimates in Ref.”, where it was
shown that the PL is quenched by a factor of 2 in the presence of one defect per 400
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monomers. In the PPV investigated here, the PL—efficiency is below 10 % and therefore a
higher defed concentration is expected. Our results here dso indicate that trapping days
dready a substantial role on a subpicosecond time-scale. The ultrafast capture of an
electron into defed states implies that aready on this time-scale a high densty of
positively charged quasiparticles (holes or hole—polarons) remain on the polymer
backbone. This is an important finding for the interpretation of other experiments like eg.
trangent absorption spectroscopy and photocondLctivity.

The observation, that the onset of the photoconductivity spedrum meatches the
onset of the dsorption spedrum in PPVs has been attributed to the direct excitation of
free carriers™. However, our results indicate that this can aternatively be explained by a
fast trap—assisted dssociation of a neutral excitation due to an eledron capture into defed
gates. In this senario the hole remains on the polymer backbone and contributes to the
photoconductivity. Thus a photoconductivity spectrum is not necessarily sensitive to the
Coulomb binding energy of the photoexcitation. Recent photoconductivity studies on
samples with different defect densties confirm this notion™.

So far the anount of Coulomb binding energy Eg of the neutra excitation was not
guantitatively analyzed. The only underlying assumption in the previous discusson was
that the neutral excitations are not thermally ionized, i.e. E; > KT . Thisisjugtified by the

weak temperature dependence of the PL—quantum efficiency. We attribute the observed
decrease of the PL for higher temperatures to thermally activated hopping process of
neutral excitations to trapping sites.

4.4  Theinfluence of an eectric fiedd on the photoluminescence

Opticd experiments under the influence of an éectric field provide unique
opportunities to investigate the nature of a photoexcited state in various semiconductors™.
Electroabsorption and —reflection as well as photoconductivity (PC) measurements have
been particularly useful to establish the picture for the excited states in polydiacetylenes.
By the observation of a Franz—Keldysh—effed and a different onset for photoconductivity
and absorption an excitonic as well as a higher lying free carrier transition could be
identified in this conjugated polymer*>4>°,

The situation is much less clear in conjugated polymers of the poly(phenylene
vinylene) class. This is due to the much higher degree of disorder present in the samples.
While polydiacetylene can be prepared in the form of a single aysta, the solution cast
samples under condderation here are subject to morphological  disorder.
Photoconductivity (PC) experiments are strongly affected by the disorder and, as iown in
Sec. 4.2, the interpretation of PC—experiments suffers additionaly from the presence of
traps in the samples.

A complementary approach to investigate photocarrier generation is to perform
photoluminescence experiment under the influence of an eectric field. Experiments of this
type have been applied to a wide variety of materids in order to get more information
about the excited state wavefunctions and to investigate the photocarrier generation
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mechanism. In disordered organic a well as inorganic semiconductors the combination of
PC and PL measurements under the influence of an eedric field was used to investigate
the trangtion from the initial neutral photoexciation to a pair of charge Grriers %4,
The general idea in these experimentsis, that the PL is quenched in an electric field due to
the fad that the two oppositely charged carriers are driven into different directions by the
electric field. Those excitations which are dissociated by the dectric field contribute to the
PC but do not giveriseto PL. In afirst approximation a sum rule applies and

hPL+hPC:1 1y

where h, and h,. are the respective quantum yields for photoluminescence and
photocarrier generation.

We anphasize that these experiments rely on the localized nature of the darge
carriers. In the case of highly delocalized wavefunctions, as e.g. Bloch—waves in hulk
crystalline semiconductors, the interpretation is not as graightforward. If the PL—intensity
is determined by the product nxp of the carrier dengties for free dectrons and holes,

these quantities are assumed to be slowly varying over the excitation volume and therefore
the arriers have to move out of the photoexcited part of the sample before a PL—
guenching due to carrier separation is expected. However, PL—quenching in high electric
field can also be observed on a picosecond timescale in GaAs™. This was explained by a
change of the dectronic distribution function in the conduction band (i.e. transfer of the
electronsinto sidevalleys of the bandstructure).

Further complications arise from other effects which may superimpose the PL—
guenching due to field assisted dissociation of a neutral locdized excitation. In particular
the following phenomena have to be taken into account:

1. A field induced change of the oscillator strength may reduce the probability for
radiative recombination. In the presence of a mwmpeting nonradiative channd, this leads
to PL—quenching.

2. Trapped charges as well as mobile charges from a dark and/or a photocurrent can
guench the PL. This processis known in moleaular crystals and has also been suggested
as a quenching mechanism in conjugated pdymers™*®.

3. Simple heating of the sample due to a dark or a photocurrent has aso to be cnsdered.
As downin Fig. 15 the PL decreases for higher temperatures.

The basic observation of PL—quenching in a thin conjugated polymer film upon
application of a strong electric field is siown in Fig. 25. The experiment was performed on
an LED-structure with the polymer blend PPR//PC as the adive materid embedded
between Al and ITO eectrodes. Upon applying an electric field of 1.5 MV/cm a significant
reduction of the PL of about 20 % is observed.
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Fig. 25: Spectrally integrated photoluminescence intensgty of an Al-PPPV/PC-ITO-
gructure & a function of the applied voltage. The different symbols denote
different bias voltage polarities'”.

In order to rule out the influence of 2. and 3. as being the dominant process we
have measured the PL-quenching for both bias polarities. Due to the asymmetry of the |-
V—characterigtic the different bias polarities result in strongly different dark currents. Since
no significant bias dependence is observed, we conclude that neither the mobile charges
nor the hea disspation related to the dark current are responsible for the observed
guenching. Also, quenching die to trapped charges sems unlikely since their nature and
their number should be dhanged for different polarity. Additiondly, we found the relative
guenching to be independent on the ecitation dendty. This rules out significant
contributions of the photocurrent to the PL—quenching since aly interaction between
photocarriers and the emitting species $ould exhibit a superlinea intensity dependence.
We therefore conclude that either a field dependent change of the oscillator strength or a
field-induced dissociation of the excitationsis the dominant processes.

A clear distinction between these two processes is obtained from a time—resolved
measurement of the PL under a strong electric field using the PL—upconversion technique.
Fig. 26 shows the time dependence of the relative quenching (I,- 1:)/1, , where |, and

| - arethe PL-intensities without and with applied electric field, respectively.

At time delay zero the reative quenching is negligible. This rules out strong
changes in the oscillator strength, since this ould result in an immediate reduction of the
PL. Within the first 10ps after photoexcitation the relative PL—quenching evolves
dynamicaly. The aurve then flattens for larger times indicating a dowing down of the
guenching process at later times.
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Fig. 26: Transgent luminescence quenching a 70 K as detected in a PL upconversion
experiment. The data was extraded from the time-resolved luminescence signals
taken without bias and with an applied voltage of 17 V. The dashed line is the
result of amodel calculation'”’.

We dtribute the transient PL—quenching to the dynamic dissociation of neutral,
localized photoexcitations in the dectric field. The dissociation of a neutra excitation is
not an instantaneous process, sincethe transport of one dharge carrier away from the other
needs ome time. The observed dowing down of the PL—quenching for larger times can be
explained by the spedrd relaxation which superimposes the dissociation process. Due to
energy relaxation, for longer time delays the excitations predominantly occupy states at the
lower energetic end of the DOS. For these states the probability of finding a suitable final
sate for the cdharge arrier which is moved away from the other is rather low. Therefore
the transent overall dissociation rate is at larger times snadler than in the initid moments
after photoexcitation and thus the process $ows down.

Since the dissociation process occurs on the same time-scade & the energy
relaxation, an analysis of the data has to consider both processes in one model. We point
out, that an Onsager—type model®, often used for the analysis of photocarrier yield in
organic materials does not include the field dependence of the primary dissociation process
which is under consideration here. A suitable way to model the dissociation dynamics is
the extension of the Monte-Carlo smulations used for modeling the energy relaxation and
trapping in PPV in Sec. 4.3. The basic scheme for amodel which simultaneoudy considers
relaxation, recombination and dssociation is ketched in Fig. 27. After photoexciting with
an utrashort laser pulse and a photon energy substantidly larger than the asorption
threshold of the lowest optical transition, ultrafast vibronic relaxation leads to a random
occupation of the Gaussian DOS r; of the neutra S,—states. Each photoexcitation conssts
of a pair of oppositely charged quasiparticles on the same mnjugated segment, bound by
Coulomb interaction and localized by disorder. The subsequent dynamics of the
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photoexcited ensemble of excitations is determined by a superposition of the following
processes.

Spedral relaxation in DOS r; via hopping—processes,

trapping,

radiative deadivation and,

dissociation.

Fig. 27 Scheme of energy relaxation and the primary step of the dissociation of
photoexcitations without (a)) and with (b)) applied eectric field. r, isthe DOS of
the neutral excitations while r, is the density of states of the geminate pairs
where one of the charges is spatidly separated from its oppositely charged
counterpart. r, is effectively lowered upon the goplication of an dectric field"".

In this context dissociation is hopping of one crrier to a neighboring site, leading
to the formation of a geminate pair (GP). The tota energy of this GP is also subject to
inhomogeneous broadening. The aljacent DOS is depicted as r; in the scheme in Fig. 27.
During the dissociation process the carrier has to overcome the difference DE, between
the Coulombic binding energy E, of the two charges located on the same conjugated
segment and the remaining binding energy E., of the geminate pair with the charges
gpatialy separated by a certain distance d. Without an applied dectric field (Fig. 27 @) the
dissociation process is quite improbable for a binding energy E_; higher than KT.
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Dissociation can only occur for excitations very high in DOS r; or via involvement of
traps which capture one of the diarges. A strong eectric field changes the situation
sgnificantly, as depicted in Fig. 27b). The Coulomb potential between the two charges is
superimposed by the external eectric field, affecting the tota energy of a GP. The
maximum change occurs for pairs whose dipale is oriented aong the dectric field. If we
assume that one dharge hops the distance d along the field dredion, the energy gain due
to the external eectric field is DE, - DE, = DE; = gFd , where q is the darge and F the

electric field. Thus DOS r; is effectively lowered and hence the dissociation process
becomes more probable.

The basic rate equations for the description of the hopping processes which
determine energy relaxation and trapping (see Sec. 4.3) are extended in order to include
dissociation as a possible process. The dissociation rate for an excitation at site i can be
expressed by

2 e 2r;610:DE; <0
Nyssi = Mogis A EXPG—— = . , 12
L b,d J_ 8 a # 1:DE, 20 (12

with
DE; = E - Eg * Ego(ry) +aFx; - E
lij = ‘ri - rJ'|

X = Xj = X
We do not include thermally adivated dissociation processes since the re-formation
of a neutra excitation from a GP is a probable process. Once an excitation is dissociated
into a GP via an energetically alowed process, we do not consider it any more for a
radiative recombination process. The dissociation is therefore an additiona decay process
inthe PL.

We now compare the results of computationd as well as experimental PL—
guenching results for PPV. The underlying dynamics is the same as in the case of
PPPV/PC. However, due to the more complex morphology in the polymer blend
PPPV/PC a simulation in this materiad has to distinguish between inter— and intrachain
processes which most likely occur with dfferent rates'®. In PPV inter—and intrachain
processes probably occur on the same time-scale and therefore our model seems to be
more appropriate for this material. In our smulations we use exactly the same parameters
which have been used so far for modeling energy relaxation and trapping. We dso use
Nogss = Mo = 6.0x10**s™*  which implies that hopping of an excitation to a neighboring

conjugated segment is determined by the same dtempt—to—escape frequency as hopping of
asingle darge. The only parameter is then E;, the Coulomb kinding energy of a neutral
excitation, i.e. an eectron and a hole located on the same @njugated segment.
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Fig. 28 shows a comparison of the measured and the computed time-integrated
PL—quenching in PPV for different assumptions for the binding energy E;. We find good
agreement for E;=0.3€eV. A much stronger quenching is expected for smaller binding
energies whereas the assumption of E; 3 0.5eV leals to a PL—quenching much lower
than the value found in the experiment. Further evidence for the validity of the parameter
set used in the smulations gems from the comparison of simulated and experimental PL—
decay curves. Fig. 29 depicts the good agreement of the simulated and measured PL—
decays. Upon application of the dectric field the PL drops faster due the alditional decay
channel opened by the dissociation processes. However, most of the dissociation results
occur within the time resolution of the measurement (» 20 ps).

Fig. 28: Lines. Calculated values of the time integrated luminescence in PPV as a function
of the goplied field for different assumptions for the exciton khinding energy E;.

For comparison the experimentaly determined values are shown as filled
squares™.

The prediction for the transient PL—quenching on an ultrafast time-scae in the
cae of PPV is shown in Fig. 30. Unfortunately, there is not yet experimenta data
available. However, the shape of the airve is smilar to the experimenta behavior found in
the @ase of PPPV/PC''. Albeit the dight differences of the two materials the strong
smilarity gives further evidence that our MC—simulations give agood description of the
primary step in the transtion from a neutral excitation to a photocarrier.

In conclusion, both the dynamics as well as the magnitude of the PL—quenching in
conjugated polymers are reproduced by the MC—amulations. We find good agreement for
avalue of 0.3 0.1eV for the Coulomb kinding energy of a neutral excitation consisting of
an eledron and hole located on the same conjugated segment.
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Fig. 29: Calculated transient integrated excitation densities for different scenarios. @): Only
radiative recombination. b): Radiative recombination and trapping, no eledrica
field. The optimum parameter set as found in Sec. 4.3 was used. ¢): Additiona
field assisted dssociation of photoexcitations in an external dectric field of 1.5
10° V/em was considered. The symbols represent the experimental curves
without (filled squares) and with (hollow squares) electrical field*.

Fig. 30: Calculation of the time-resolved luminescence quenching in PPV for an eedric
field of 1.5X.0° V/ecm. The dashed line shows the integrated value of the PL-
quenching™.

5 CONCLUSIONS AND OUTL OOK

The photoexcitation dynamics in conjugated polymers as sen in PL—experiments
can ke understood within the framework of random walk energy relaxation and trapping of
a Coulombically bound neutra excitation. The basic properties of the PL in conjugated
polymers, i.e. the exponential decay of the PL aswell as the intensity independent emission
dynamics, indicate that the emitting photoexcitations in conjugated polymers are neutra
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photoexcitations smilar to localized excitons in inorganic semiconductors and molecular
crystals.

The strongest similarities of the anisson behavior of PPV are foundwith the PL of
localized excitons as found in aloy semiconductors (like eg. CdSSe). Like in these
systems, many of the dharacteristics of the anission dynamics in conjugated polymers are
srongly influenced by the electronic disorder. Our investigations indicate that the
Coulomb kinding energy is high enough to prevent a spontaneous sparation of the two
charges as seen in other systems like e.g. &Si: H. Therefore the energy relaxation in PPV
is due to the random walk of a neutra quasiparticle rather than the relaxation of two
independent carriers.

Direct access to the strength of the Coulomb binding is achieved in PL—
experiments under the influence of an eectric field. The wmparison with Monte—Carlo
smulations has reveded a rather high binding energy of 0.3 0.1 eV of the neutra
photoexcitation.

Albeit we have presented a cmplete picture of the PL—dynamics, akey question is
whether the PL in conjugated polymers is an experiment which addresses the mgjority of
photoexcitation or only a minor portion. The dynamics seen in various transient absorption
experiments®*®**>** indicate that the photoinduced absorption is determined by different
species than the PL (which is due to the radiative decay of singlet excitations). More work
has to be done to understand the nature of these non-emitting photoexcitations, their
creation process and their dynamics. |.e., the role of this gedes for the photoconductivity
hasto be explored.

Our modeling as well as measured PL—quantum efficiencies indicate that the
magjority of photoexcitations decay nonradiatively. Since there is ample evidence that this
nonradiative process is an electron capture process, the role of the remaining hole for the
photophysics (i.e. the photoinduced absorption and the photoconductivity) has to be
clarified.
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