
PHYSICAL REVIEW B VOLUME 52, NUMBER 16 15 OCTOBER 1995-II

Exciton dynamics in electroluminescent polymers studied by femtosecond time-resolved
photoluminescence spectroscopy
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We report measurements of the time-resolved photoluminescence from unoriented films of polyI2-
methoxy, 5-(2 '-ethyl-hexyloxy)-p-phenylenevinylene] (MEH-PPV) and poly(p-phenylenevinylene) (PPV). An
extremely rapid luminescence rise is observed over the entire spectral region measured. A broad high-energy
luminescence tail can be seen for very short times after excitation. A redshift of the luminescence with time is
also observed and is larger in MEH-PPV than in PPV. The measured decay times of the photoluminescence
indicate that the nonradiative decay of singlet excitons is more rapid in MEH-PPV than in PPV, lowering its
photoluminescence efficiency. We attribute the differences between the materials to the reduced crystallinity of
MEH-PPV compared to PPV. This increases the density of conformational defects and thus reduces the
effective conjugation length of the polymer chains. These defects also provide a more efficient nonradiative

decay channel. Polarized measurements of the luminescence were performed and provide insight into the
ultrafast dynamics of the excitons.

There has been considerable progress in recent years in
the development of electroluminescent devices based on
poly(arylenevinylene)s. ' The addition of side chains onto the
backbone of the conjugated polymer poly(p-phenylene-
vinylene) (PPV) enables the optical and electronic properties
of these materials to be controlled chemically. An important
derivative of PPV, due to its solubility and high electrolumi-
nescence quantum efficiency, is poly[2-methoxy, 5-
(2'-ethyl-hexyloxy)-p-phenylenevinylene] (MEH-PPV).
Obtaining a detailed understanding of the dynamics of pho-
toexcitations in MEH-PPV is therefore highly desirable for
both fundamental and practical reasons.

Femtosecond photoluminescence spectroscopy is a very
powerful tool for studying the ultrafast dynamics of excita-
tions that decay radiatively. In PPV the luminescence has
been attributed to the radiative recombination of the singlet
polaron exciton. The luminescence is polarized parallel to
the chain upon which the exciton recombines. Topological
faults and impurities cause the effective conjugation length
of the polymer to be much less than the actual chain length.
This limits the extent along the chain to which an exciton can
be delocalized. An extrapolation from the vibrational peaks
observed in several well-defined oligomers of PPV (Refs. 2
and 3) and from PPV based polymers suggests that the con-
jugation length is about 15—20 repeat units for PPV samples
prepared in a similar fashion to the ones studied in our ex-
periment.

Several picosecond photoluminescence studies have been
performed on PPV (Refs. 5 and 6) and MEH-PPV. ' More
recently, sub picosecond photoluminescence spectroscopy
has been employed on PPV to observe the energy relaxation
of the excitons. The observed behavior has been explained
by describing the polymer chain as a series of smaller sub-
units whose size depends upon the degree of chain alignment
and sample purity. The broad absorption features seen in the
polymer films are believed to be due to the range of effective
conjugation lengths of chain segments that are initially ex-
cited. Exciton migration can occur prior to recombination,

via Forster transfer, from poorly conjugated and hence higher
energy chain segments to more conjugated and thus lower
energy chain segments. This results in a narrower emission
spectrum. Subpicosecond photoinduced absorption spectros-
copy has also been used to explore the ultrafast dynamics of
excitations in PPV. These experiments enable the initial
relaxation processes of both luminescent and nonluminescent
excitations to be probed but the results can be complicated as
they are a superposition of several nonlinear optical pro-
cesses. Photoconductivity measurements' have been cited as
evidence that initially polarons and subsequently bipolarons
form the dominant excitation in PPV. However, recent
results' suggest that polarons are not generated immediately
after photoexcitation but instead are created via the field-
induced dissociation of excitons. Site-selective fluorescence
measurements also suggest that excitons are the energetically
favored photoexcitations in PPV. Recently, it has been sug-
gested that up to 90% of the photoexcitations form "spatially
indirect" singlet excitons that do not recombine radiatively.
However, this has been found to be incompatible with pho-
toluminescence quantum efficiency measurements. '

The MEH-PPV sample was synthesized via a direct deha-
logenation route and then spin coated from chloroform so-
lution onto a Spectrosil disk to form an optically thick film of
physical thickness approximately 200—500 nm. For the PPV
sample a soluble precursor polymer with a tetrahy-
drothiophenium leaving group was spin coated onto a Spec-
trosil disk and this was then converted to the final polymer.
The samples were held in a cryostat under a dynamic
vacuum of 8 X 10 mbar during the experiment and stored
in a glovebox at other times.

Femtosecond upconversion spectroscopy was employed
to resolve temporally the luminescence. A mode-locked
Ti:sapphire laser was utilized that produced pulses of ap-
proximately 120 fs duration at an energy of 1.53 eV and a
repetition rate of 76 MHz. A beam splitter was used to create
a reference pulse and a sample pulse. The sample pulses
were frequency doubled in a nonlinear optical crystal of
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FIG. 1. Time-resolved photoluminescence spectra of MEH-PPV
after excitation with 200 fs pulses at 3.06 eV. Inset: Solid and
dashed lines are the cw emission and absorption of MEH-PPV at
room temperature.

LiIO3 to produce light pulses at 3.06 eV with a duration of
about 200 fs. These were used to excite the samples. The
polarization of the incident light was controlled by a wave-
plate and a polarizer. The spot size on the sample was 120
p, rn and the excitation power was reduced to 1 mW when
performing the experiments on MEH-PPV and 2 mW on
PPV to prevent laser-induced sample degradation. Lumines-
cence produced after photoexcitation was collected by a non-
dispersive mirror arrangement and focused onto a nonlinear
optical crystal of BBO. The reference pulse was passed
through a delay stage and then used to upconvert the lumi-
nescence in the BBO crystal. The crystal orientation was
such that only vertically polarized luminescence was upcon-
verted. The upconverted light was dispersed by a monochro-
rnator and detected by a photomultiplier tube employing
single-photon counting. The temporal resolution of the ex-
periment depends upon the pulse width of the laser and the
group velocity dispersion in the BBO crystal and was calcu-
lated to be 150 fs at 1.8 eV increasing to 300 fs at 2.8 eV.
The spectral resolution of the experiment was 18 meV. Spec-
tral calibration of the system was performed by upconverting
light from a tungsten-filament lamp of known temperature.

Figure 1 shows the room-temperature photoluminescence
spectrum of MEH-PPV at various times after photoexcitation
with the incident light polarized parallel to the detected lu-
minescence. There are three main features of the tirne-
resolved data that we wish to highlight. The first is the ex-
tremely rapid rise in the luminescence extending across the
entire spectral region. After this, a rapid decay of the high-
energy luminescence tail is observed within a few hundred
femtoseconds and a slower redshift and narrowing of the
luminescence peaks, which occurs on a picosecond time
scale. The recognizable vibronic structure seen in cw experi-
ments becomes apparent within a few picoseconds. Thirdly,
the overall decay of the luminescence can be seen.

The ultrafast luminescence rise is attributed to the forma-
tion of excitons followed by their subsequent vibrational re-
laxation onto the lowest vibrational level of the first excited

FIG. 2. Short-time evolution of the photoluminescence in MEH-
PPV monitored at several luminescence energies. Also shown is the
cross correlation of the sample pulse with the reference pulse. Inset:
Longer-time evolution of the photoluminescence in MEH-PPV
monitored at two different luminescence energies.

electronic state as has been suggested for PPV. * Our results
show that this formation and vibrational relaxation occur in
less than 300 fs. The broad high-energy luminescence tail
that exists at very short times after photoexcitation is be-
lieved to be caused by the recombination of excitons from
short-conjugated chain segments. The rapid removal of this
high-energy luminescence tail is explained by exciton migra-
tion from higher-energy sites that occurs on a subpicosecond
time scale due to the presence of a lar e density of lower-
lying sites to which the exciton can hop. Recent results have
shown that the exciton can migrate to sites in three dimen-
sions in a derivative of PPV. This migration then becomes
a slower diffusion because as the excitons lose more and
more energy there are fewer and fewer energetically avail-
able sites to which the exciton can migrate. The migration
causes the redshift and narrowing of the luminescence peaks.
We can discount sample heating due to light absorption fol-
lowed by subsequent cooling due to phonon decay as the
cause of the observed redshift because of the small amount
of energy present in each pulse. In Fig. 2 the short-time
evolution of the photoluminescence monitored at several en-
ergies is shown. This highlights the rapid rise and decay of
the high-energy luminescence tail that occurs within 300 fs
after photoexcitation. In the inset of Fig. 2 the longer-time
evolution at lower energies is shown. At lower energies the
decay time increases significantly because exciton migration
ceases to be the dominant cause of the luminescence decay.
At an energy of 2.2 eV the luminescence decay can be fit
roughly to an exponential with a time constant of 145 ps,
which is comparable to the value of 180 ps obtained by
Samuel et aI. The luminescence decay at this energy is no
longer caused principally by exciton migration but by radia-
tive and nonradiative recombination. We observed almost
identical decay curves as the initial excitation density was
reduced by a factor of 8 and can therefore discount bimo-
lecular effects as a cause of the nonradiative decay.

The room-temperature photoluminescence spectrum of
PPV at various times after photoexcitation is displayed in
Fig. 3. We again observe a very short-lived high-energy lu-
minescence tail as well as a redshift and narrowing of the
luminescence peaks with time. The vibronic structure is ap-
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FIG. 3. Time-resolved photoluminescence specectra of PPV after
excitation with 200 fs pulses at 3.06 eV. Inset: Solid and dashed
lines are the cw emission an ad absorption of PPV at room tempera-
ture.
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n MEH-PPV.to the eye t at ig igh h hl' ht the increased redshift seen in M
t =0 ps has been offset by 1 ps for clarity.

parent even at t= . n ig.=0 I Fi . 4 we have plotted the measured
redshift of the main vibronic peak of PPV versus time.

cent to the main peak. Also shown is the tempora evo u
'

The change in energy of an exciton that hops from a site wit
an effective conjugation length of B repeat units to one of
B+1 t units is larger if B is smaller. The a gh lar er redshift
obtained for MEH-PPV suggests that it is less conjuga e
than PPV. We attribute this feature to an increased concen-
tration of defects in t ef '

th MEH-PPV film compared to the PPV
film. The time constant for the decay of the luminescence at
an energy of 2.25 eV, which is near the cw peak in PPV, was
measured to e ps.b 300+.30 . If we assume that the radiative

FIG. 5. Transient luminescence traces in Min MEH-PPV monitored
at 2.2 eV (left) and PPV monitored at 2.4 eV (right) measured

d' 1 t the incident light. The exact value of
t = 0 was not known when the measurements for the graph on t e
right were taken.

lifetime of the two polymers is of the order 1.r 1.2 ns which is
what is observed in trans-trans-distyrylbenzene which is a

f PPV (Ref. 19) then this suggests that
used b de-more efficient nonradiative decay channels, cause y e-

fects, are present in MEH-PPU films. Recent experimental
results have shown that the photoluminescence quantum
efficiency of PPV films prepared by the same method as our

027~0.02 and for MEH-PPV films is in the
range 0.10—0.15. These results are fully consistent wit e
decay times that we observe. Get gtin er et aI. measured an
increase in the photoluminescence efficiency of three PPV
derivatives in so ution as1 the degree of interchain order in-
creased. They suggested that the increased ordering of t e
PPV derivatives reduced the number of conformational de-
fects. MEH-PPV is less crystalline and has a lower glass

talline polymer. The reduced crystallinity of MEH-PPV com-
ared to PPV may be associated with the branched side

p
' MEH-PPV. The MEH-PPV film shouldchains present in

therefore contain more topologica 1 faults than the film of
PPV. Gromer and Reineker have cons'21 nsidered the effect of
bond disorder on the electronic properties of conjugated
polymers wit in e moh th del proposed by Su, Schrieffer, and
Hee er Electronic states can be generated within t e en-

a between the m and m* bands depending upon theergy gap e wee
of bond distortion considered. This will sig y

increase the rate of luminescence quenching y pr
ue to the creation ofsuch as multiple-phonon emission, ue o e

temporary states within the energy g p
~ ~

r a to which the exciton

f MEH PPV
fi 1 It should be possible, therefore, to improve

signi can y'fi tl the photoluminescence efficiency o
rm all inducedb making films with enhanced order. Therma y

lattice defects may contribute to the bonond disorder at room
temperature. ese are ex. Th expected to be frozen out at low tem-
peratures lea ing o an ind' t

'
creased decay time and photolumi-

nescence efficiency.
e ath the evolution of the luminescence a

ultrashort times when the incident light was polarize para-
d 1 t th detected luminescence. T e lumi-

nescence takes slightly longer to rise when the polarization
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of the incident and emitted light are crossed. Excitons are
formed preferentially on chain segments oriented parallel to
the incident light. Cross-polarized luminescence favors exci-
tons that have migrated from chain segments oriented paral-
lel to the incident light to segments oriented perpendicular to
it. The observation of a very small delay in the luminescence

O

rise is plausible since the coherence length is only 50 A in
this disordered material. Further information should be ob-
tainable from transient luminescence measurements of
stretch-oriented samples.

In conclusion, we have measured the ultrafast time-
resolved photoluminescence from PPV and its soluble de-
rivative MEH-PPV. We observe an extremely rapid rise in
the luminescence that is attributed to exciton formation and
subsequent vibronic relaxation which occurs on a femtosec-
ond time scale. A high-energy tail is seen in the photolumi-

nescence spectrum at early times after excitation. A redshift
of the luminescence peak with time is also observed. These
effects are explained by exciton migration from poorly con-
jugated and hence high-energy sites to longer-conjugated and
thus lower-energy sites. The shorter decay time in MEH-PPV
compared to PPV is considered to be due to nonradiative
recombination and it is suggested that poorer structural order
due to the reduced crystallinity of MEH-PPV compared to
PPV may be the cause of this difference.
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