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Singlet Intrachain Exciton Generation and Decay in Polyp-phenylenevinylene)
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We present excitation spectra, picosecond decay time, and quantum efficiency measurements of
the photoluminescence (PL) signal in pglyphenylenevinylene) (PPV). In pristine PPV we observe
a constant efficiency with excitation wavelength for singlet intrachain exciton generation, which we
model to be close to unity. In contrast, photo-oxidized PPV samples contain a distribution of quenching
centers following the profile of the absorption depth, which causes the PL efficiency to decrease with
increasing excitation energy, and the PL efficiency and decay time to be no longer simply related.
[S0031-9007(96)00969-6]

PACS numbers: 78.55.Kz, 71.35.Cc, 78.47.+p

The photophysics of conjugated polymers has been of We have addressed these issues through measurements
interest for some time, [1] particularly since the discov-of photoluminescence excitation spectra, PLE, PL quan-
ery of electroluminescence (EL) in the polymer pgly( tum yield, and PL transient decay on pristine and photo-
phenylenevinylene) (PPV) in a light-emitting diode (LED) oxidized samples of PPV. We find that the pristine
structure [2]. Since the initial observation of green elec-material shows efficient photogeneration of intrachain sin-
troluminescence from PPV, LED’s with various colors of glet excitons, but the oxidized samples show lower ef-
emission [3—7] and improved efficiencies [8] have beerficiencies. The relationship between PL efficiency and
reported. decay time is no longer simple in an oxidized sample,

Much research has centered on the arylene-vinyleneand the PLE spectrum depends in a very sensitive way on
based polymers, of which PPV is the simplest and mosthe degree of photo-oxidation.
studied. However, there is still controversy surrounding In a PL experiment, assuming there is a branching ratio
the nature of the primary photoexcitation in these ma+ for the production of emissive singlet excitons from
terials. Debate has often centered on the binding erthe initial excited state, with a fractioi — ») forming,
ergy of the photoexcited state which can arise from botHor example, charge separated excitations, then the PL
Coulombic and lattice distortion contributions. If this is quantum efficiencyQ (defined as the number of emitted
small then description within a band model may be apphotongnumber of absorbed photons) is given by [20]
propriate [9—11]; in contrast, if the electron and hole .
are strongly bound, they form an intrachain exciton [12— Q = bky/(ky + kur), (1)
15]. We considervide infra that an exciton model is where k, and k,, are radiative and nonradiative decay
more appropriate. However, it has also been suggestedtes for a singlet exciton. Estimates based on measure-
that nonemissive spatially indirect excitons (“bound po-ments of PL quantum efficiency and PL decay times,
laron pairs” [12]) are the primary photoexcited speciesand results of the photovoltaic response of PBY,
in these materials [16—19]. Luminescence in PPV is dughotocells give values ob = 1 [20,23]. However, the
to radiative decay of the intrachain singlet exciton, anditerature results which shoW decreasing at higher ex-
measurements of photoluminescence (PL), provide imeitation energies [19,24—26] strongly suggest thade-
portant information about the nature of the photoexci-creases with increasing excitation energy. Measurements
tations. There is a discrepancy apparent between higbf picosecond photoinduced absorption, and PL decay dy-
values of PL efficiency (up to 0.27) reported recentlynamics make by Yaet al. [17,18] have been interpreted
[20] and the estimates for the quantum yield of “polaronas showing thab = 0.1, with the majority of photoexci-
pairs” [16—19]. A high quantum yield of a nonemis- tations forming bound polaron pairs. The size and excita-
sive species such as polaron pairs also invalidates thén energy dependence bfis a primary concern of this
presumed relationship [20,21] between PL quantum effiLetter.
ciency and lifetime. Furthermore, conventional estimates Samples were prepared on quartz substrates by spin-
of maximum LED efficiencies of 25% of the PL quan- casting from a solution of precursor polymer (as described
tum yield [22] may be too low if photoexcitation forms in Ref. [2]) and then thermally converting to fully conju-
polaron pairs with high efficiency, but electrical injection gated PPV. The conversion conditions were 250or
does not [17,19]. A resolution of these contradictory re-10 h under a vacuum of abo6tXx 10~® mbar, and the
sults is essential for a greater understanding of photosamples were stored in dry nitrogen. The PLE spectra
physical processes in conjugated polymers, and of greatere measured under vacuum in the range 2-5 eV with
importance to the development of LED’s based on thesa monochromated 150 W xenon lamp as the excitation
materials. source. The results were corrected for incident photon
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flux, and thick samples (400—500 nm—optical density r=rr e 15
greater than 2 over the whole excitation range) were used A ]
so that all of the excitation light was absorbed (with no ]
correction for reflection). B pristine 1
The PLE spectra were measured at ambient tem- {—wn 1
perature, and only PL wavelengths longer than 590 nm PPV 0.5 min
(2.1 eV) were detected so that stray excitation light could
be blocked with an appropriate optical filter (note that
the emission spectrum does not vary with excitation en-
ergy above the edge of the optical absorption [14,27]).
A spectrum was first measured on a sample of PPV in
pristine condition. The sample was then photo-oxidized
by exposure, in air, to the 440 nm (2.82 eV) Hg line at
intensities of abouB0 MW cm 2. The sample was oxi-
dized for progressively longer time periods, and PLE
spectra were taken in between periods of oxidation. At
the end of the experiment, and PLE spectrum was taken
on the back of the sample through the substrate. This was
found to be the same as the spectrum taken initially on the
sample in pristine condition, showing that the sample had
not been photo-oxidized all the way through. Measure-
ments of absolute PL efficiency and PL decay time,
were then taken on the front (oxidized) and back (pris+IG. 1. (a) PLE spectra for the pristine (back) side of the

tine) sides of the sample. Absolute efficiency was mea?é'irgg'ev)a”dogge \f/f\;)nt j?e Sﬁser5p28t°'°’éid1a§i(§’" at 4!\?0t nm
; At P P ; . eVv) an mwcm or 0.9, o, , an min. ote
sured with an excitation energy of 2.7 eV in an mtegratlngthat 1 min corresponds to abo@tJen?. The heights are

sphere [28]. PL decay time was measured in the rang&:sjed from the measurements of absolute quantum efficiency
0-500 ps with an excitation energy of 3 eV by femtoseCmade at 2.7 eV. The structure of PPV and its PL spectrum
ond time-resolved spectroscopy employing the up convelis shown for reference. (b) The optical absorption [shown as
sion technique [29]. — log(transmission), with no correction for reflection] of a thin
Figure 1(a) shows the PLE spectrum taken on théZQ nm) sample of PPV in pristine condition, and after photo-
N . oxidation for 0.5, 5, 20, and 160 min.
pristine back side of the sample, and spectra taken on
the oxidized side at various exposures of the sample.
The PL spectrum of PPV is shown for reference. The PLEL50 ps, are consistent with a value f= 1, assuming
spectrum of pristine PPV is broadly flat after the onset ofa natural radiative lifetime for these materials of around
the polymer absorption (at 2.5 eV). We note that a flatl ns [20,21]. We consider, therefore, that decay channels
PLE spectrum has also been observed in a cyanoderivative the optically prepared state, different from and parallel
of PPV [30], and in the molecular material aluminum-tris- to relaxation to the thermalized exciton, are minor. We
quinolate [31]. In photo-oxidized PPV, it is clear that the note that there is some of variability between different
guantum efficiency of PL in the sampie dependent on polymer batches, and comparisons of PL efficiency and
the excitation energy, and that the shape of the spectruatecay time must be made on the same sample. However,
changes for different levels of oxidation. our values are wholly consistent with = 320 ps and
PL decay data for the pristine and oxidized sides ofQ = 0.27 measured by Greenhamt al.[20]. These
the sample is shown in Fig. 2. A monoexponential decayesults, therefore, strongly support the model in which
with 7 = 150 ps describes the data for pristine PPV. Theb = 1 at all excitation energies.
fit to the data for oxidized PPV derives from a model Figure 1(b) shows the bleaching of the optical ab-
which is discussed below. Fitting a single exponentialsorption of athin (20 nm) sample of PPV, oxidized in
decay to these data (not shown) gives a time constarhe same way as in Fig. 1(a). Modeling of the rate of
of = 115 ps. Corresponding absolute PL efficienciesbleaching indicates that oxidation is not diffusion limi-
for the pristine and oxidized sides of the sample werded, so that this thin film is uniformly oxidized. It is
Q = 0.14andQ = 0.05. known that photo-oxidation of PPV [32—34], and high
Itis clear from Fig. 1(a) that in pristine fully conjugated temperature PPV conversion [35] introduces carbonyl de-
PPV the generation efficiency for singlet excitons isfects into the polymer which bleach the absorption, and
constant for excitation in the range 2-5 eV, and fromact as effective exciton quenching centers. We find that
this we conclude that is constant over this range, the oxidized PPV PLE spectra can be modeled with an
in disagreement with other published results [19,24-inhomogeneous depth profile of photogenerated defects
26]. The values oD = 0.14 and 7, a monoexponential which causes the characteristics of the PL signal to be
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Vium being the volume around a defect in which the PL is
quenched, an@), the value for pristine material (0.14 for
our sample). The significant adjustable parameter is this
model is the ratid/1um/Vans, and a value of about 4 gave
good agreement between experimental and calculated PLE
spectra for a low and high level of oxidation, as shown in
Fig. 3. We stress that in our modeling of these spectra,
we do not requiré to vary from 1.

It is clear that the relation between PL efficien@y)
and decay timér) which is established for pristine PPV
: oy is not valid for oxidized samples. The efficiency in these
0 100 200 300 400 500 samples is low because much of the incident light is ab-
sorbed by regions in which the PL is quenched effec-
tively. In a measurement of decay time, however, most

FIG. 2. PL decay dynamics for the pristine (filled circles) ¢ yne ohserved PL signal comes from less oxidized re-
and oxidized (open circles) sides of the sample. The fits ar€ . fth le which h | d .
ex —1/(150 pg] for the pristine side (full line), and a sum 910NSs of the sample which have longer decay times. Note

of exponentials as described in the text for the oxidized siddéhat for an inhomogeneous (oxidized) sample a simi-
(broken line). lar excitation energy should be used for both efficiency

and decay time measurements to allow comparisons to
strongly dependent on the penetration depth of the ex?® made (2.7 and 3 eV were used here). We attempted
citation light. Defect density profiles were modeled for 0 model the oxidized-sample PL decay results by calcu-
a thick (500 nm) sample for various levels of oxidation, lating = for different depths in the sample using Eq. (1)

assuming the absorption coefficient, at the oxidation With k, =1/(1 ns). The result, however, showed too
wavelength(440 nm = 2.82 eV) has the form much decay at sho(&20 ps) times. We therefore sug-
gest that in regions of the sample with a high defect con-

a = ap(l — nVys), (2) centrationp < 1. We might expect photoexcitation very

close to a defect such as a carbonyl group would give
charge separation directly (with the electron transferring
to the chain region with the carbonyl group) within the
glaxation time to form a ground vibrational state exciton

PL (arb. units)

Time (ps)

whereq, is the pristine valuel(9 X 10° cm™! at 440 nm
as measured herej, the photogenerated defect density,
and Vg, the volume around a defect in which the ab-
sorption is bleached. The defect profiles were calculate 500 fs [29,37]). In justification of this, we note that
over a series of time steps short compared to the tim ' i '

scale of the absorntion bleaching. For low oxidation lev raabelet al. have observed electron transfer from conju-
i P . 9. ated polymers to a functionalized fullerene acceptor on
els (times less than 20 min) we did not need to make ang

assumptions about the oxygen distribution in the sampl subpicosecond time scale [38]. We suggest that this

. 95 the origin of the transient absorption associated with
and set the defect generation rate equal to the amount fﬁterchaingcharge separation [16—18] The data in Fig. 2
light absorbed by a region. For higher oxidation levels ’ '

the fit to the PLE spectra obtained from the model could
be improved by making some allowance for oxygen dif-
fusion. We scaled the defect generation rate by a factor
decaying exponentially with depth (this matches numeri-
cal modeling of the diffusion equation under the condition
where the oxygen concentration is low at the back of the
sample—note that the thick sample was never oxidized
all the way through). This approach requires a diffusion
constant of the ordet0™!'* cn?s™!, which is low [36].
However, we note that the effective rate of diffusion of
oxygen will be lowered if it is used in photo-oxidation re- [
actions during its passage through the film. ol g e
Matching the measured bleaching at 2.82eV 20 2.5 3.0 35 4.0 4.5 5.0
[Fig. 1(b)] to that predicted by the model, absorp- eV
tion Co?ff'c'e”ts were obta!ned in the range 2-5 eV ag|g 3. pLE spectra for oxidation times of 0.5 and 160 min,
a function of defect density. PLE spectra were thenyith model fits without diffusion-limited oxidation (full lines)

calculated for various levels of oxidation, assumi@g and with diffusion-limited oxidation (broken line). The abso-
varied withn as lute height of the diffusion-limited model prediction is scaled

down by around 20%; note that this is within uncertainties in
0 = Qo exp(—nVium), (3) the measurements of the PL efficiency.
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indicate that we need to include such a PL quenching[8] N.C. Greenhamet al., Nature (London) 365 628
process for regions of the sample with a high density (1993).

of quenching centers, and we have modeled here the ref9] T. Takiguchiet al., Synth. Met.17, 657 (1987).
sponse whem = 0.1 for 7 =< 20 ps. The reasonable fit [10] J. Obrzut, M. J. Obrzut, and F.E. Karasz, Synth. M.
obtained (using the diffusion-controlled model) is illus- E103 (1989).

. . . . . [11] C.H. Lee, G. Yu, and A.J. Heeger, Phys. Rev.4B
trative of the satisfactory way in which the discrepancy 15543 (1993).

betweenQ andr is accounted for in an inhomogeneously [12] E. L. Frankevichet al., Phys. Rev. BA6, 9320 (1992)

oxidized Sample. L [13] R.N. Marks et al., J. Phys. Condens. Mattes, 1379
In conclusion, we have shown thatis independent (1994).

of excitation wavelength in pristine PPV, and has a[14] U. Rauscheet al., Phys. Rev. B42, 9830 (1990).
value close to unity. This is very important to our [15] M. Chandrost al., Phys. Rev. B50, 14 702 (1994).
understanding of the photophysics of this family of[16] J.W.P. Hsuet al., Phys. Rev. B49, 712 (1994).
conjugated polymers, and our results support estimates ¢f7] M. Yan et al., Phys. Rev. Lett72, 1104-1107 (1994).
maximum LED efficiencies o /4 [39]. In an oxidized [18] M. Yanet al., Phys. Rev. Lett75, 1992 (1995).
sample we have shown that inhomogeneous depth profild9] L.J. Rothberget al., Synth. Met. (to be published).

of photogenerated defects causes the PL efficiency t§0l N-C. Greenhamet al., Chem. Phys. Lett241 89-96
be reduced at high excitation energies, and chang 51] (1995).

. . - I.D.W. Samuelet al., Chem. Phys. Let213 472 (1993).
the relationship between the PL efficiency and tempor 92] D.D.C. Bradley, Synth. Met54, 401 (1993).
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