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Factors Influencing Stimulated Emission from Poly(p-phenylenevinylene)
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We report measurements of stimulated emission (SE) in films of pgiyienylenevinylene) (PPV).
SE is observed in the region of the cw photoluminescence, using 3.8 eV excitation, and 25% gain
was obtained when a PPV film was incorporated into a microcavity structure. We show that
photo-oxidation greatly reduces the SE. We demonstrate that singlet polaron excitons form a high
proportion of the initially photoexcited states in pristine PPV, and consider that at the excitation density
used here(3 X 10" cm™3) the fast decay of the SE is largely due to exciton-exciton annihilation.
[S0031-9007(96)02258-2]

PACS numbers: 78.45.+h, 78.20.Ci, 78.47.+p

Poly(p-phenylenevinylene) (PPV) has been the prototechnique also provides a novel method for measuring the
typical conjugated polymer with strong photoluminescencenonlinear refractive index in polymer films.
(PL) [1]. Despite recent progress in the fabrication of A PPV film was fabricated by spin coating of the
electroluminescent [2] and photovoltaic [3] devices fromprecursor solution onto a Spectrosil substrate followed by
conjugated polymers, principally PPV and its derivativesthermal conversion as detailed elsewhere [15]. The film
great controversy surrounds the nature of the photoexcite@f thickness 400—500 nm) was then photo-oxidized in air
state and the efficiency of its generation. There is strontpy exposure to the 440 nm line of a Hg lamp for 4 hours.
evidence [4] that electroluminescence and PL are due tdhe photoluminescence excitation (PLE) line shape has
recombination of coulombically bound electron-hole pairsbeen found to be a sensitive indication of the level of
in the form of singlet polaron excitons although this modelphoto-oxidation of such films [15]. The PLE spectrum
is not universally accepted [5]. obtained when exciting the substrate side of this sample

As a means of investigating the initial photoexcita-was identical to that of the pristine material indicating that
tions of conjugated polymers, time-resolved differential-the polymer was not photo-oxidized close to the substrate.
transmission measurements have proved very fruitful bull experiments were carried out under a dynamic vacuum
have raised further controversy [6—11]. Evidence for stim-of =107 mbar and at room temperature.
ulated emission (SE) from PPV films has practical appli- Pulses from a synchronously pumped dye laser opera-
cations because of the potential for fabricating solid-statéing at 650 nm with a pulse duration of 100 fs were
polymer lasers [12,13]. However, competition between SEamplified and then focused into a quartz plate to produce
and photoinduced absorption (PA) has been observed hwhite-light continuum. This beam was split, with part
Yanet al. [7] and has been cited as an obstacle to laser opbeing used as the probe beam; the rest was spectrally
eration and also as evidence that singlet polaron excitorfiitered to leave only the 650 nm component, amplified and
form only a small fractior(=10%) of the photogenerated frequency doubledin & barium borate crystal. This beam
species in these materials. The latter conclusion disagre@s$ 325 nm (3.8 eV) acts as the pump and is focused onto
with measurements of absolute PL efficiencies and Plthe sample surface, coincident with the probe beam. Both
lifetimes [14]. beams were horizontally linearly polarized. Spectrally

We report sub-picosecond-resolution differential-resolved measurements of the fractional change in probe
transmission experiments on a PPV film which has beeiransmission in the presence of the puldd/T) were
selectively photo-oxidized. We obtain strong SE inmade using a Peltier-cooled CCD camera. Chirping of the
the region of the cw-detected PL spectrum, but this igrobe pulses was numerically corrected using an empirical
reduced greatly in oxidized material. We show thatdetermination of the dispersion.
the presence of defects caused by photo-oxidation may Figure 1(a) showsAT /T spectra for a range of time
have influenced earlier time-resolved studies of PPVdelays measured with excitation on the unoxidized side of
Additionally, our measurements indicate that pristine PP\Mhe sample. The cw-detected PL spectrum is also shown
exhibits a considerably higher branching ratiqj.e., the for reference. The short absorbance length at 3.8 eV
efficiency of photogeneration of singlet polaron excitons),(60 nm) means that we probe pristine polymer in this
than the figure determined in some previous reports. Wease. (Someé\7 /T data close to 1.9 eV are not shown
also demonstrate a new technique which allows accedsecause of structure in the white-light spectrum in this
to the PA and SE dynamics in differential-transmissionregion. Also, some noise is seen2at * 0.05 eV due
experiments by utilizing the pump-induced refractive-to low probe light). A positiveAT /T signal is observed,
index change in a polymer microcavity structure. Thiscentered at 2.29 eV, while PA occurs at lower energies.
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(ps) oxidation of PPV introduces carbonyl groups and these
@ . A ® are believed to quench exciton luminescence by the
- ek lS e 400 transfer of charge from the exciton to the carbonyl.
L o s ey 100 Such charge transfer could occur extremely quickly;
° 20 o 50 for example, we note that Kraabedt al.[18] have
£ T — recently observed charge transfer within 200 fs from PPV
£ [~ e T 10 derivatives to functionalized fullerenes.
2 10 BN N 5 The time evolution of the PA at 1.75 eV is identical
—_ et T et P, .
S = Ny P n for both sides of the sample and, where SE and short-
= — v TS 1 lived PA are negligible, we find the same dynamics across
5 0/’{ N — -1 the spectrum, as reported previously [7,10]. Hence, it
appears that the same species is responsible for PA in both

oxidized and unoxidized PPV. Therefore, by comparing
the PA magnitude at long times to that at 1 ps for both
sides of the sample, we can correct for its effects and
FIG. 1. AT/T spectra measured at a range of pump-probededuce that the pure gain obtained at 2.29 eV (corrected
delays for excitation of (a) the unoxidized side and (b) thefor spontaneous emission) in unoxidized PPV is 3.7% at
photo-oxidized side of the film sample. The spectra are offsef ps. (A similar figure was also obtained from a 20 nm
for g'atgté’t:gdpti‘i d;g?rgsai;e Ssrt‘gv‘\’,"n” gg églei driﬁgégrgtir;ﬁteebo-[tg ristine PPV film). The PA correction does not account
cw-de I .
of the figures andp the dashed line at the bottom of (a) is th?br t.he_ pO.SS'.b.Ie mfluenc_e of th.e short-lived PA feature;
absorbance spectrum. if this is significant we will obtain a larger value of pure
gain. Yanet al. obtained 5% gain [7] using excitation
at 2.43 eV. These authors also showed that the PA
A further positive signal is present above 2.4 eV andcontribution increased with the pump photon energy, and
is attributed to bleaching of the ground-state absorptiorat 2.7 eV the SE was overwhelmed by PA after only
because of its similarity to the steady-state absorptiod ps. Yanet al.inferred that this effect prevents the
spectrum (shown as a dashed line at the bottom of thebservation of gain using UV excitation, but Fig. 1(a)
figure). Also apparent is a short-lived PA just below thecontradicts this conclusion. We also note that A#®/T
bleaching. All of these features appear within the timedynamics at 2.29 eV in oxidized material (a short-lived
resolution of the apparatus<@00 fs). Since there is no positive signal that evolves to net PA after a few ps)
significant steady-state absorption at 2.29 eV, we attributes the behavior seen by Yaet al.for pumping above
the feature at this energy to stimulated emission due t@.6 eV. This indicates that photo-oxidation defects may
singlet polaron excitons. Note that spontaneous emissioplay a role in the pump-tuning dependence described by
also occurs in this region, and we deduce from spectr&an et al. However, differences in polymer synthesis
taken at negative delays that this contribute®25% to  and processing may also influence the outcome of these
AT/T at 2.29 eV. The spectra in Fig. 1 have not beerexperiments, and we believe that refinements to these
corrected for this background. The SE spectrum shouléxplain why we observe SE, but only PA was detected
mimic that of the PL. Time-resolved PL measurementsn earlier experiments at Cambridge [19].
on PPV [16] have shown that the emission resembles Comparison of the pure gain magnitude at early times
the cw-detected spectrum, including its vibronic structureand the pump fluence has been used by ¥aal. [7] to
within 200 fs of excitation (although the emission peakdetermine the branching ratio. They also used the ratio
is blueshifted by up to~25 meV for the first few ps). of pure gain to PA at their respective peak wavelengths
However, although we expect to see SE over the wholas a further estimate fdy and obtained a value of about
PL spectral range, even after decay of the short-lived PA.1 with both methods. Using the same analysis, we
we see only a positive\T /T signal close to the main determine for unoxidized material values iof= 0.5 and
vibronic peak. We attribute the difference between thed.7 from the two methods, respectively. The latter figure
SE and PL spectra to the existence of PA across almo$ believed to be more accurate (with an errorza.2)
the whole spectrum of Fig. 1. since it does not depend on the accuracy of the fluence
The broad extent of the PA is more apparent inmeasurement. Thus, we can conclude that the branching
Fig. 1(b) which presentdT /T spectra obtained for the ratio is significantly larger in our unoxidized material than
photo-oxidized side of the sample. The SE componenhas been reported by Yaat al. A high value ofb is also
is substantially reduced on this side, but the PA isimplied by PL lifetime and efficiency measurements made
only slightly smaller. A consequence of this is thaton this sample (giving 156 ps and 0.14, respectively) [15]
PA dominates theAT /T spectra at later times. The yieldingbs = 1.1 = 0.2 for its unoxidized side.
mechanism by which oxidation defects reduce the SE Recently, a great deal of attention has been given to
is not clear. There is good evidence [17] that photo-whether the spectral coincidence of PA and SE in PPV,
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as seen in Fig. 1, prevents adequate gain to allow thenoxidized side of the film. The normalized PA from
production of lasers from this polymer or its analogsthe film andAn in the microcavity are also shown, the
[6—8]. To address this point, we have fabricated microdatter being just the scaling factor used in obtaining the
cavity structures [20], each containing~al 00 nm thick, = SE spectra. The PA is well described by a power law as
pristine PPV film sandwiched between silver mirrors (ofshown in Fig. 3. PL data from Ref. [15] are also shown
thicknesses 35 and 45 nm) as shown as an inset to Fig. far comparison. We note that the dynamics of the film
Figure 2(a) displays th&T /T spectra at 1 and 800 ps PA and An are almost identical. An is related to the
obtained from a typical microcavity which had a single PA via the Kramers-Kronig relations [21] and the close
mode with a transmission FWHM of 40 meV, centered atagreement between the time evolution of these shows
2.23 eV. The spectra at short times after photoexcitatiomhat the relationship amounts to a simple proportionality.
consist of two components [12]: the first is a derivative-We have calculated\n at 1 ps by finding how much
like line shape caused by the intensity dependence of thihe transmission line shape must be shifted to give the
refractive index. The sign of this line shape indicates thamagnitude ofAT /T measured experimentally. Assuming
the cavity mode is blueshifted by photoexcitation and thighe refractive index of PPV to be 2.1 [22], we obtain
is consistent with the refractive-index chan@e:) being  An = 2.3 X 1072 yielding the nonlinear refractive index
caused by the PA feature. The other component in thef PPV as3 X 107 '* m»W~! at 2.23 eV.
spectra is a positive signal caused by SE. The SE is neg- It is clear from Fig. 3 that the SE decays more quickly
ligible at 800 ps, and we have deduced the SE componetitan the PL. This was also observed by Yetral. [7,8]
at shorter times by subtracting the scaled 800 ps spectruand was attributed to (80—90)% of the initially pho-
from the earlier spectra. The scaling was chosen so thabexcited species being coulombically bound interchain
the resulting SE spectrum returned to the baseline awayolarons. These are believed to yield PA with similar
from the cavity mode. In Fig. 2(b), we show the “cor- spectral position and line shape to that attributed to sin-
rected” SE spectrum for 1 ps after excitation along withglet excitons but are nonemissive. It was proposed that
the cw-detected PL from the structure. The SE is considthe PA from the interchain species causes the SE to de-
erably enhanced in this structure, displaying a peak valueay more quickly than the exciton population. Although
of 25%. As expected, the SE spectrum coincides with theve also find significant PA in the vicinity of the SE, there
PL although there is a small (4 meV) blueshift at 1 ps;is also evidence that, in our PPV films, the different PL
this shift is absent at later times.

In Fig. 3, the SE from the microcavity is shown as
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s e, of the film at 2.29 eV (open circles) and 1.55 eV (solid
R e B R LA o circles) and the normalized SE (open triangles) akwl in
2.20 2,25 2.30 the microcavity (solid triangles). PL from Ref. [15] (for the
Energy (eV) unoxidized side of the film) is shown as small dots. Solid lines

are curve fits to the film data: for PA and PL these aré
FIG. 2. (a) AT/T spectra measured on the microcavity with @ = 0.164 and exf—:/156 ps), respectively. The fit to
structure at 1 and 800 ps after excitation. Insets: structure ahe SE isf(/, r) described in the text. Insefp; (solid dots) vs
microcavity and PPV. (b) Dots: corrected microcavity' /T injection density. The solid lines afé and/%> and the dashed
spectrum at 1 ps. Solid line: cw-detected PL from the structureline is the time integral of (7, t).
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and SE decay rates reflect the injection densities used faontradicting speculation that PA prevents the realization
these measurement3 & 10'® and 3 X 10" cm™3, re-  of laser devices from unblended conjugated polymers.
spectively). At high pump intensities, exciton-exciton an-We have also shown that singlet polaron excitons make
nihilation occurs in PPV [1] and the resulting increase inup at least 50% of the initially created photoexcitations
the decay rate of the singlet-exciton population has beem pristine PPV and that exciton-exciton annihilation
demonstrated recently [23]. The inset to Fig. 3 shows theeduces the lifetime of these significantly in oNT /T
time-integrated Pl(/p; ) as a function of the injection den- measurements. We suggest that the products of exciton-
sity (1) using the same pulses as in dF /T experiments. exciton annihilation may contribute to the long-lived PA
At 3 X 10" cm~3 we observe thatpy = I°7, indicating component although the presence of interchain species
the dominance of bimolecular decay at this point. Itis onlycannot be ruled out.

below2 X 10'7 ¢cm3 that linear behavior is seen. Thus, We thank Cambridge Display Technology for supply-
we expect the exciton population to decay faster in theng the PPV precursor used in this research. This work
AT /T experiments than in the PL. The decay of the excidis supported by the Engineering and Physical Sciences
ton populationp, is described byin/dt = —n/7 — Bn>  Research Council, and is part of a collaborative pro-
[1], where 7 is the exciton lifetime angB describes the gram with the Chemistry group of A.B. Holmes and S. C.
strength of bimolecular effects. The solution of this equaMoratti in Cambridge.

tion, f(I,1), [1] has been fitted to thAT /T data using

T = 156 ps, determined from the PL, and by varyigg
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