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Abstract 

Measurements of absolute photoluminescence (PL) efficiencies have been performed for solid films of several conjugated 
polymers commonly used for electroluminescence. In poly( p-phenylenevinylene) (PPV), a PL efficiency of 0.27 is 
measured in samples which show an initial PL decay time-constant of 320 ps. These values indicate that photoexcitation in 
PPV produces intra-chain singlet excitons with a high quantum yield. The PL efficiencies of derivatives of PPV have been 
investigated, and efficiencies in excess of 0.4 have been measured for cyano-substituted PPVs. 

1. Introduction 

The luminescence properties of conjugated poly- 
mers are of considerable interest, both because of the 
fundamental information that can be obtained about 
exciton formation and decay, and because of the 
potential applications for conjugated polymers as the 
emissive material in light-emitting diodes (LED4 
[1,2]. Luminescence in conjugated polymers is be- 
lieved to be the result of radiative decay of singlet 
excitons. Competing non-radiative processes provide 
additional means of decay, and therefore reduce the 
efficiency of luminescence. Possible non-radiative 
mechanisms in the solid state include inter-chain 
processes (e.g. excimer formation), and quenching of 
excitons by extrinsic or conformational defects. If 

radiative and non-radiative decay are monomolecular 
processes with rates 7,’ and r”;‘, respectively, the 
overall luminescence decay will be exponential, with 
a lifetime, T, given by 

r-1 = r-1 r + 7”;’ . (1) 

The efficiency for radiative decay of singlet excitons 
is then given by 

q= r/r r’ (2) 

The efficiency of radiative decay of singlet excitons, 
q, sets an upper limit on the quantum efficiency 
which can be obtained in a polymer LED. 

In a photoexcitation experiment, a useful figure 
which can be measured is the photoluminescence 
(PL) efficiency, defined as the number of photons 
emitted in photoluminescence per absorbed photon. 
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This figure depends both on q and on the fraction, 
77, of absorbed photons which lead to the formation 
of singlet excitons. The PL efficiency, Q, is given by 

Q=w. (3) 
On the basis of picosecond stimulated-emission 

experiments, Rothberg and co-workers have recently 
suggested that in poly( p-phenylenevinylene) (PPV), 
only about 10% of the photoexcited species are 
singlet excitons, and that the rest are spatially indi- 
rect polaron pairs which do not result in radiative 
decay [3]. In this case, the measured PL efficiency 
would be only 10% of the efficiency for radiative 
decay of singlet excitons, corresponding to a value of 
77 = 0.1. In this Letter, we present direct measure- 
ments of PL efficiency for a number of conjugated 
polymers, and use these results to address the issues 
of exciton formation and decay in this class of 
materials. 

In contrast to measurements of PL efficiencies in 
solution, measurements on thin solid films are not 
straightforward, since the angular distribution of the 
emitted light is highly sensitive to the refractive 
index of the material, and to the orientation of 
emitting dipoles within the film [4,5]. Estimates of 
absolute PL efficiencies from a single measurement 
of light output in the forward direction [6] must 
therefore be treated with considerable caution. 

Information about the efficiency of radiative de- 
cay of singlet excitons can be obtained from mea- 
surements of the overall PL lifetime, r. In order to 
extract a value of q from these measurements, how- 
ever, it is necessary to obtain an independent esti- 
mate of the natural radiative lifetime, 7,. Such esti- 
mates have been made by determining the radiative 
lifetime of the polymer or a model oligomer in 
solution [7,8] from the measured quantum efficiency 
and total lifetime in solution. Given certain assump- 
tions, the radiative lifetime can be related to the 
absorption and emission spectra using the Strickler- 
Berg relationship [9], 

7-l = 
r 

where 

84ef 
C2 

(u-3>-l = lL(u)dv 
jf3L( u) dv ’ 

a(v)dv 

1, ’ (4) 

(5) 

n ref is the refractive index, g(v) is the absorption 
cross section per absorbing species at frequency v, 
and L(v) is the emission spectrum as a function of 
photon frequency, v. Assuming that the same intra- 
chain transition is responsible for emission in solu- 
tion and in the solid state, the radiative lifetime in 
the solid state can be estimated from the solution 
radiative lifetime using the measured refractive in- 
dices and emission spectra. In practice, the PL decay 
is frequently non-exponential [7,8,10-121, and re- 
fractive indices are difficult to determine accurately. 
Changes in chain conformation and the effects of 
inter-chain interactions can also affect the character 
of the radiative transition. Due to these difficulties, 
estimates of q from lifetime measurements can only 
be regarded as rough estimates. 

In this Letter, measurements of the absolute PL 
efficiency in solid films of conjugated polymers are 
performed using an integrating sphere to collect the 
emitted light. Until now, this technique has only 
been applied to a limited number of conjugated 
polymers [13,14]. The intention here is to study a 
wide range of materials commonly used for EL 
devices, to describe the measurement technique in 
detail, and to discuss the implications for the photo- 
physics of conjugated polymers. We compare the 
results for PPV with PL lifetime measurements, and 
estimate the value of the branching ratio, 7. 

2. Experimental details 

An integrating sphere is a hollow sphere, coated 
on the inside with a diffusely reflecting material. The 
flux received at an aperture in the sphere (the exit 
port) is proportional to the total amount of light 
produced within the sphere, irrespective of its angu- 
lar distribution [15]. A number of experimental pre- 
cautions are necessary to obtain reliable PL efficien- 
cies from integrating sphere measurements, as de- 
scribed below. 

A custom-built, 10 cm diameter integrating sphere 
manufactured by Labsphere was used. Thin films of 
conjugated polymer were formed by spin-coating 
onto Spectrosil discs of thickness l-2 mm, and 
diameter 13-20 mm. Optical densities at the excita- 
tion wavelength were at least 1.0, and preferably 
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sample 

Fig. 1. Experimental arrangement for integrating sphere measure- 
ments. 

greater than 2.0. These samples were mounted at the 
centre of the integrating sphere, as shown in Fig. 1. 
Light from an argon-ion laser was incident onto the 
sample through a small hole in the sphere wall. 
Typical laser powers were in the range 0.1-0.5 mW, 
with a beam diameter at the sample of approximately 
1 mm. Conditions of near-normal incidence were 
used, but the beam reflected from the sample surface 
was not allowed to escape directly though the en- 
trance hole. The luminescence was measured using a 
calibrated silicon photodiode (Graseby-UDT 221) at 
the exit port. A diffusely reflecting baffle was posi- 
tioned between the sample and the exit port in order 
to prevent luminescence from reaching the detector 
directly. A suitable filter was placed in front of the 
detector to absorb the excitation laser wavelength, 
whilst transmitting the luminescence. When using 
Schott glass filters, it was found that fluorescence 
from the filter itself contributed a significant fraction 
of the detected signal. This problem was alleviated 
by using Kodak Wratten gelatin filters, which were 
found to be much less fluorescent. 

The incident laser power was measured with sam- 
ple and filter removed. To calculate a PL efficiency, 
it is important to know how much of the incident 
light is absorbed within the polymer. The normal 
reflectance and transmittance of each sample were 
measured at the excitation wavelength. Laser light 
scattered diffusely by the sample was neglected, but 
this was not thought to introduce a significant error. 
Some of the laser light which is not absorbed at the 
first attempt is absorbed by the sample after reflec- 
tion from the walls of the integrating sphere. The 
amount of luminescence due to this subsequent ab- 
sorption was determined by measuring the lumines- 
cence detected with the sample in the integrating 

sphere but with the laser incident on the wall of the 
sphere rather than on the sample. The quantum 
efficiency, neglecting the spectral variation of the 
system response, was given by 

X sample - ( R + T, Xsphere 

x= (l-R-7)X,,,,, ’ 

where R is the reflectance, T is the transmittance, 

(6) 

and Xloser is the signal measured with the laser 
incident on the sphere with no sample or filter. 
X sample and Xspherr are the signals measured with 
the sample and filter in place, with the laser incident 
on the sample and the sphere wall, respectively. 

The spectral response of the sphere was deter- 
mined using a tungsten lamp and a paralleltdetection 
CCD spectrograph (Oriel Instaspec IV) with an opti- 
cal fibre input. The spectrum of the lamp, Slnmp( A), 
was first measured outside the sphere. The ‘lamp was 
then used to illuminate the sphere through the laser 
entrance hole, and the spectrum, Sspherk(h), was 
measured at the exit port. The correction ifactor for 
the spectral response is given by 

\I = 
( ‘sphere (h)L(h)G(A)F(A) dA 

X ! ‘spheret ‘ex )‘( Aex) 

/ 
L(A) dA 

where L(A) is the emission spectrum, G(A) is the 
quantum efficiency of the photodiode, A,, is the 
excitation wavelength, and F(A) is the transmission 
of the filter. The PL efficiency is then simply given 

by X/Y. 
For PPV, the decay of the PL was studied on a 

picosecond timescale by up-conversion in; a nonlin- 
ear crystal. The PL efficiency of the sample was 
measured before and after the time-resolved mea- 
surement to exclude the possibility of sample degra- 
dation. For the time-resolved measurement, excita- 
tion was provided at 405 nm using the frequency- 
doubled output of a mode-locked Ti-sapphire laser, 
giving 100 fs pulses at a repetition rate of 76 MHz. 
The average power was approximately 2 mW, with a 
beam diameter of 0.4 mm, and the overall’time-reso- 
lution was approximately 200 fs. 
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3. Results and discussion 

The polymers studied here were PPV, poly(2- 
methoxy-5-(2’-ethyl-hexyloxy)-p-phenylenevinylene) 
(MEH-PPV), poly(3-hexylthiophene) (P3HT), and 
two cyano-substituted dialkoxy-PPVs (CN-PPV and 

MEH-CN-PPV), as shown in Table 1. Two different 
samples of poly(hexylthiophene) were used denoted 
P3HT-a and P3HT-b, containing 80% and 100% 
head-to-tail linkages respectively. MEH-PPV, P3HT 
and CN-PPV films were formed by spin coating 
from chloroform; MEH-CN-PPV was spin-coated 

Table 1 
Chemical structure and synthesis of the polymers investigated 

Polymer Structure Synthesis 

PPV [161 

MEH-PPV 

P3HT-a (80% head-to-tail) 

P3HT-b (regioregular) 

CN-PPV 

CsH13 

C6H13 

,C6h3 
0 ,%h3 

[la1 

[ WOl 

WI 

o-&cJ 
C6H13 P n 

C6H13 

MEH-CN-PPV 1221 
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Table 2 
PL efficiencies, errors and excitation wavelengths for the poly- 
mers shown in Table 1 

Polymer PL efficiency 

PPV 0.27 
MEH-PPV 0.10-0.1s 
P3HT-a 0.018 
P3HT-b 0.020 
CN-PPV 0.35-0.46 
MEH-CN-PPV 0.48 

Error 

f 0.02 
* 0.01 
+ 0.004 
f 0.004 
f 0.02 
f 0.02 

Excitation 

458 nm 
488 nm 
488 nm 
488 nm 
488 nm 
488 nm 

from toluene solution. PPV was formed by the THT 
precursor route; the precursor was heated at 280°C 
for 12 h under dynamic vacuum at a pressure of less 
than 5 X 10m6 mbar. The results obtained for these 
polymers are shown in Table 2, along with the 
excitation wavelength used. It is difficult to assess 
the scale of any systematic errors present in this 
experiment; the errors shown represent a rough esti- 
mate of the likely error due to the measurement 
technique. The values obtained on different films 
made from the same batch of polymer were consis- 
tent, provided that the films were kept in the dark 
and under nitrogen until measurement. For MEH- 
PPV and CN-PPV where several batches were avail- 
able, a range of efficiencies was measured, as shown 
in Table 2. The PL efficiency in PPV is known to 
depend strongly on the conditions used for conver- 
sion of the precursor to the final polymer [10,23,24]. 
We have not yet systematically studied the effect of 
these conditions on the absolute PL efficiency; the 
conditions used here are chosen to produce well-con- 
verted samples. 

A significant decrease in efficiency occurred if 
the films were stored under ambient laboratory con- 
ditions. In MEH-PPV, for example, the PL effi- 
ciency was reduced from 0.15 to 0.03 over a period 
of 1 week, and, during measurement in air, a notice- 
able decay of the luminescence was observed over a 
period of tens of seconds. The values shown in Table 
2 were measured after less than 5 s of excitation. The 
exact rate of decay depended strongly on the poly- 
mer, the laser power, and whether the excitation was 
through the glass or directly onto the polymer. The 
decay could be significantly reduced by flushing the 
sphere continuously with nitrogen. Under these con- 
ditions, the PL efficiency of a PPV sample, for 

example, decayed by 8% of its initial value after 
excitation at 0.5 mW directly onto the polymer for 5 
min. The decay during measurement, and under stor- 
age, is consistent with quenching of luminescence 
due to defects formed by photo-oxidation [;12]. 

The PL efficiencies for the PPV-based’ polymers 
measured here are encouragingly high for polymers 
in the solid state. The value of 0.27 for PPV, in 
particular, is higher than the value measured in 
MEH-PPV, and is significantly larger thank the value 
estimated by Lemmer et al. for PPV [l l]. The PL 
efficiency of MEH-PPV in solution has been esti- 
mated to be between 0.20 and 0.35 [7,25]. [Reported 
values of 0.85 [8] have since been revised [25].) The 
values of up to 0.15 measured here for solid films 
suggest that extra non-radiative channels ‘are avail- 
able in the solid state. The values measured here are 
similar to the PL efficiencies of 11%-13% reported 
for solid films of poly(2-methoxy-5-decyloxy-p- 
phenylenevinylene) [13]. The PL efficiencies in ex- 
cess of 0.40 for the cyano-substituted materials are 
consistent with the high electroluminescence (EL) 
efficiencies obtained in these materials [21,22]. In 
P3HT-a the PL efficiency is much lower than in the 
PPV-based polymers, consistent with the low EL 
efficiencies obtained in devices made from this ma- 
terial [26]. The photophysical properties of the 
poly(alkylthiophene)s are sensitive to the regioregu- 
larity of the polymer. Xu and Holdcroft have found 
that increasing the proportion of head-to-tall linkages 
in P3HT from 50% to 80% causes a factor of 4 
decrease in PL efficiency due to better inter-chain 
ordering leading to an enhancement of the!formation 
of non-emissive excimers [27]. The P3HT-a used 
here was synthesised by oxidative coupling of 
hexylthiophene units, and contains approximately 
80% head-to-tail linkages [18]. The regioregular ma- 
terial, P3HT-b, was synthesised using a Grignard 
coupling reaction [19], and contains almost 100% 
head-to-tail linkages [20]. The results shown in Table 
2 indicate that increasing the fraction of head-to-tail 
linkages from 80% to 100% causes no :significant 
difference to the PL efficiency. 

As discussed earlier, the PL efficiency is given by 
the product of the branching ratio, 77, with the effi- 
ciency of radiative decay of the singlet exciton, q. 

Since q cannot be more than unity, the value of 0.27 
obtained for the PL efficiency in PPV gives a lower 
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limit on the branching ratio, 7. In order to obtain a 
better estimate of 77, it is useful to estimate q by 
studying the decay of the PL on a picosecond 
timescale. In view of the wide range of PL decay 
rates reported for PPV [7,10-12,23,28], it is neces- 
sary to use the same samples for PL efficiency and 
PL decay measurements. Using the technique de- 
scribed in Section 2, the PL in PPV at 2.25 eV was 
followed from 0 to 500 ps, and good fits were 
obtained with a mono-exponential decay with a 
time-constant of 320 ps. 

PL lifetimes of 1.2 ns have been measured by 
Yan et al. for PPV samples with a low density of 
oxygen defects, implying a radiative lifetime of at 
least 1.2 ns [12]. Taking TV = 1.2 ns gives a value of 
q = 0.28. The measured PL efficiency of 0.27 there- 
fore suggests a value of 77 close to unity, implying 
that the species produced by photoexcitation is pre- 
dominantly the singlet exciton. We note, however, 
that the radiative lifetime is sensitive to the size of 
the emitting chromophore, and may therefore depend 
on the degree of conjugation of the material studied. 
If the radiative lifetime in the material studied here is 
significantly less than in the material studied by Yan 
et al., then a smaller value of 77 would be required. 
An additional source of possible error here is the 
difference in excitation wavelength between the PL 
efficiency measurement and the time-resolved mea- 
surement. Changing the excitation wavelength from 
458 to 405 nm has, however, been found to have 
only a very small effect on the PL efficiency in 
high-quality PPV [29,30]. We note that the value of 
77 estimated here is significantly larger than the value 
of 7 = 0.1 estimated by Yan et al. on the basis of 
picosecond stimulated-emission measurements [3]. 

The absolute values of PL efficiency reported 
here provide interesting comparisons between mate- 
rials. It has generally been taken to be the case that 
increasing the volume fraction of inactive side-chains 
(alkyl, alkoxy, etc.) gives an increase in PL effi- 
ciency by reducing the rate of diffusion of excitons 
to quenching sites. Our results, however, show PPV 
to be more efficient than MEH-PPV. Gettinger et al. 
[25] have reported that in solution increasing the 
chain stiffness increases PL efficiency, with MEH- 
PPV less efficient than polymers with bulkier 
cholestanoxy side-groups. We propose that confor- 
mational defects in the polymer chain may facilitate 

Relative PL 

a 

--Q 

Efficiency 

100% 
laser 

b 

C 

78 % 

57 % 

d 

---El 

~aluminium 

47 % 

Fig. 2. Relative PL efficiencies for CN-PPV in various structures. 
(a) polymer on glass substrate; (b) polymer on ITO, excited 
directly onto polymer; (c) polymer on ITO, excited through glass 
substrate; (d) polymer on ITO, covered with aluminium. Efficien- 
cies are shown as a percentage of the value measured for case (a). 
Typical values of the absolute PL efficiency in case (a) are shown 
in Table 1. Excitation wavelength = 488 nm. 

non-radiative decay of excitons, both in solution and 
in the solid state. This would account for the rela- 
tively low PL efficiencies in solution for MEH-PPV 
in comparison with more rigid polymers. In the solid 
state, polymers with low crystallinities and with low 
glass transition temperatures, such as MEH-PPV, are 
likely to contain a higher density of conformational 
defects than PPV, which is relatively crystalline [31]. 

When comparing PL and EL efficiencies, it is 
important to take into account the effect of the local 
environment on the PL efficiency of a molecular 
emitter. Drexhage [4] and others have shown that the 
presence of dielectric or metal interfaces can signifi- 
cantly alter the radiative lifetime. In general, the 
effect will depend on the distances of the emitting 
dipoles from the various interfaces, and on their 
orientation. For a dipole oscillating close to, and 
parallel to a metal interface, for example, the radia- 
tive lifetime will be increased, leading to a reduced 
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PL efficiency. These effects occur at distances com- photons which produce singlet excitons., and the 
parable to the wavelength of the emitted light, and measured PL lifetime of 320 ps suggests that 77 is in 
are therefore likely to be important in typical LED fact much larger than 0.27. Taking a radiative life- 
structures. In addition, within about 10 nm of an time of 1.2 ns gives a value of 77 close to unity, 
interface, direct quenching of excitons can occur, suggesting that intra-chain singlet excitans are the 
leading to an increased non-radiative decay rate [32]. main product of photoexcitation in PPV. 

As an illustration, PL efficiency measurements 
were performed using CN-PPV films (thickness 200 
nm) which were prepared on glass substrates coated 
with indium-tin oxide (ITO), as shown in Fig. 2. 
IT0 is commonly used as an electrode material in 
polymer LEDs. Measurements were also made on a 
film of CN-PPV sandwiched between IT0 and alu- 
minium layers, forming a structure similar to a sim- 
ple LED. The PL efficiencies measured in various 
configurations are shown in Fig. 2, and are lower 
than the values measured for an identical polymer 
film on an un-coated glass substrate. In cases cc> and 
cd), the luminescence is generated close enough to 
one of the interfaces for exciton quenching to be 
important, in addition to any changes in radiative 
lifetime. In case (b), however, the amount of light 
generated within 10 nm of the polymer/IT0 inter- 
face is very small. An increase in radiative lifetime 
due to optical interference of the emitted light must 
therefore be responsible for the decrease in PL effi- 
ciency in this case. Although case (d) resembles an 
LED structure, it is not possible to draw direct 
comparisons with LED efficiencies since the spatial 
distribution of luminescence is not the same here as 
in an LED. These results, however, illustrate the 
importance of understanding and controlling the lo- 
cation of exciton formation in polymer LEDs. 
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