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Excitonic singlet-triplet ratios in molecular and polymeric organic materials
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A simple technique employing reverse bias measurements of photoluminescent efficiency is described to
determine the excitonic singlet-triplet formation statistics of electroluminescent organic thin films. Using this
method, the singlet fractions in thin films of two organic emissive materials commonly used in organic light
emitting devices, tris~8-hydroxyquinoline! aluminum (Alq3) and poly@2-methoxy-5-~2-ethylhexyloxy!-1,4-
phenylenevinylene# ~MEH-PPV!, are found to be (2061)% and (2064)%, respectively. Results are con-
firmed using a sensitive synchronous detection scheme. We discuss other measurements and the current un-
derstanding of exciton formation statistics in polymeric and small molecular weight organic electroluminescent
materials.
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I. INTRODUCTION

Understanding the mechanisms underlying exciton form
tion from injected charge in organic semiconductors is
outstanding challenge in the field of organic electrolumin
cence. Indeed, the ratio of singlets to triplets represents
important manifestation of the dynamics of excito
formation,1–6 that is critical to the efficiency of fluorescen
organic light emitting devices. From simple statistical co
siderations, the ratio of singlets to triplets in the sp
degeneracy limit is 1:3. Phosphorescent molecular orga
light emitting devices~OLED’s! exhibit efficiencies approxi-
mately four times that of molecular OLED’s that fluores
from singlets alone, consistent with the spin-degener
limit.7 But other experiments suggest that exciton statistic
polymeric semiconductors may favor luminescent singl
over nonemissive triplet excitons.1,3–6If so, fluorescent poly-
mers may possess intrinsically higher electroluminescen
ficiencies than fluorescent small molecules, although to d
this difference has not been consistently observed.

Excited species comprising an electron and a hole
typically modeled in organic semiconductors as two-elect
systems, with one electron in a partially filled lowest uno
cupied molecular orbital~LUMO!, and the other in a par
tially filled highest occupied molecular orbital~HOMO!. The
total spinS of the two-electron combination is eitherS50
~singlet! or 1 ~triplet!. In organic molecules, the triplet ex
cited state is typically lower in energy than the singlet e
cited state by 2K, whereK'0.5 eV is the exchange integra
involving the HOMO and LUMO. Unlike the long-rang
Coulomb interaction,K depends on the overlap of the ele
tron (e) and hole (h) wave functions and hence decreas
exponentially withe-h separation,r. The exchange splitting
2K between singlet and triplet excitons in conjugated po
mers is'1.0 eV,8 comparable to molecular values.
0163-1829/2003/68~7!/075211~14!/$20.00 68 0752
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The photophysics of organic molecules9 deals with intra-
molecular processes. In addition, we must consider vari
intermolecular processes10 in organic semiconductors when
for example, the electron and hole are injected into the fi
from opposing contacts. Figure 1 presents a general pic
for exciton formation in organic semiconductors withr as the
reaction coordinate for both intramolecular and intermole
lar excited species. The model classifies a continuum of p
sible excited species into Frenkel excitons, charge-tran
~CT! states, and extended polaron pairs. Excited states
generated either by optical excitation or through the com
nation of positive and negative injected charge. Optical

FIG. 1. Injected electrons and holes in organic semiconduc
may form either singlet or triplet excitons. At large charge sepa
tions, singlet and triplet pair states are degenerate, and it is assu
that there is one singlet pair for every three triplet pairs. On
bound by Coulombic interactions, the formation of excitons is m
diated by charge-transfer~CT! states.
©2003 The American Physical Society11-1
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citation predominantly results in singlet Frenkel exciton
since these species have the largest oscillator strengths
the other hand, electrical excitation and the injection of o
posite charges initially form extended polaron pairs, wh
can collapse to form CT states and excitons as describe
Fig. 1. Each species can be either singlet or triplet.

Frenkel excitons are localized, with the bound electr
and hole on the same molecule (r ,10 Å). Intersystem
crossing~ISC! from singlet to triplet provides a mechanis
for indirect optical excitation of triplets. At larger .100 Å
we have positive and negative polarons, or radical io
whoseS5 1

2 spins are not correlated; thus,S50 and 1 are
degenerate andK50. The capture radiusr c at which kT
5q2/r c can be used to define independent polarons, wherq
is the electronic charge,k is Boltzmann’s constant, andT is
the temperature. In contrast, CT states occur fromr ,r c
down to nearest-neighbor ion pairs. Singlet and triplet
states are usually considered to be degenerate due to
short-range nature ofK, although this may not hold strictly
for charge transfer between adjacent molecular sites. We
fine r K in Fig. 1 as thee-hseparation at which singlet-triple
splittings become small, and weak perturbations can mix
states. It is expected thatr K is on the order of molecula
dimensions, i.e.,r K'10 Å.

The energy range in Fig. 1 contains a continuum of Fr
kel and CT states that in principle have different photophy
cal parameters. In polymers, as in molecules,9 we focus on a
few discrete states depicted in Fig. 2. Optical excitation g
erates high-energy singlet excitonsS* that may relax to the
lowest excited singletS with rate kS* ; S* can also cross
over to an excited tripletT* with ratekISC* or charge sepa
rate to a lower-energy CT state with ratekBS. Similarly, the
excited triplet can charge separate with ratekBT or decay to a
relaxed triplet with ratekT* . The rateskS and kT are the
formation rates of singlet and triplet excitons, respective
from degenerateCT states. Electrical excitation then pro

FIG. 2. A rate model for electrical and photoexcitation of po
mers with charge-transfer~CT! states. Knowledge of the fraction o
excited singlet statesS* that decay into CT states is essential in t
determination of the singlet fractionxS .
07521
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ceeds through degenerate polaron pairs and degenerat
states that ultimately collapse to excitons. The CT states
cluded in Fig. 2 haver .r K , and together with extende
polaron pairs, are classified simply as ‘‘degenerate pola
pairs.’’ CT states withr ,r K are assumed to relax directly t
their respective singlet and triplet Frenkel excitons and
not explicitly shown. The rateskS and kT are so defined
because the formation rates for singlet and triplet excit
from nondegenerateCT states will have little effect on the
ratio of singlet to triplet excitons formed. The rateskS andkT
are central to interpreting recent studies of polym
emission.1,3–6

Singlet and triplet polaron pairs, and CT states withr
.r K , are typically mixed by spin-lattice interactions, by d
polar or hyperfine fields, and by spin-orbit interactions th
are particularly small forp electrons.11 The mixing ratekSL
represents spin-lattice mixing between degenerate sin
and triplet CT states, which is expected to dominate ot
mixing processes. In electroluminescence, injected cha
will have randomized spin states in any case. Thus pola
pairs are expected to be formed in the ratio of 1:3 singlet
triplets.

Once the singlet and triplet states are split atr ,r K , mix-
ing effectively ceases under small perturbations, so that th
is no mixing rate between singlet and triplet excitons in F
2. However, intersystem crossing fromS to T at lower energy
is possible for both excitons and CT states, with rateskISC
and kISCT, respectively. Although typically small,kISC and
kISCT may be significantly enhanced in the presence of he
atoms such as Pt or Ir, which greatly increase the strengt
spin-orbit coupling, and hence the population of triplet ex
tons. Intersystem crossing from high-energyS* to T* may
proceed at different rates than from the lowestS to T. Indeed,
high-energy photoexcitation of anthracene has been obse
to result in a singlet-to-triplet ratio of 1:1, while low-energ
photoexcitation results in a 1:3 ratio.12

It is apparent therefore that an accurate determination
the singlet-to-triplet ratio is essential to understanding
physical mechanisms leading to electroluminescence in
ganic thin films. Yet while many authors have reported t
formation ratio, there remains disagreement as to its va
particularly in technologically interesting luminescent pol
meric semiconductors. Several previous studies of exc
formation have been based on a comparison of the electr
minescent~EL! and photoluminescent~PL! efficiencies of a
particular material.1–3,5 In this work, a simple technique is
described that avoids many systematic errors that may a
in comparative measurements. As a demonstration, the
archetypal luminescent compounds, tris~8-hydroxyquinoline!
aluminum (Alq3) and poly@2-methoxy-5-~2-ethylhexyloxy!-
1,4-phenylenevinylene# ~MEH-PPV!, are analyzed and found
to possess singlet fractions of (2061)% and (2064)%, re-
spectively.

Section II of this paper describes the theory of reve
bias measurements of PL efficiencies, and Sec. III descr
the experimental details of the measurement of singlet fr
tions. Section IV presents the measured PL efficiencies
Alq3 and MEH-PPV OLED’s. In Sec. V the singlet fraction
are determined for Alq3 and MEH-PPV, and a model fo
1-2
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EXCITONIC SINGLET-TRIPLET RATIOS IN . . . PHYSICAL REVIEW B68, 075211 ~2003!
EL-specific losses is proposed to place an upper bound
the singlet ratio in these materials. Different measurem
techniques are compared in Sec. VI, and possible mat
dependencies in the singlet fraction are discussed in the
clusion, Sec. VII.

II. THEORY OF REVERSE BIAS MEASUREMENT
OF PL EFFICIENCY

Exciton formation statistics determine the external qu
tum efficiency of electroluminescence in an OLED,hEL :3

hEL5xSghChPL , ~1!

where the fraction of excitons formed as singlets isxS , hPL
is the intrinsic PL efficiency, the light output coupling fra
tion hC is the fraction of emitted photons captured by t
detector, andg<1 measures losses present in EL but not
PL.3

The producthChPL is determined by optically exciting
the luminescent organic film within an OLED placed und
reverse electrical bias. The electric field dissociates so
excitons into charges,10,13,14reducing the PL and generatin
photocurrent, thereby providing an accurate measureme
the number of excitons dissociated. As shown below,
ratio of the change in PL to the photocurrent giveshChPL .
Because this technique also allows for the measuremen
hEL in the same experimental geometry used to measurehPL
by applying forward bias to the luminescent film and inje
ing charges, it is not necessary to explicitly measurehC ,
avoiding uncertainties commonly associated with this m
surement.

The PL power (PPL) emitted by the optically excited film
is given by

PPL5hChn
kR

kR1kNR1kQ
f, ~2!

where f is the photon flux from the excitation source a
sorbed within the film,kR is the radiative exciton recombi
nation rate,kNR is the nonradiative decay rate,kQ is the rate
of electric field-induced quenching,h is Planck’s constant
and n is the frequency of the radiated photons. For we
field-induced quenching@i.e., kQ!(kR1kNR)], the drop in
PL may be expressed in terms of the PL efficiency in
absence of an applied field, i.e.,hPL5kR /(kR1kNR), to ob-
tain

DPPL5PPL~kQ!2PPL~kQ50!'2hnhChPL

kQ

kR1kNR
f.

~3!

In all devices used in this study, the field-induced PL quen
ing satisfies kQ!(kR1kNR). The photocurrent resulting
from field-induced dissociation of excitons is

I ph5q
kQ

kR1kNR1kQ
f ~4!

where q is the electronic charge. Assuming thatkQ!(kR
1kNR), Eqs.~3! and ~4! give
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hChPL52
q

hn

DPPL

I ph
. ~5!

Since the EL power,PEL , at an injected current,I inj , is given
by PEL5qI injhnhEL , and using Eq.~1!, we can write

xSg5
hEL

hChPL
5

PEL

I inj
Y 2DPPL

I ph
. ~6!

Thus spin statistics are obtained fromhEL and the ratio of
differential photoluminescenceDPPL to photocurrentI ph. Si-
multaneous measurements of current and differential ph
luminescence are readily performed in most OLED’s un
steady-state reverse bias.

The reverse bias current has two components that mus
detected separately, photocurrent,I ph and leakage current
I leak. In addition, fluctuations in optical pump intensity ma
introduce noise into measurements ofDPPL . Two-tone syn-
chronous detection can be used to discriminate betweenI ph
andI leak and detect only that portion ofDPPL due to electric-
field modulation. The reverse bias and optical pump inten
are modulated at angular frequenciesvB and vL , respec-
tively, andI ph andDPPL are detected atvL andvB , respec-
tively. Synchronous detection is employed here to confi
results taken with unmodulated~dc! excitations, and is essen
tial for measuring devices where leakage current may exc
photocurrent, such as for the MEH-PPV OLED’s in th
study. Synchronous detection may also be used as a st
alone technique. The theory of two-tone synchronous de
tion of photoluminescent efficiency is described in the A
pendix.

We note that charge generation during optical excitat
may lead to underestimates of the PL efficiency and co
sponding overestimates ofxS ; see Sec. IV B. Exciton disso
ciation is enhanced when the film is excited at energies
nificantly above the absorption edge,15 and consequently, in
this work, the optical pump wavelength is selected as cl
as possible to the HOMO-LUMO gap. Because CT states
also be dissociated into photocurrent under reverse bias
reverse bias technique may be a sensitive probe for ch
generation, providing an inherent guard against undere
mating PL efficiency. Indeed, lower, nonlinear,DPPL /I ph
slopes were measured when higher-energy optical pu
were used.16 Since knowledge of the outcoupling efficienc
is not required in our method, the reverse bias techni
offers advantages over conventional, absolute measurem
of PL efficiency in determinations of the singlet-triplet fo
mation statistics.

III. EXPERIMENTAL TECHNIQUE

To compare the EL and PL efficiencies in small molecu
weight and polymeric materials, two types of OLED’s we
fabricated. Polymeric OLED’s used an emissive and ho
transporting layer~HTL! layer of the polymer MEH-PPV,17

and small molecular weight materials were studied us
an emissive layer of Alq3 . All devices were fabricated
on cleaned and UV-ozone treated glass substrates
coated with an indium tin oxide~ITO! anode with a shee
resistance of'20 V/sq. To enhance hole injection from
1-3
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FIG. 3. ~a! The experimental setup of the dc PL efficiency measurement. PL from an optically excited OLED is focused onto a ca
silicon detector. An optical filter is used to remove the pump light from the collected light. The OLED is placed under a varying reve
that partially quenches the PL. The out-coupled PL efficiency is obtained by comparing the change in PL (DPPL) to the photocurrent. Inset
A cross section of the OLED’s. Charges and excitons within the organic layer under test are confined by a heterostructure e
bathocuproine~BCP! as the electron transport~ETL! and hole blocking layer. The semiconducting polymer MEH-PPV was used as a
transport layer~HTL!. ~b! The experimental setup of the synchronous PL efficiency measurement. Here the photocurrent and out-co
are detected by locking the photocurrent to the optical chopping frequency, and the PL to the modulation frequency of the rev
voltage. This scheme rejects leakage current, optical pump fluctuation, and detected light noise.
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the anode, all devices used a thin layer of poly~3,4-
ethylenedioxythiophene!:poly~4-styrenesulphonate! ~PE-
DOT:PSS!. This layer was prepared by spin coating onto t
ITO substrate followed by baking atT'120 °C for at least
30 min in an oxygen-free environment. The polym
OLED’s had an approximately 300-Å-thick layer of MEH
PPV spun cast onto the PEDOT:PSS layer from
tetrahydrofuran-toluene solvent, and baked in an oxygen-
environment atT'115 °C for at least 10 h. The Alq3
OLED’s had a 500-Å-thick HTL composed o
N,N8-diphenyl-N,N8-bis~3-methylphenyl!-@1,18-biphenyl#
4,48-diamine ~TPD! deposited onto the PEDOT:PSS laye
followed by a 200-Å-thick light-emitting layer of Alq3 . The
TPD and Alq3 layers were deposited by high-vacuu
(1026 Torr) thermal evaporation, as were all layers co
prised of small molecules. Both types of devices contain
an electron transport layer~ETL! 2,9-dimethyl-4,7-diphenyl-
1,10-phenanthroline~BCP!, chosen because of its transpa
ency to the optical pump beams atl5405 nm and atl
5532 nm, and its efficient hole and exciton-blockin
capability.2 The thickness of the BCP layer was 500 Å
Alq3 devices, and for reasons described in Sec. IV, 150 Å
the MEH-PPV devices. A shadow mask with 1-mm-diame
07521
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openings was used to define the cathode in all devices.
cathodes consisted of a layer of approximately 60:1 Mg:
followed by a Ag cap to protect against oxidation. Alq3 de-
vices had a 1000-Å-thick Mg:Ag layer and a 200-Å-thick A
cap, whereas MEH-PPV devices had a 500-Å-thick Mg:
layer followed by a 500-Å-thick Ag cap.

The experimental setups for the dc and synchronous
efficiency measurements are shown in Figs. 3~a! and ~b!,
respectively. Two diode lasers were employed as opt
sources, one with wavelengthl5405 nm and another atl
5532 nm. The lasers had continuous maximum output po
ers of 3.4 and 25 mW, respectively. A lens was used to fo
the pump laser to an approximately 1-mm-diameter sp
aligned with the OLED cathode. Fluorescence was collec
by a second lens, and was optically filtered to remove
pump wavelength before being focused onto a silicon de
tor. The collection optics were calibrated by comparing t
EL efficiency in this geometry to that measured by placi
the OLED directly onto the surface of a large-area silic
detector.7 Although this did not affect measurement of th
singlet fraction, measurement of the total light emitted in t
forward direction enables calculation of the out-coupling
ficiency hC . In the two-tone synchronous measureme
FIG. 4. ~a! Magnitude of change in PL,
DPPL , and the corresponding photocurrentI ph in
Alq3 as a function of reverse bias.~b! The rela-
tion betweenDPPL and I ph, given by Eq.~8!,
gives the out-coupled PL efficiencyhChPL .
1-4
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FIG. 5. ~a! Magnitude of change in PL,
DPPL , and the corresponding photocurrentI ph in
MEH-PPV as a function of reverse bias. Th
‘‘kink’’ in the photocurrent at V'16 V corre-
sponds to the voltage at which leakage curre
begins to dominate photocurrent.~b! The relation
betweenDPPL and I ph, given by Eq.~8!, gives
the out-coupled PL efficiencyhChPL .
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setup shown in Fig. 3~b!, the laser light was mechanicall
chopped at angular frequencyvL52p•390 rad/s, yielding
an approximately 50% duty cycle square wave. The reve
bias was modulated sinusoidally at angular frequencyvB
52p•510 rad/s. Photocurrent and differential PL were d
tected using two lock-in amplifiers. Each measurement
specific reverse bias voltage was averaged for 30 s. Ex
for low temperature measurements, which were perform
under vacuum, all devices were measured in air.

IV. PHOTOLUMINESCENCE EFFICIENCY
MEASUREMENTS

Figure 4~a! shows the reverse bias photocurrentI ph and
the magnitude of the electric-field-induced change in P
DPPL , in an Alq3-OLED measured using the dc techniqu
All Alq 3 devices were excited atl5405 nm, the edge of the
absorption band of Alq3 . The resultant out-coupled PL effi
ciency is shown in Fig. 4~b!. A weighted sum of severa
measurements yieldshChPL5(5.960.1)% for Alq3 . At
zero reverse bias, the devices exhibit weak photovoltaic
tion leading to a slight offset in the photocurrent that do
not affect the PL efficiency measurement. The PL efficien
of Alq3 has been previously measured to behPL5(27
65)%,18,19 yielding an out-coupling fraction ofhC5(24
64)%. Due toweak microcavity effects,hC is expected to
be dependent on the position of the luminescent reg
within the device structure.20 The PL efficiency of Alq3 mea-
sured using the dc technique was confirmed with a sync
nous measurement.

Similarly, dc measurements ofI ph andDPPL in MEH-PPV
07521
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are shown in Fig. 5~a! for optical excitation at the absorptio
edge of MEH-PPV, atl5532 nm. The resultant out-couple
PL efficiency is shown in Fig. 5~b!. Using Eq.~5!, the slope
of the linear regime at smallI ph yields hChPL5(4.8
60.1)% for MEH-PPV. The PL efficiency of MEH-PPV wa
previously measured21 to behPL510– 15%, yielding an out-
coupling fraction ofhC531– 49%. We note that this is con
sistent with reports that solution processing of polymers m
preferentially align radiative dipoles within the polymer
chains parallel to the reflective cathode, enhancing the
coupling fraction relative to that of randomly oriente
vacuum-deposited small molecular weight materials.3

The kink in the photocurrent characteristic in Fig. 5~a!
~marked by the arrow! denotes the boundary between regio
of markedly different noise behavior, and corresponds to
photocurrent at which the PL characteristic in Fig. 5~b! be-
comes nonlinear. These effects are interpreted to be the r
of the reverse bias current being dominated byI ph below the
kink, and I leak above it. Reverse bias leakage currents
MEH-PPV OLED’s were often comparable to photocurren
and were unstable and inconsistent in repeated meas
ments. Consequently, synchronous detection was require
confirm MEH-PPV PL efficiencies measured using the
technique.

Synchronous measurements ofI ph andDPPL are shown in
Fig. 6~a! for MEH-PPV, again for an excitation wavelengt
of l5532 nm. The out-coupled PL efficiency ishChPL
5(4.860.2)%, in agreement with the dc result; see F
5~b!. Data points and error bars~both vertical and horizontal!
represent the mean and standard deviation, respectivel
data collected at each reverse bias voltage. The linearit
nt

ed
FIG. 6. ~a! Synchronously-detectedDPPL

magnitude and the corresponding photocurre
I ph in MEH-PPV as a function of reverse bias.~b!
The relationship betweenDPPL and I ph, in Eq.
~8!, gives the synchronously detected out-coupl
PL efficiencyhChPL .
1-5
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the characteristic of Fig. 6~b! is especially notable, since bot
dc and synchronous measurements employ reverse bias
ages of up to 20 V. Thus the synchronous technique prov
strong evidence that the discontinuity in slope observed
the dc PL measurement of Fig. 5~b! is due to leakage curren

Synchronous detection showed a negligible depende
on bias frequency. The phase of theDPPL signal with respect
to the voltage modulation changes rapidly at low photoc
rent, from approximately2180° to zero degrees. At low re
verse bias then,DPPL is positive, becoming negative a
higher voltages. The increase in PL for low reverse bias
due to a reduction in singlet-polaron annihilation as pho
generated charge is detrapped by the electric field. At su
ciently high reverse bias, these charges are rapidly remo
and the increase in PL is overwhelmed by the electric-fie
induced dissociation of excitons.

The effect of detrapping at low electric fields is mo
pronounced in the optical pump intensity dependence d
shown in Fig. 7. There is no observed dependence in
slope ofDPPL versusI ph above the zero crossing, consiste
with hPL independent of pump intensity. But the zero cro
ing is observed to shift in proportion to the pump intensi
confirming that increases inDPPL at low bias~and hence low
current! are due to reductions in the density of photogen
ated charge.

Reverse bias measurements of the PL efficiency req
complete collection of the photocurrent from dissociated
citons. Thus the OLED structure must be tailored to facilit
charge extraction. It was observed that the reverse biasDPPL
versusI ph characteristics of MEH-PPV were nonlinear wh
thick films of BCP (d.150 Å) were used, most probabl
due to an energy barrier to electron transport across
MEH-PPV/BCP interface.22,23 It has been proposed that th
BCP layers, although observed to efficiently block ho
transport, assist in the extraction of electrons due to
states in the material formed during deposition of the cath
that penetrate as far as'200 Å from the cathode interface.24

Indeed, highly efficient photovoltaic devices have been f
ricated by using this method of charge extraction from
relatively deep lowest unoccupied molecular orbital of C60 at
4.6 eV.24 With a 150-Å-thick BCP ETL, the yield of usefu
MEH-PPV devices~i.e., devices with linear reverse bia

FIG. 7. The synchronously detected PL efficiency of Alq3 is
approximately independent of the optical pump intensity. The of
in DPPL is due to increased charge generation within the film int
duced by the higher intensity optical pump.
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characteristics! is close to 100%.
Accurate measurements of the PL efficiency also requ

that the technique be immune to the effects of geminate
nongeminate recombination involving charge from disso
ated excitons, which may limit the extraction of photocu
rent. The electric-field dependence of exciton dissociat
under reverse bias is broadly consistent with the Onsa
model.10,13,14 However, due to the large electrostatic forc
between geminate charges immediately following exci
dissociation, many geminate charge carriers will recomb
before they can be extracted.10 Use of the reverse bias tech
nique requires that charges from singlet excitons dissocia
by the applied electric field do not subsequently form no
emissive triplet excited states. The absence of an elec
field dependence of PL efficiency in reverse bias meas
ments demonstrates that geminate recombination occu
times shorter than the spin dephasing time. The reverse
technique is also observed to be unaffected by nongemi
recombination. Given a typical carrier mobility o
.1025 cm2/V s, the density of minority carriers under re
verse bias in both Alq3 and MEH-PPV is small,n
,1015 cm23.Low charge-carrier densities, and the high ele
tric fields required to dissociate excitons and separate
resulting geminate charges, reduce the probability of n
geminate recombination, which increases withn2. But most
significantly, synchronous measurements demonstrate
the reverse bias PL efficiency is independent of leakage
rents that frequently exceed 10 mA/cm2, confirming the ab-
sence of nongeminate recombination in these devices.

V. ELECTROLUMINESCENCE EFFICIENCY
MEASUREMENTS AND SINGLET FRACTIONS

The EL quantum efficiencies of the Alq3 and MEH-PPV
OLED’s are shown in Fig. 8. When divided by the ou
coupled PL efficiency, the EL efficiencies give an upp
bound estimate for the singlet fractionxSg from Eq. ~6! of
xSg5(18.060.3)% for Alq3 and xSg5(17.060.7)% for
MEH-PPV. The EL-specific lossg is thus required to obtain
the singlet fractionxS . We summarize several loss mech

t
-

FIG. 8. The electroluminescent~EL! quantum efficiencies of an
Alq3 and an MEH-PPV OLED as functions of voltage, peaking
1.06% and 0.81%, respectively. The linear dependence of the
efficiency on voltage is consistent with the charge trap model
scribed in Eq.~8!.
1-6



bo

s
t
a

to
or
at

e

e
at
n
’

er
a

nt
nc
it

he

ed
ffi
e
b

w

n
a

n
ef
ag
if
lt

d

e
ally
nt-

st

of
ex-

cies
n-

-
ach

ces

ffi-

ion

ll

frac-

-
of

ld

n
y

t o
ly
rg

ncy
sus
for-

t at

EXCITONIC SINGLET-TRIPLET RATIOS IN . . . PHYSICAL REVIEW B68, 075211 ~2003!
nisms and present a model for losses due to traps in
systems. EL-specific losses may be due to:

~i! Electron and hole currents may be unbalanced. Thi
considered unlikely in heterostructure devices because
currents are forcibly equalized using blocking layers such
BCP.2 Figure 9 shows the current versus voltage (I -V) char-
acteristics of both Alq3 and MEH-PPV devices compared
a device consisting of only an 800-Å-thick BCP transp
layer, sandwiched between PEDOT:PSS and a Mg:Ag c
ode. Since BCP effectively blocks hole injection,2 the simi-
larity of the slopes of each of the characteristics forV
.3 V demonstrates that charge transport in each devic
limited by electron injection.25 At the onset of exciton for-
mation in Alq3 and MEH-PPV, the OLED’s deviate from th
BCP electron-only characteristic and demonstr
recombination-limitedI -V characteristics, a clear indicatio
of near unity charge balance in both heterostructure OLED

~ii ! Microcavity effects20,26 may affect PL and EL differ-
ently if the EL recombination zone is significantly narrow
than the luminescent layer thickness. However, charges
confined within thin luminescent layers in this experime
and hence microcavity effects are not expected to influe
the results. To confirm this, devices were also fabricated w
250-Å-thick BCP layers, but no significant change in t
singlet fractionxS was observed.

~iii ! There may be significant polaron or field-induc
quenching of singlet excitons, causing the EL quantum e
ciency to decrease with increasing current density. The
fects of such high-density phenomena may be minimized
extrapolating the quantum efficiency to its limit at lo
current.27,28

~iv! EL-specific losses may occur if electroluminesce
excitons form preferentially at certain molecular sites such
charge traps.2,29 There is no preference for exciton formatio
at these sites under photoexcitation. The luminescent
ciency of trap sites may be much lower than the aver
efficiency of excited molecules in the bulk film, especially
the traps are due to contamination. This process may resu
an EL quantum efficiencyhEL that increases with applie

FIG. 9. The current-voltage (I -V) characteristics of an MEH-
PPV and an Alq3 OLED compared to electron-only transport in a
800-Å-thick film of BCP. At high biases, all devices are limited b
electron injection into the BCP, but at voltages below the onse
exciton formation in the OLED’s, the current density drops sharp
demonstrating that the OLED heterostructure forces unity cha
balance in electroluminescence.
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voltage V and with temperatureT since the traps can b
saturated with charge, and charge detrapping is therm
activated. As evidence of the presence of low-luminesce
efficiency traps, it is noted thathEL in guest-host films does
not increase withV when the guest molecules act asemissive
traps.27,30,31 Instead, luminescent efficiencies of guest-ho
films typically decrease monotonically with increasingV due
to exciton quenching by charges, while the efficiencies
neat luminescent materials usually peak with increasing
citation strength.27,32

Examination of the voltage and temperature dependen
of the EL efficiencies in Figs. 8 and 10, respectively, co
firms the presence of EL-specific losses in both Alq3- and
MEH-PPV-based OLED’s, i.e.,g,1. We propose a simple
model for traps that determinesg by extrapolatinghEL to its
high current density limit. To explain the voltage and tem
perature dependencies of EL efficiency, we assume that e
injected charge is either trapped, in which case it lumines
with quantum efficiencyh t , or it remains mobile and ulti-
mately forms an exciton that luminesces with quantum e
ciencyh f . We further assume thath f.h t . The probability
of charge trapping is taken to be proportional to the fract
of trap sites remaining unfilled at voltageV, i.e., (1
2V/Vsat), whereVsat is defined as the voltage at which a
the trap sites are saturated with space charge. Thus,hEL is
given by

hEL5h f

V

Vsat
1h tS 12

V

Vsat
D , V,Vsat,

hEL5h f , V.Vsat. ~7!

At Vsat, EL-specific losses due to traps vanish andg51,
hEL5h f . If Vsat is known, the linear dependence ofhEL on
V can be extrapolated to determineh f , the EL efficiency in
the absence of EL specific losses, and hence the singlet
tion xS .

A worst-case value forVsat can be calculated by recogniz
ing that if a single trap site is present inside the radius
diffusion of an optically excited exciton, the exciton wou

f
,
e

FIG. 10. The temperature dependence of the quantum efficie
of Alq3 shows a significant increase in the slope of efficiency ver
voltage as temperature decreases. This is attributed to exciton
mation in trap states, resulting in EL-specific losses. The poin
which the linear extrapolations intersect isVsat.
1-7
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FIG. 11. ~a! Photoluminescence~PL! and peak electroluminescence~EL! quantum efficiencies as functions of temperature in Alq3 . ~b!
The PL and peak EL quantum efficiencies as functions of temperature in MEH-PPV. In both Alq3 and MEH-PPV, EL measured at larg
current densities (J'100 mA/cm2) tracks PL, demonstrating that the minimum singlet valuegxS is independent of temperature over th
temperature range studied. Becaused(gxS)/dT'0, it is concluded thatg'1. Insets: Inferred singlet fractions for Alq3 and MEH-PPV.
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diffuse to that trap site, eliminating any possible differen
between EL and PL. This places an upper bound on
density. The maximum area charge density necessary to
all trap sites in the recombination zone is then

smax5t lumY 4p

3
LD

3 , ~8!

wheret lum is the thickness of the luminescent layer andLD is
the exciton diffusion length. Then usingQ5CV gives the
worst-case value of

Vsat5~qsmax/«!S tBCP1
t lum

2 D , ~9!

where tBCP is the thickness of the BCP layer and« is the
average of the dielectric constants of BCP and the lumin
cent material. Using LD540 Å ~typical for Förster
transfer!33 and the slopesdhEL /dV from Fig. 8 in Eq.~7!,
we find the worst-caseVsat527 V for Alq3 and 20 V for
MEH-PPV, corresponding to maximum values forh f of
1.4% and 1.1%, respectively. This yields minimum valu
for g of 0.76 and 0.74, leading to a maximum value ofxS
5(2460.4)% for Alq3 andxS5(2361)% for MEH-PPV.

A direct experimental estimate ofVsat in Alq3 can be ob-
tained from Fig. 10 by extrapolating the EL efficiencies
Alq3 to find the voltage at which the temperature depende
vanishes. The point at which the linear slopes of each t
perature characteristic intersect in Fig. 10 isVsat5(15.1
61) V, which gives h f51.19%, andxS5(2061)% in
Alq3 . The linearity ofhEL with voltage, its temperature de
pendence, and the intersection atVsat, which is consistent
with trap saturation, all strongly support the model of excit
formation described by Eq.~7!.

Figure 11 shows that when measured at a sufficiently h
current density such thatV approachesVsat ~i.e., J
'100 mA/cm2), hEL approximately trackshPL over a large
temperature range, indicating thatd(gxS)/dT50 andg'1
for both Alq3 and MEH-PPV. The singlet fractions forg
'1 are shown in the insets as functions of temperature.
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Finally, it is noted that even in the worst case, EL-spec
losses contribute only a small correction to the measu
value of the singlet fractionxS , and in both Alq3 and MEH-
PPV, xS<25%. The best estimate forxS in Alq3 usesVsat
derived from Fig. 10, and isxS5(2061)%. Similarly, the
best estimate forxS in MEH-PPV lies between the measure
and worst-case values, i.e.,xS5(2064)%.

VI. DISCUSSION

Table I summarizes six experimental studies, includ
this work, of xS in small molecular and polymeric organi
materials. The methods employed vary—Caoet al.1 and Kim
et al.3 both employ absolute measurements of EL and
efficiencies, while Wilsonet al.5 and our work use relative
comparisons. Four independent measurements findxS
<0.25 in molecular organic materials, but in previous wo
xS in conjugated polymers was generally found to exce
0.25. In addition to the methods reported in Table I, there
several measurements ofxS that employ photoinduced ab
sorption to calculate triplet densities.34–36 Several of these
measurements have also foundxS.0.25.35,36 High values of
xS can possibly be interpreted in terms of the photophys
rates of Fig. 2. Tandonet al.37 review theoretical estimates o
kS andkT . They model these rates in polymers using para
interacting chains and argue that electron correlations
tween delocalized states may account forxS.0.25.

The discrepancy between the present work and prev
polymeric measurements that yieldxS.0.25 requires com-
ment. We now discuss these and the current measurem
together with the electron paramagnetic resonance~EPR! ex-
periments of Wohlgenannt and co-workers4,38 and Shinar and
co-workers.39,40While all measurements ofxS.0.25 require
kS.kT , EPR experiments may provide a more direct pro
of these rates.

A. Measurements ofxS in small molecular materials

To maximize the OLED efficiency, it is desirable to ha
ness all injected charges, either by developing systems
1-8
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TABLE I. Summary of various measurements ofxS using EL/PL comparisons.

~a! Small molecular weight materials
~i! Direct comparisons of EL to PL

Material hchPL ~%! hEL ~%! g xs Ref.

Alq3
a 5.8 1.06 0.9160.05 0.2060.01

~ii ! Phosphorescent techniques

Material hPL
f /hPL

p hEL
f /hEL

p xs Ref.

Pt monomerb 4.8 1.0 0.2260.01 5
CBPc 0.22 0.2260.02 30, 41
Alq3

d 2.7 0.56 0.2260.03 2

~b! Polymeric materials

~i! Direct comparisons of EL to PL

Material hPL ~%! hchPL ~%! hEL ~%! hEL /hc ~%! g xs Ref.

OC1 C10-PPVe 8.5 4 .0.50 1
MEH-PPVf 8.5 1.3 .0.15 1
Green PPVg 3363 660.5 23 .0.35–0.45 3
Orange PPVh 961 1.860.2 5.6 .0.35–0.45 3
MEH-PPVi 4.8 0.82 0.8560.15 0.2060.04

~ii ! Phosphorescent techniques

Material hPL
f /hPL

p hEL
f /hEL

p xs Ref.

Pt polymerj 4.6 1.8 0.5760.04 5

aThis work.
bThe Pt-polymer in~b! and monomer are related. See Ref. 5 for chemical structures. The singlet fraction is determined from the r
fluorescent and phosphorescent efficiencies; see Eq.~10!.

cOnly the more accurate measurement in Ref. 30 has been quoted; see text. Electroluminescent efficiencies are quoted atJ51 mA/cm2.
dFluorescent and phosphorescent efficiencies were obtained using fluorescent and phosphorescent guest molecules in an Alq3 host.
eOC1 C10-PPV is@poly~2-~3,7-dimethyloctyloxy!-5-(28 methoxy-1,4-phenylene vinylene!. It was blended with 20%~2-~4-biphenyl!-5-~4-
tert-butylphenyl!1,3,4-oxidiazole~Bu-PBD!.

fMEH-PPV is poly@2-methoxy-5-~2-ethylhexyloxy!-1,4-phenylenevinylene#.
g2-alkoxyphenyl-PPV-co-2,5-dialkoxy-PPV.
h2,5-dialkoxy-PPV.
iThis work.
jThe Pt polymer and monomer in~a! are related. See Ref. 5 for chemical structures. The singlet fraction is determined from the ra
fluorescent and phosphorescent efficiencies; see Eq.~10!. The singlet fractionxS50.5760.04 is obtained by averaging the results
different temperatures, not simply the room-temperature values ofhPL

f /hPL
p andhEL

f /hEL
p given above.
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xS→1 or by also using phosphorescence from triplet sta
Perhaps the first measurements ofxS in an organic semicon
ductor used fluorescent and phosphorescent guest mole
to capture singlet and triplet excitons formed in an Al3

host.2,27 The singlet ratio was estimated by identifying si
glets by fluorescence and triplets by phosphorescence. T
ratio gavexS5(2263)% consistent with the current study2

Subsequent refinements used phosphor-sensitized flu
cence, a technique that employs a fluorescent guest ma
mixed into a host.41 To harness triplet excitons formed in th
host, an additional sensitizing phosphorescent specie
added to transfer triplet excitons to the singlet state
the guest with nearly 100% efficiency.41 Thus only singlet
excitons luminesce in the absence of the sensitizer, but
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triplets and singlets are detected when the sensitizer is
cluded.

Figure 12 shows the quantum efficiency as a fun
tion of current density for two OLED’s, one o
which uses a sensitizer.30 The host material is
4,48-N,N8-dicarbazolyl-biphenyl ~CBP!, the fluorescent
guest is DCM2, and the phosphorescent sensitizer isfac
tris~2-phenylpyridine!iridium @ Ir(ppy)3#. The spin fraction is
calculated from the ratio of efficiencies with and without t
sensitizer to be (2262)%, independent of current densit
and electric field.30 In both OLED’s, luminescence is emitte
from the guest fluorescent molecule, thereby eliminating
rors due to the differing radiative efficiencies in compariso
of fluorescence and phosphorescence.27 The technique may,
1-9
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FIG. 12. The external quantum efficiencies
the fluorescent dye DCM2 with and withou
phosphorescent sensitization by tris-~2-
phenylpyridine! iridium (Ir(ppy)3). The host ma-
terial is 4,48-N,N8-dicarbazole-biphenyl~CBP!.
The chemical structures of the materials a
shown in the inset. The ratio between sensitiz
and unsensitized emission givesxS5(2262)%.
Adapted from D’Andradeet al. ~Ref. 30!.
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however, overestimate the singlet fraction if triplets form
rectly on the fluorescent guest rather than on the hos
sensitizer. Thus the most accurate measurements30 employ
very low concentrations~'0.2%! of the fluorescent dye an
high concentrations~'8%! of the phosphorescent sensitize
Excitons may also form predominantly on the small mole
lar weight phosphorescent sensitizer when it is present at
in a host material.42 Uncertainties in the exciton formatio
site prevent application of the small molecular weight ph
phor sensitization technique to polymers. Together with
results from this work, and from Wilsonet al. ~discussed
below!, four independent measurements consistently fi
0.20,xS,0.22 in small molecular weight materials.

B. Measurements ofxS in polymeric materials
comparing EL to PL

In contrast to small molecules, several measurement
conjugated polymers, using both absolute and relative te
niques, find thatxS.0.25. In their absolute measuremen
Cao et al.1 studied EL and PL from the same luminesce
polymer film, thereby reducing systematic errors. Kimet al.3

also compared EL and PL efficiencies, taking care to e
mate microcavity effects within their EL devices so as
obtain a minimum value forxS . In measurements of nea
films of OC1C10~Table I! between temperatures of 290 an
360 K, Caoet al.1 found gxS'0.25. But in heterostructure
with mixtures of OC1C10 and the electron-transporti
small molecular weight material Bu-PBD,gxS increased
from 0.25 at room temperature to 0.5 at 360 K. The obser
temperature dependence may be the result of variation
the EL-specific lossg. However, our measurement of th
temperature dependence of the EL efficiency of bilayer
vices of MEH-PPV and the electron-transporting small m
lecular weight material BCP failed to repeat the effect; in f
the EL efficiency obtained here was found to have the op
site dependence on temperature from that of Cao.

In an alternate approach, Wilson and co-workers5 use a
Pt-containing polymer43 and monomer with enhanced spi
orbit coupling that allows simultaneous measurement
fluorescence from singlets and phosphorescence from
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lets. While efficient ISC leads to almost 100% conversi
into triplets, the fluorescence and phosphorescence inte
ties are comparable since the phosphorescence is weak
nonradiative processes dominate. The total photolumines
efficiency at room temperature is 1.1% for the monomer a
0.24% for the polymer.44 The singlet fraction is then inferred
by comparing the ratio of fluorescence to phosphorescenc
both EL and PL. The monomer and polymer moieties exh
similar fluorescent and phosphorescent spectra, indica
that singlet and triplet excitons are confined to a single rep
unit along the chain. Differences inxS cannot therefore be
attributed to delocalization that would typically accompa
conjugation along the polymer backbone.4,38,45,46

Now, the ratio of fluorescenceF f to phosphorescenceFp
in EL divided by PL gives, in terms of the rates in Fig. 2,

~F f /Fp!EL /~F f /Fp!PL5
xS

b S h f

hp
D

EL
S hp

h f
D

PL

, ~10!

where the fluorescent and phosphorescent efficiencies
h f5kr

f /(kr
f1knr

f 1kISC) andhp5kr
p/(kr

p1knr
p ), respectively.

The branching ratiob is

b5
xSkBS1kS*

kS* 1kBS1kISC*
, ~11!

where the mixing rate between singlet and triplet CT state
assumed to be high (kSL large!.

By this method, Wilsonet al.5 find thatxS5(5764)% in
their polymer andxS5(2261)% for the monomer. It is as
sumed thatkISC, h f , andhp are the same in EL as they ar
in PL. It is also assumed that the branching ratiob'1. When
b'1, S* →S occurs with unit efficiency, so that optical ex
citation even well above the band edge44 leads exclusively to
S. This is a key assumption sincexS is proportional tob @Eq.
~10!#. CT states, however, provide additional pathways
energy relaxation. For example, excitation 0.5 eV above
band edge leads to a lowered quantum yield for fluoresce
in a polysilane, but not in crystalline anthracene.47 The value
of b, then, may in fact be substantially below unity
polymers,15,48 influencing measurements ofxS . It is notable
1-10
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EXCITONIC SINGLET-TRIPLET RATIOS IN . . . PHYSICAL REVIEW B68, 075211 ~2003!
that similar experiments employing phosphorescent iridi
complexes grafted onto a polyfluorene backbone do
showxS.0.25.49

The possibility that the branching ratio is less than un
similarly affects the measurements by Caoet al.1 and Kim
et al.3 given that the measured PL efficiency is proportion
to b, so thatb,1 would result in an overestimate ofxS .
Measurements ofxS that compare EL to PL efficiencie
should therefore attempt to minimize or measure the rat
excited exciton dissociation into CT states. In this work,
minimize the effect of branching rates such askISC* andkBS
by exciting the polymer at the edge of its absorption sp
trum. In any case, our conclusion thatxS,25% in MEH-
PPV would not be changed by an underestimate of the
efficiency.

One way toensurecorrect accounting of the branchin
ratio in PL is to study polymers with high PL efficiencie
since, if bh f→1, branching effects must be negligible. T
date, measurements ofxS.25% using comparisons of EL
and PL have only been obtained in polymers with relativ
low PL efficiencies as shown in Table I. Due to their high P
efficiencies, polyfluorenes seem especially suited to accu
measurements ofxS .50

C. Spin-resonance measurements

In addition to measurements ofxS based on a compariso
of EL to PL efficiency,xS has been inferred from electro
paramagnetic resonance~EPR! measurements. Wohlgenan
et al.4,38 use photoabsorption detected magnetic resona
~PADMR! to obtain the ratio ofkS to kT , and hencexS at
any givenkSL , as a function of conjugation length in oligo
meric and polymeric materials. This technique studies
change in polaron density in a material at low temperat
~'20 K! as it is swept through resonance. An applied m
netic field causes Zeeman splitting of the energies of
three triplet states,T0 , T21 , andT11 , of degenerate polaron
pairs, which include CT states withr .r K ~see Sec. I!. Reso-
nance is induced by an applied microwave field tuned to
Zeeman splitting, causing equalization of the populations
these three states. In the case of degenerate polaron pair
not in the case of excitons, the spin-zero triplet stateT0 is
degenerate with the singlet stateS0 even under resonance, s
the populations of the singlet and the three triplet states
be equalized.

In EPR therefore,T0 , T21 , T11 , andS0 states each ac
count for 25% of degenerate polaron pairs. From Fig.
becausekSL'0 at low temperature, degenerateS0 and T0
polaron pairs form singlet and triplet excitons with rates,kS
and kT , respectively, whereasT11 and T21 polaron pairs
only form triplet excitons, with ratekT . Population equaliza-
tion through spin flipping in resonance allows polaron pa
initially formed in T11 or T21 combinations to cross to an
tiparallel combinations and eventually to form singlet ex
tons. Thus, under resonance conditions, eitherkS or kT can
dominate exciton formation, and if one rate is larger than
other, the resonant rate of exciton formation will increa
Indeed, the decrease observed in the polaron absorption
der resonance reflects a decrease in the polaron popula
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and is consistent withkSÞkT . Furthermore, the coinciden
decrease in the density of triplet excitons under resonanc
consistent withkS.kT . Consequently, Wohlgenanntet al.4,38

take kS.kT , and from changes in the polaron absorpti
under resonance calculate 1.7,kS /kT,5 for a range of
p-conjugated polymers and oligomers.

Now, the ionic character of singlet excitons may result
overlap with the initial polaron pair, leading tokS.kT .4 In
contrast, analyses of the magnetic-field dependence of p
toconductivity in polymers suggest thatkT.kS .51 However,
differences in exciton formation rates only influence the
timate singlet fraction in EL if there is significant mixing o
the immediate degenerate precursors to exciton format
the degenerate CT states. From Fig. 2,

xS5
11kSL /kT

41~kSL /kT!~11kT /kS!
. ~12!

If kSL@kS , kT , the singlet fraction reduces to4,38,45

xS5
1

113kT /kS
. ~13!

From Eq. ~13! Wohlgenanntet al.,4,38 infer xS.0.25 for a
variety of polymers, and specificallyxS547% in MEH-PPV.

Electroluminescence-detected magnetic resonance~EL-
DMR! is experimentally similar to PADMR except that E
instead of photoabsorption is the quantity examined un
resonance. ELDMR can also be used to examine s
dependent exciton formation. If PADMR results are attrib
able to spin-dependent recombination of degenerate pol
pairs, the decrease in triplet exciton and polaron populati
observed under resonance should be associated with a
crease in singlet excitons. The expected ELDMR signa
calculated as follows: in EL, 50% of charge-separated sta
are eitherS0 or T0 . Outside of resonance, at low temper
tures, and with an applied magnetic field causing Zeem
splitting,S0 andT0 are degenerate, andT11 andT21 are not
degenerate nor are they mixed withS0 andT0 . The resulting
singlet fraction under EL outside of resonance is theref
xS5 1

2 kS /(kS1kT). In resonance, EL from singlet excitons
proportional tokS /(kS13kT). Thus the expected ELDMR
signalDEL is given by

DEL5
kS /kT21

kS /kT13
. ~14!

This change in EL intensity is expected to be 10–50% for
range ofkS /kT values determined by PADMR.4,38 However,
the ELDMR signal of small molecular weight materials a
polymers such as PPV actually shows a very slight increa39

or even a decrease, both of magnitudeDEL'131024,40

which clearly implieskS'kT . Negative PPV resonance
may be partly attributed to a decrease in the conductivity
the devices under resonance conditions. The absence of
ELDMR signals in small molecular weight materials52 and
polymers strongly suggests thatkS'kT ~and hencexS
'0.25) in both types of materials. We note that while bo
EPR-based measurements ofkS andkT , and EL/PL measure-
ments are related toxS , they are not the same; the large
1-11
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kS /kT values are reported4 for polymers that do not fluo-
resce, since the lowest-energy singlet state hasAg rather than
Bu symmetry.

In summary, the CT and Frenkel states summarized
Fig. 1 and relaxation pathways in Fig. 2 are complicated
poorly quantified in most polymers. There are significant u
resolved contradictions in the published measurements oxS
that presently prevent a firm determination of the sing
fraction in polymeric materials, even in the specific case
MEH-PPV. In addition to varying results forxS , there are
differences in the implied or reported temperatu
dependence1,4,5 and electric-field dependence1,5,34of xS , and
apparent differences between ELDMR and the interpreta
of PADMR data. We have commented in this section
assumptions and approximations in reports ofxS.0.25. We
noted in Secs. IV and V some experimental considerati
when measuringxS using the reverse bias technique, inclu
ing a possible sensitivity to EL specific loss, which may
material dependent, and the requirement for efficient cha
extraction, which also cannot be ensured in all cases.

VII. CONCLUSIONS

We use a simple reverse bias technique for measuring
photoluminescent~PL! efficiency of an organic light emitting
device, and by comparing to the electroluminescent~EL! ef-
ficiency measured in the same geometry, find that the f
tion of excitons formed as singlets in the electrolumin
cence of Alq3 is xS5(2061)%. This confirms other
measurements showing that the exciton formation statis
in small molecular weight materials approximately follo
the 25% spin-degeneracy statistical limit. MEH-PPV
found to havexS5(2064)%, also consistent with the spin
degeneracy limit. This result in an archetypal conjuga
polymer like MEH-PPV suggests that the singlet fracti
may have a 25% limit in polymers generally, though t
possibility thatxS is material dependent cannot be ruled o

Measurement ofxS is motivated in part by its presume
relevance to highly efficient electroluminescent materials
small molecular weight materials, the maximum observ
EL quantum efficiency of fluorescent devices is 4–5%, bu
'20% in small molecular weight phosphorescent devices7,53

Similar limits appear to hold for fluorescent polymer devic
i.e., external quantum efficiencies of!20%.3,54 Given the
high photoluminescent and outcoupling efficiencies of so
polymers, it might be expected that measurements ofxS
.25% should be reflected in polymeric EL fluorescent qu
tum efficiencies that approach thehEL'20% observed in
phosphorescent small molecular weight materials, altho
such efficiencies have not yet been demonstrated.

Thus in addition to the potential for providing insigh
into exciton formation, quantification of exciton formatio
statistics is critical to the full exploitation of organic ele
troluminescent technology. By harnessing triplets and s
glets, phosphorescent OLED’s exhibit efficiencies appro
mately four times that of molecular OLED’s that fluores
from singlets alone.27 If, as is observed in this work, th
formation statistics of excitons in polymeric semiconduct
are similar to the statistics in small molecular weight ma
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rials, then it is clearly desirable to develop phosphoresc
polymeric OLED’s.
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APPENDIX: TWO-TONE SYNCHRONOUS DETECTION
FOR SPIN STATISTICS MEASUREMENTS

Field-induced dissociation of excitons in small molecu
weight and polymeric materials typically requires the app
cation of large (.106 V/cm) electric fields. However, appli
cation of these large fields may cause significant charge
jection and leakage current in the OLED under stu
Accurate determination of photoluminescent efficiencies
quires the detection of the photocurrent component of
total current induced by photoexcitation and reverse b
The two-tone synchronous measurement technique desc
in Fig. 3~b!, isolates the small signal photocurrent comp
nenti ph from leakage currenti leak by locking the total current
signal to the optical chopping frequency. The total small s
nal currenti is

i 5 i ph~vL ,vB!1 i leak~vB!, ~A1!

wherevL andvB are the modulation angular frequencies
the photoexcitation and voltage bias, respectively. Since
leakage current is independent of optical excitation, dete
ing the component of the current at angular frequencyvL
isolates the photocurrent, i.e.,

1

T E
L
i cosvLt dt5 i ph, ~A2!

whereT is the integration period,T.1/vB , 1/vL . The pho-
tocurrenti ph, is

i ph5
1

T E
T
S~vLt ! f „V~ t !…cosvLt dt. ~A3!

Here, S(vLt) @C/s# is the charge generation rate, assumi
complete dissociation of all excitons; it is determined by t
photoexcitation intensity and is chopped at angular f
quencyvL . Also, f (V) is the electric field-induced dissocia
tion probability of an exciton at an applied biasV. The volt-
age bias, and consequently the leakage current, is modu
at angular frequencyvB . WhenvBÞvL ,

i ph5
f „V~ t !…

T E
T
S~vLt !cosvLt dt. ~A4!

The differential photoluminescence signal also contains
components:DPd , the decrease in luminescence due to e
citon dissociation, andDPex, due to random variations in th
photoexcitation intensity. Furthermore,DPex causes random
variations,dS, in the charge generation rate. Assuming th
the average photoexcitation intensity is constant, detec
1-12
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the component of the total photoluminescenceDP at angular
frequencyvB isolates the differential luminescence due
exciton dissociation, i.e.,

1

T E
T
DP cosvBt dt5DPd . ~A5!

Specifically,

DPd5
1

T E
T
hChPL

hn

q
@S~vLt !1dS~ t !# f „V~ t !…cosvBt dt

5hChPL

hn

q

S~vLt !

T E
T
f „V~ t !…cosvBt dt. ~A6!

Thus PL efficiencies measured using synchronous detec
must be multiplied by the synchronous detection factorg:

hChPL5gS q

hn D DPd

i ph
, ~A7!

whereg is given by

g5
*TS~vLt !cosvLt dt

S~vLt !

f „V~ t !…

*Tf „V~ t !…cosvBt dt
. ~A8!

In our experiment,S may be approximated by a squa
wave with 50% duty cycle. Consequently,

1

T
*TS~vLt !cosvLt dt

S~vLt !
5

2

p
. ~A9!

The functionf is approximated by anNth-order polynomial,

f ~V!5 (
n51

N

anVn ~A10!

with coefficients an . Using the identity *0
p cos2n xdx

5(2n)!p/22n(n!) 2 gives

g5
2

p S 2(
n51

N

anVn
~2n12!!

22n12@~n11!! #2

(
n51

N

anVn
~2n!!

22n@n! #2

21D 21

.

~A11!
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