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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, tri8-hydroxyquinoling aluminum (Alg) and poly2-methoxy-5¢2-ethylhexyloxy-1,4-
phenylenevinyleng(MEH-PPV), are found to be (281)% and (2@-4)%, 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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[. INTRODUCTION The photophysics of organic moleculaeals with intra-
molecular processes. In addition, we must consider various
Understanding the mechanisms underlying exciton formaintermolecular process¥sin organic semiconductors when,

tion from injected charge in organic semiconductors is arfor example, the electron and hole are injected into the film
outstanding challenge in the field of organic electroluminesfrom opposing contacts. Figure 1 presents a general picture
cence. Indeed, the ratio of singlets to triplets represents afor exciton formation in organic semiconductors withs the
important manifestation of the dynamics of exciton reaction coordinate for both intramolecular and intermolecu-
formationl® that is critical to the efficiency of fluorescent lar excited species. The model classifies a continuum of pos-
organic light emitting devices. From simple statistical con-Sible excited species into Frenkel excitons, charge-transfer
siderations, the ratio of singlets to triplets in the spin-(CT) states, and extended polaron pairs. Excited states are
degeneracy limit is 1:3. Phosphorescent molecular organig€nerated either by optical excitation or through the combi-
light emitting devicesOLED’s) exhibit efficiencies approxi- nation of positive and negative injected charge. Optical ex-
mately four times that of molecular OLED’s that fluoresce

from singlets alone, consistent with the spin-degeneracy charge transfer states

limit.” BL_Jt othe_r experiments suggest that e_xciton stati_stics in ' bound polarons o polaron_pairs
polymeric semiconductors may favor luminescent singlets excitons free polarons

over nonemissive triplet excitods~®If so, fluorescent poly- / ) FL

mers may possess intrinsically higher electroluminescent ef- S

ficiencies than fluorescent small molecules, although to date
this difference has not been consistently observed.

Excited species comprising an electron and a hole are
typically modeled in organic semiconductors as two-electron
systems, with one electron in a partially filled lowest unoc-
cupied molecular orbita(LUMO), and the other in a par-
tially filled highest occupied molecular orbittiOMO). The
total spinS of the two-electron combination is eith&=0
(singley or 1 (triplet). In organic molecules, the triplet ex-
cited state is typically lower in energy than the singlet ex-
cited state by K, whereK~0.5 eV is the exchange integral
involving the HOMO and LUMO. Unlike the long-range g 1. Injected electrons and holes in organic semiconductors
Coulomb interactionK depends on the overlap of the elec- may form either singlet or triplet excitons. At large charge separa-
tron (e) and hole f) wave functions and hence decreasestions, singlet and triplet pair states are degenerate, and it is assumed
exponentially withe-h separationy. The exchange splitting that there is one singlet pair for every three triplet pairs. Once
2K between singlet and triplet excitons in conjugated poly-bound by Coulombic interactions, the formation of excitons is me-
mers is~1.0 eV® comparable to molecular values. diated by charge-transféCT) states.
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Optical excitation ceeds through degenerate polaron pairs and degenerate CT
K states that ultimately collapse to excitons. The CT states in-
s cluded in Fig. 2 have >ry, and together with extended
Kie Kgr polaron pairs, are classified simply as “degenerate polaron
Electrical excitation pairs.” CT states withr <ry are assumed to relax directly to
G 3G their respective singlet and triplet Frenkel excitons and are
P & S - 5 not explicitly shown. The ratekg and k; are so defined
s & SCT‘ i because the formation rates for singlet and triplet excitons
j Ksor from nondegenerat€T states will have little effect on the
|/ Degenerate ratio of singlet to triplet excitons formed. The ratesandky
i..-ﬁ?’fa-.'-‘?fﬁf’-’?-----&‘ are central to interpreting recent studies of polymer
emissiont3-°

Singlet and triplet polaron pairs, and CT states with

krf(j SO g >ry, are typically mixed by spin-lattice interactions, by di-
s polar or hyperfine fields, and by spin-orbit interactions that
- are particularly small forr electrons! The mixing ratekg,
Fluorescence Non-radiative Phosphorescence

decay represents spin-lattice mixing between degenerate singlet

and triplet CT states, which is expected to dominate other

FIG. 2. Arate model for electrical and photoexcitation of poly- mixing processes. In electroluminescence, injected charges

mers with charge-transféCT) states. Knowledge of the fraction of il have randomized spin states in any case. Thus polaron

excited singlet stateS* that decay into CT states is essential in the pairs are expected to be formed in the ratio of 1:3 singlets to
determination of the singlet fractiops. triplets.

Once the singlet and triplet states are splitatr , mix-
citation predominantly results in singlet Frenkel excitons,ing effectively ceases under small perturbations, so that there
since these species have the largest oscillator strengths. @no mixing rate between singlet and triplet excitons in Fig.
the other hand, electrical excitation and the injection of op2. However, intersystem crossing frd®to T at lower energy
posite charges initially form extended polaron pairs, whichis possible for both excitons and CT states, with rdigs
can collapse to form CT states and excitons as described tynhd kg1, respectively. Although typically smalk,sc and
Fig. 1. Each species can be either singlet or triplet. kisct may be significantly enhanced in the presence of heavy

Frenkel excitons are localized, with the bound electronatoms such as Pt or Ir, which greatly increase the strength of
and hole on the same molecule<(10 A). Intersystem spin-orbit coupling, and hence the population of triplet exci-
crossing(ISC) from singlet to triplet provides a mechanism tons. Intersystem crossing from high-eneigy to T* may
for indirect optical excitation of triplets. At large>100 A proceed at different rates than from the low8$o T. Indeed,
we have positive and negative polarons, or radical ionshigh-energy photoexcitation of anthracene has been observed
whoseS= 3 spins are not correlated; thuS=0 and 1 are to result in a singlet-to-triplet ratio of 1:1, while low-energy
degenerate an&=0. The capture radius, at whichkT  photoexcitation results in a 1:3 rafb.
=q?/r can be used to define independent polarons, witere, It is apparent therefore that an accurate determination of
is the electronic chargé is Boltzmann’s constant, anflis  the singlet-to-triplet ratio is essential to understanding the
the temperature. In contrast, CT states occur fromr,  physical mechanisms leading to electroluminescence in or-
down to nearest-neighbor ion pairs. Singlet and triplet CTganic thin films. Yet while many authors have reported this
states are usually considered to be degenerate due to tfermation ratio, there remains disagreement as to its value,
short-range nature df, although this may not hold strictly particularly in technologically interesting luminescent poly-
for charge transfer between adjacent molecular sites. We deneric semiconductors. Several previous studies of exciton
finerg in Fig. 1 as thee-h separation at which singlet-triplet formation have been based on a comparison of the electrolu-
splittings become small, and weak perturbations can mix theninescentEL) and photoluminescerfPL) efficiencies of a
states. It is expected thaj is on the order of molecular particular materiat=>® In this work, a simple technique is
dimensions, i.e.f~10A. described that avoids many systematic errors that may arise

The energy range in Fig. 1 contains a continuum of Frenin comparative measurements. As a demonstration, the two
kel and CT states that in principle have different photophysi-archetypal luminescent compounds, Biiydroxyquinoling
cal parameters. In polymers, as in molecdleg focus ona  aluminum (Alg) and poly2-methoxy-5¢2-ethylhexyloxy-
few discrete states depicted in Fig. 2. Optical excitation geni,4-phenylenevinyledndMEH-PPV), are analyzed and found
erates high-energy singlet excito8% that may relax to the to possess singlet fractions of (2A)% and (2G:4)%, re-
lowest excited singleB with rate ke« ; S* can also cross spectively.
over to an excited tripleT* with ratek;s or charge sepa- Section Il of this paper describes the theory of reverse
rate to a lower-energy CT state with rdigs. Similarly, the  bias measurements of PL efficiencies, and Sec. Il describes
excited triplet can charge separate with figie or decay to a the experimental details of the measurement of singlet frac-
relaxed triplet with ratekr+ . The rateskg and k; are the tions. Section IV presents the measured PL efficiencies for
formation rates of singlet and triplet excitons, respectively,Algs; and MEH-PPV OLED's. In Sec. V the singlet fractions
from degenerateCT states. Electrical excitation then pro- are determined for Algand MEH-PPV, and a model for
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EL-specific losses is proposed to place an upper bound on q APp.

the singlet ratio in these materials. Different measurement NCMPLT T hy T 5)
techniques are compared in Sec. VI, and possible material ph

dependencies in the singlet fraction are discussed in the coigince the EL poweRg, , at an injected current;y;, is given
clusion, Sec. VII. by Pe . =qlijhvye , and using Eq(1), we can write

Il. THEORY OF REVERSE BIAS MEASUREMENT Ysy= e _ E —APp

= : (6)
OF PL EFFICIENCY nepL ing I'on

Exciton formation statistics determine the external quan-1 NUS Spin statistics are obtained fromg, and the ratio of

tum efficiency of electroluminescence in an OLERy, :3 differential photoluminescena®Pp, to photocurrent,. Si-
multaneous measurements of current and differential photo-

NEL= XSYTCTPL (1)  luminescence are readily performed in most OLED’s under
. . . . steady-state reverse bias.
where the fraction of excitons formed as singletyds 7p. The reverse bias current has two components that must be

i_s the inf[rinsic PL efficiency, 'Fhe light output coupling frac- yatected separately, photocurrehy, and leakage current,
tion 7¢ is the fraction of emitted photons captured by the|leak_ In addition, fluctuations in optical pump intensity may

< i in: . .
detector, andy<1 measures losses present in EL but not in,+.o4uce noise into measurementsAdPp, . Two-tone syn-

3
PL. h d is d ined b icall . chronous detection can be used to discriminate betwgen
h TI e productncze I flleterrr.uhn.e y optical Iy eﬁcmng andl ..« and detect only that portion @Pp, due to electric-
the luminescent organic film within an OLED placed underie 4 mogulation. The reverse bias and optical pump intensity

reverse electrical bias. The electric field dissociates somg.. \\oqulated at angular frequencieg and w, , respec-
; : ,13,14 ; ; ’
excitons into charged; reducing the PL and generating tively, andl ,, andAPp, are detected ab_ andwg , respec-

photocurrent, thereby providing an accurate measurement ¢ ely. Synchronous detection is employed here to confirm

the_ nufmrt])er ﬁf exc([onPsLdlss«;uatﬁd. As ShOWP below, th(?esults taken with unmodulatédc) excitations, and is essen-
ratio of the change In PL to the photocurrent gives7eL. ia| for measuring devices where leakage current may exceed
Because this technique also allows for the measurement Qf, .0 rrent such as for the MEH-PPV OLED's in this
7eL N thg same experjmental geom.etry used _to meagpre study. Synchronous detection may also be used as a stand-
by applying forward bias to the luminescent film and inject- 515ne technique. The theory of two-tone synchronous detec-
Ing .Charges, It Is not necessary to exphcnly measyes tion of photoluminescent efficiency is described in the Ap-
avoiding uncertainties commonly associated with this meapanix.

surement. , _ o We note that charge generation during optical excitation
. The PL power Pp) emitted by the optically excited film 5 jead to underestimates of the PL efficiency and corre-
is given by sponding overestimates gk; see Sec. IV B. Exciton disso-
ciation is enhanced when the film is excited at energies sig-
o, 2) nificantly above the absorption edtfeand consequently, in
krtknrt kg this work, the optical pump wavelength is selected as close
where ¢ is the photon flux from the excitation source ab- @S possible to the HOMO-LUMO gap. Because CT states can
sorbed within the filmkg is the radiative exciton recombi- also be d|_5$00|ateq into photocurrent ur_u_jer reverse bias, the
nation ratekyg is the nonradiative decay rateg, is the rate reverse bias technique may be a sensitive probe for charge
of electric field-induced quenchindy is Planck’s constant, 9€neration, providing an inherent guard against underesti-
and v is the frequency of the radiated photons. For weakMating PL efficiency. Indeed, lower, nonlineaxpPp, /Iy,
field-induced quenchingi.e., ko<(kg+kyg)], the drop in slopes wege _measured when h|gher-energy_ optlcgl_ pumps
PL may be expressed in terms of the PL efficiency in theVere used® Since knowledge of the outcoupling efficiency

absence of an applied field, i.67p = kg /(kg+kyg), tO Ob- is not required in our method, the reverse bias technique
tain ’ ’ offers advantages over conventional, absolute measurements

of PL efficiency in determinations of the singlet-triplet for-
mation statistics.

kg
PpL=nchv

ko
APp =Ppi(kg) = Ppi(kg=0)~— hVﬂcﬂme b.
3 Il. EXPERIMENTAL TECHNIQUE

In all devices used in this study, the field-induced PL quench- To compare the EL and PL efficiencies in small molecular
ing satisfies ko<(kg+kyr). The photocurrent resuling Weight and polymeric materials, two types of OLED's were
from field-induced dissociation of excitons is fabricated. Polymeric OLED’s used an emissive and hole-
transporting layefHTL) layer of the polymer MEH-PPV,
Q and small molecular weight materials were studied using
|ph=qW¢ (4 an emissive layer of Alg All devices were fabricated
Q on cleaned and UV-ozone treated glass substrates pre-
where g is the electronic charge. Assuming that<(kg  coated with an indium tin oxidélTO) anode with a sheet
+kyr), Egs.(3) and(4) give resistance of=20 ()/sq. To enhance hole injection from
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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 calibrated
silicon detector. An optical filter is used to remove the pump light from the collected light. The OLED is placed under a varying reverse bias
that partially quenches the PL. The out-coupled PL efficiency is obtained by comparing the chang@iRdPLto the photocurrent. Inset:

A cross section of the OLED’s. Charges and excitons within the organic layer under test are confined by a heterostructure employing
bathocuproindBCP) as the electron transpofETL) and hole blocking layer. The semiconducting polymer MEH-PPV was used as a hole
transport laye(HTL). (b) The experimental setup of the synchronous PL efficiency measurement. Here the photocurrent and out-coupled PL
are detected by locking the photocurrent to the optical chopping frequency, and the PL to the modulation frequency of the reverse bias
voltage. This scheme rejects leakage current, optical pump fluctuation, and detected light noise.

the anode, all devices used a thin layer of ((8#- openings was used to define the cathode in all devices. The
ethylenedioxythiophengoly(4-styrenesulphonate  (PE-  cathodes consisted of a layer of approximately 60:1 Mg:Ag
DOT:PSS. This layer was prepared by spin coating onto thefollowed by a Ag cap to protect against oxidation. Alde-

ITO substrate followed by baking at~120°C for at least vices had a 1000-A-thick Mg:Ag layer and a 200-A-thick Ag
30 min in an oxygen-free environment. The polymercap, whereas MEH-PPV devices had a 500-A-thick Mg:Ag
OLED’s had an approximately 300-A-thick layer of MEH- layer followed by a 500-A-thick Ag cap.

PPV spun cast onto the PEDOT:PSS layer from 3:7 The experimental setups for the dc and synchronous PL
tetrahydrofuran-toluene solvent, and baked in an oxygen-freefficiency measurements are shown in Fig&) 3and (b),

environment atT~115°C for at least 10 h. The Alq
OLED’s had a 500-A-thick HTL composed of
N, N’-diphenylN, N’-bis(3-methylpheny)-[ 1,1’ -biphenyl]
4,4 -diamine (TPD) deposited onto the PEDOT:PSS layer,
followed by a 200-A-thick light-emitting layer of Alg The

respectively. Two diode lasers were employed as optical
sources, one with wavelengith=405 nm and another at

=532 nm. The lasers had continuous maximum output pow-
ers of 3.4 and 25 mW, respectively. A lens was used to focus
the pump laser to an approximately 1-mm-diameter spot,

TPD and Alg layers were deposited by high-vacuum aligned with the OLED cathode. Fluorescence was collected
(1078 Torr) thermal evaporation, as were all layers com-by a second lens, and was optically filtered to remove the
prised of small molecules. Both types of devices containeghump wavelength before being focused onto a silicon detec-
an electron transport lay€ETL) 2,9-dimethyl-4,7-diphenyl- tor. The collection optics were calibrated by comparing the
1,10-phenanthrolinéBCP), chosen because of its transpar- EL efficiency in this geometry to that measured by placing
ency to the optical pump beams A&E=405nm and at\ the OLED directly onto the surface of a large-area silicon
=532nm, and its efficient hole and exciton-blocking detectof. Although this did not affect measurement of the

capability? The thickness of the BCP layer was 500 A in singlet fraction, measurement of the total light emitted in the
Alg; devices, and for reasons described in Sec. 1V, 150 A irforward direction enables calculation of the out-coupling ef-

the MEH-PPV devices. A shadow mask with 1-mm-diameterficiency 7c. In the two-tone synchronous measurement

2.0 250
=~ r(a =
< 16} 1 1200 %
h~4 i .|
5 12 1150 @ FIG. 4. (a) Magnitude of change in PL,
§ - _Tg APp, and the corresponding photocurreptin
8 osf — 4 1100 5 Alg; as a function of reverse biag) The rela-
s ot k5 tion betweenAPp_ and I, given by Eq.(8),
o 04 - 150 “D: gives the out-coupled PL efficiencyc7p, .

0.0

Il 1 i i 1 1 1 A "‘!& i L L 1 " Il 1 I O
2 4 8 8 101214 16 18 0 02040608101214161.820
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325_ t 1103 FIG. 5. (8 Magnitude of change in PL,
= 110 i APp., and the corresponding photocurrépy in
o 20p % ’ T MEH-PPV as a function of reverse bias. The
§ 15} I 108 b= “kink” in the photocurrent atV~16V corre-
ie] 1ol leakc ~ 'ph 106 @ sponds to the voltage at which leakage current
2 {04 2 begins to dominate photocurrefib) The relation
Qs e o280 betweenAPp_ andl,,, given by Eq.(8), gives

Jeak ”_ph the out-coupled PL efficiencyc7p, .
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setup shown in Fig. ®), the laser light was mechanically are shown in Fig. &) for optical excitation at the absorption
chopped at angular frequeney, =2-390 rad/s, yielding edge of MEH-PPV, ak =532 nm. The resultant out-coupled
an approximately 50% duty cycle square wave. The reverspL efficiency is shown in Fig. ®). Using Eq.(5), the slope
bias was modulated sinusoidally at angular frequengy of the linear regime at small , yields 7c7p = (4.8
=2m-510rad/s. Photocurrent and differential PL were de-+0.1)% for MEH-PPV. The PL efficiency of MEH-PPV was
tected using two lock-in amplifiers. Each measurement at @reviously measurédto be 5p = 10— 15%, yielding an out-
specific reverse bias voltage was averaged for 30 s. Excepbupling fraction ofyc=31—49%. We note that this is con-
for low temperature measurements, which were performedistent with reports that solution processing of polymers may
under vacuum, all devices were measured in air. preferentially align radiative dipoles within the polymeric
chains parallel to the reflective cathode, enhancing the out-
coupling fraction relative to that of randomly oriented
vacuum-deposited small molecular weight materials.

The kink in the photocurrent characteristic in Figas

Figure 4a) shows the reverse bias photocurrént and  (marked by the arropdenotes the boundary between regions
the magnitude of the electric-field-induced change in PLof markedly different noise behavior, and corresponds to the
APp_, in an Algs-OLED measured using the dc technique. photocurrent at which the PL characteristic in Figb)Soe-
All Alg 3 devices were excited at=405 nm, the edge of the comes nonlinear. These effects are interpreted to be the result
absorption band of Alg The resultant out-coupled PL effi- of the reverse bias current being dominated jybelow the
ciency is shown in Fig. ). A weighted sum of several kink, and |, above it. Reverse bias leakage currents in
measurements yields)c7p =(5.9£0.1)% for Alg. At MEH-PPV OLED’s were often comparable to photocurrents
zero reverse bias, the devices exhibit weak photovoltaic acand were unstable and inconsistent in repeated measure-
tion leading to a slight offset in the photocurrent that doesments. Consequently, synchronous detection was required to
not affect the PL efficiency measurement. The PL efficiencyconfirm MEH-PPV PL efficiencies measured using the dc
of Algs; has been previously measured to kg =(27 technique.
+5)%,'®19 yielding an out-coupling fraction ofyc= (24 Synchronous measurementsl gfandA Py, are shown in
+4)%. Due toweak microcavity effectsyc is expected to  Fig. 6@ for MEH-PPV, again for an excitation wavelength
be dependent on the position of the luminescent regiomf A =532 nm. The out-coupled PL efficiency i8cnp.
within the device structur® The PL efficiency of Alg mea-  =(4.8+0.2)%, in agreement with the dc result; see Fig.
sured using the dc technique was confirmed with a synchros(b). Data points and error batsoth vertical and horizontal
nous measurement. represent the mean and standard deviation, respectively, of

Similarly, dc measurements bf, andAPp_in MEH-PPV  data collected at each reverse bias voltage. The linearity of

(b)

IV. PHOTOLUMINESCENCE EFFICIENCY
MEASUREMENTS
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FIG. 7. The synchronously detected PL efficiency of Alg
approximately independent of the optical pump intensity. The offset FIG. 8. The electroluminesceffEL) quantum efficiencies of an
in APp_is due to increased charge generation within the film intro-Algq; and an MEH-PPV OLED as functions of voltage, peaking at
duced by the higher intensity optical pump. 1.06% and 0.81%, respectively. The linear dependence of the EL
efficiency on voltage is consistent with the charge trap model de-

the characteristic of Fig.(B) is especially notable, since both SCriPed in Eq(8).

dc and synchronous measurements employ reverse bias volt- o
ages of up to 20 V. Thus the synchronous technique providegharacteristicsis close to 100%. o .
strong evidence that the discontinuity in slope observed in Accurate measurements of the PL efficiency also require
the dc PL measurement of Figlth is due to leakage current. that the technique be immune to the effects of geminate and
Synchronous detection showed a negligible dependend@ongeminate recombination involving charge from dissoci-
on bias frequency. The phase of th&p, signal with respect ated excitons, vyh|gh may limit the extraction of photo_cu_r—
to the voltage modulation changes rapidly at low photocur/€nt. The eIectnp—ﬁe_Id dependence .of exciton dissociation
rent, from approximately-180° to zero degrees. At low re- underlgel\gtalzse bias is broadly consistent with the_ Onsager
verse bias thenAPp, is positive becoming negative at model:** H_owever, due to the Ia_rge electrost_atlc for(_:es
higher voltages. The increase in PL for low reverse bias i®€tween geminate charges immediately following exciton
due to a reduction in singlet-polaron annihilation as photo_dlssouatlon, many geminate charge carriers will _recomblne
generated charge is detrapped by the electric field. At suffibefore they can be extracteliUse of the reverse bias tech-
ciently high reverse bias, these charges are rapidly remove&idue requires that charges from singlet excitons dissociated
and the increase in PL is overwhelmed by the electric-fieldPy the applied electric field do not subsequently form non-
induced dissociation of excitons. emissive triplet excited states. The absence of an electric-
The effect of detrapping at low electric fields is more field dependence of PL efﬁcier_my in reverse bigs measure-
pronounced in the optical pump intensity dependence datdents demonstrates tha; geminate reqomblnatlon occurs at
shown in Fig. 7. There is no observed dependence in thgmes'shoryer than the spin dephasing time. The reverse bias
slope ofAPp versusl ,, above the zero crossing, consistent téchnique is also observed to be unaffected by nongeminate
with #7p, independent of pump intensity. But the zero Cross_reco[nsblnatlon. Given a typical carrier mobility of
ing is observed to shift in proportion to the pump intensity, 10 ° ¢M¥/V's, the density of minority carriers under re-
confirming that increases iiPp_at low bias(and hence low  V€rS€ b'§53 inboth Alg and MEH-PPV is small,n
curren) are due to reductions in the density of photogener-= 101. cm™*.Low charge-carrier densities, and the high elec-
ated charge. tric fI§|dS reqylred to dissociate excitons and separate the
Reverse bias measurements of the PL efficiency requirgesulting geminate charges, reduce the probability of non-
complete collection of the photocurrent from dissociated exgeminate recombination, which increases with But most
citons. Thus the OLED structure must be tailored to facilitateSignificantly, synchronous measurements demonstrate that
charge extraction. It was observed that the reverse/biss the reverse bias PL efficiency is mdepende_nt pf leakage cur-
versus| ,, characteristics of MEH-PPV were nonlinear when rénts that frequently exceed 10 mA/Eneonfirming the ab-
thick films of BCP @>150 A) were used, most probably S€nce of nongeminate recombination in these devices.
due to an energy barrier to electron transport across the
MEH-PPV/BCP interfacé??3It has been proposed that thin
BCP layers, although observed to efficiently block hole
transport, assist in the extraction of electrons due to gap
states in the material formed during deposition of the cathode The EL quantum efficiencies of the Aland MEH-PPV
that penetrate as far as200 A from the cathode interfaé. OLED’s are shown in Fig. 8. When divided by the out-
Indeed, highly efficient photovoltaic devices have been fabeoupled PL efficiency, the EL efficiencies give an upper-
ricated by using this method of charge extraction from thebound estimate for the singlet fractigryy from Eq. (6) of
relatively deep lowest unoccupied molecular orbital gf&  xsy=(18.0£0.3)% for Algg and xysy=(17.0=£0.7)% for
4.6 eV?* With a 150-A-thick BCP ETL, the yield of useful MEH-PPV. The EL-specific losy is thus required to obtain
MEH-PPV devices(i.e., devices with linear reverse bias the singlet fractionys. We summarize several loss mecha-

V. ELECTROLUMINESCENCE EFFICIENCY
MEASUREMENTS AND SINGLET FRACTIONS
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FIG. 9. The current-voltagel {V) characteristics of an MEH-
PPV and an Alg OLED compared to electron-only transport in an ~ FIG. 10. The temperature dependence of the quantum efficiency
800-A-thick film of BCP. At high biases, all devices are limited by Of Algs shows a significant increase in the slope of efficiency versus
electron injection into the BCP, but at voltages below the onset oFoltage as temperature decreases. This is attributed to exciton for-
exciton formation in the OLED’s, the current density drops sharply,mation in trap states, resulting in EL-specific losses. The point at
demonstrating that the OLED heterostructure forces unity charg&hich the linear extrapolations intersectVig,.
balance in electroluminescence.

voltage V and with temperaturd since the traps can be

nisms and present a model for losses due to traps in botaturated with charge, and charge detrapping is thermally
systems. EL-specific losses may be due to: activated. As evidence of the presence of low-luminescent-

(i) Electron and hole currents may be unbalanced. This igfficiency traps, it is noted thajg, in guest-host films does
considered unlikely in heterostructure devices because thgot increase withV when the guest molecules actersissive
currents are forcibly equalized using blocking layers such agaps?”-303! |nstead, luminescent efficiencies of guest-host
BCP? Figure 9 shows the current versus voltagieM) char-  fiims typically decrease monotonically with increasigiue
acteristics of both Alg and MEH-PPV devices compared to to exciton quenching by charges, while the efficiencies of
a device consisting of only an 800-A-thick BCP transportneat luminescent materials usually peak with increasing ex-
layer, sandwiched between PEDOT:PSS and a Mg:Ag cattitation strengttf/ 32
ode. Since BCP effectively blocks hole injectibthe simi- Examination of the voltage and temperature dependencies
larity of the slopes of each of the characteristics ¥r of the EL efficiencies in Figs. 8 and 10, respectively, con-
>3V demonstrates that charge transport in each device igrms the presence of EL-specific losses in bothAlgnd
limited by electron injectiori® At the onset of exciton for-  MEH-PPV-based OLED's, i.e.y<1. We propose a simple
mation in Alg; and MEH-PPV, the OLED’s deviate from the model for traps that determinesby extrapolatingyg, to its
BCP electron-only  characteristic and  demonstratehigh current density limit. To explain the voltage and tem-
recombination-limited -V characteristics, a clear indication perature dependencies of EL efficiency, we assume that each
of near unity charge balance in both heterostructure OLED’sinjected charge is either trapped, in which case it luminesces

(i) Microcavity effects®*® may affect PL and EL differ-  with quantum efficiencys,, or it remains mobile and ulti-
ently if the EL recombination zone is significantly narrower mately forms an exciton that luminesces with quantum effi-
than the luminescent layer thickness. However, charges agency 7. We further assume thag;> 7. The probability

confined within thin luminescent layers in this experiment,of charge trapping is taken to be proportional to the fraction
and hence microcavity effects are not expected to influencgf trap sites remaining unfilled at voltage, i.e., (1

the results. To confirm this, devices were also fabricated with-v//v_), whereV, is defined as the voltage at which all
250-A-thick BCP layers, but no significant change in thethe trap sites are saturated with space charge. Thsis

singlet fractionys was observed. given by
(i) There may be significant polaron or field-induced
guenching of singlet excitons, causing the EL quantum effi- \% \%
ciency to decrease with increasing current density. The ef- MeL= 77fV—Sm+ | 1- V_sa) V<Vga,

fects of such high-density phenomena may be minimized by

ga('ﬁrrzﬁ(t)?l%gng the quantum efficiency to its limit at low neL=7m5, V>V 7
(iv) EL-specific losses may occur if electroluminescentAt Vg, EL-specific losses due to traps vanish ape 1,

excitons form preferentially at certain molecular sites such asyg. = 7¢ . If Vg iS known, the linear dependence gf, on

charge trap4?° There is no preference for exciton formation V can be extrapolated to determine, the EL efficiency in

at these sites under photoexcitation. The luminescent effihe absence of EL specific losses, and hence the singlet frac-

ciency of trap sites may be much lower than the averag#ion ys.

efficiency of excited molecules in the bulk film, especially if A worst-case value fo¥ ¢, can be calculated by recogniz-

the traps are due to contamination. This process may result ing that if a single trap site is present inside the radius of

an EL quantum efficiencyyg, that increases with applied diffusion of an optically excited exciton, the exciton would
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FIG. 11. (a) PhotoluminescencéPL) and peak electroluminescen@L) quantum efficiencies as functions of temperature ingAldp)
The PL and peak EL quantum efficiencies as functions of temperature in MEH-PPV. In bata®dgMEH-PPV, EL measured at large
current densitiesJ~100 mA/cnt) tracks PL, demonstrating that the minimum singlet vajug; is independent of temperature over the
temperature range studied. Becad$eys)/dT~0, it is concluded that~1. Insets: Inferred singlet fractions for Alg@gnd MEH-PPV.

diffuse to that trap site, eliminating any possible difference Finally, it is noted that even in the worst case, EL-specific
between EL and PL. This places an upper bound on trappsses contribute only a small correction to the measured
density. The maximum area charge density necessary to fillalue of the singlet fractioys, and in both Alg and MEH-

all trap sites in the recombination zone is then PPV, xs<25%. The best estimate fors in Alg; usesVgy
derived from Fig. 10, and igs=(20*=1)%. Similarly, the
P /4_7TL3 ®) best estimate foxg in MEH-PPV lies between the measured
mau Hlum 3D and worst-case values, i.g.s=(20+4)%.
wheret,, is the thickness of the luminescent layer angis
the exciton diffusion length. Then usi@=CV gives the VI. DISCUSSION

worst-case value of Table | summarizes six experimental studies, including

this work, of x5 in small molecular and polymeric organic
(9) materials. The methods employed vary—@aal! and Kim
et al2 both employ absolute measurements of EL and PL

wheretgep is the thickness of the BCP layer andis the efﬂmenqes, while Wll_soret al® and our work use rela_tlve
comparisons. Four independent measurements fird

average of the dielectric constants of BCP and thg Iumines-SO 25 in molecular organic materials, but in previous work
cent material. Using Lp=40A (typical for Faster : ' ’

33 : : Xs in conjugated polymers was generally found to exceed
552”;;95 th?engvg:set sclgspée/sl 77_55/70'\\// ]f(r)(rm,]qzlgé: dng q\'/(%r 0.25. In addition to the methods reported in Table I, there are
: sat— 3

MEH-PPV, corresponding to maximum values fag of several measurements gf that employ photoinduced ab-

: ; +24-36
1.4% and 1.1%, respectively. This yields minimum Valuessorpnon to calculate triplet densitig$.*® Several of these

for y of 0.76 and 0.74, leading to a maximum valueef measurements have also foupg>0.252°3¢High values of

— (24+0 4)% for Al'q; :;md —(23+1)% for MEH-PPV. Xs can possibly be interpreted in terms of the photophysical
A d_ire.ct experimental eé(tismate 8{ in Algs can be ob— rates of Fig. 2. Tandoat al®’ review theoretical estimates of

tained from Fig. 10 by extrapolatings]atthe ELsefficiencies of ks andky . They model these rates in polymers using parallel

Alg; to find the voltage at which the temperature dependenc'{%\f :g?}cgggoggsgé stg?e:r%:f/ g::itom?rl\?;gopno (;%rrelatlons be-

vanishes. The point at which the linear slopes of each tem- . .

perature characteristic intersect in Fig. 10 Vig,~(15.1 The discrepancy between the present work and previous

+1) V, which gives 7,=1.19%, and ':(20+ai)% i.n polymeric measurements that yield>0.25 requires com-

XI 'I,'he linearity of 7t wi.th voita e )I(é tem _erature de- ment. We now discuss these and the current measurements,
ds. Y O7eL . g€, I's temp . together with the electron paramagnetic resonda&R) ex-

pgndence, and .the intersection\&f,, which is consistent periments of Wohlgenannt and co-worketsand Shinar and

with trap saturation, all strongly support the model of exc'tonco-worker§9'4°While all measurements of<>0.25 require

formation described by Ed7). . . .
Figure 11 shows that when measured at a sufficiently higrll(5> kr, EPR experiments may provide a more direct probe

current density such thal approachesVgy (i.e., J Of these rates.

~100 mA/cnt), ng approximately tracksyp, over a large _ _
temperature range, indicating thétyys)/dT=0 and y~1 A. Measurements ofyg in small molecular materials

for both Algg and MEH-PPV. The singlet fractions foy To maximize the OLED efficiency, it is desirable to har-
~1 are shown in the insets as functions of temperature. ness all injected charges, either by developing systems with

tIum

Vsar= (A0max/ & )( tgcpt o
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TABLE |. Summary of various measurementsaf using EL/PL comparisons.

(a) Small molecular weight materials
(i) Direct comparisons of EL to PL

Material nenpL (%) 7eL (%) Y Xs Ref.

Algs? 5.8 1.06 0.9%0.05 0.26:0.01

(ii) Phosphorescent techniques

Material e B e Xs Ref.

Pt monomeét 4.8 1.0 0.22-0.01 5
CBP 0.22 0.22-0.02 30, 41
Alg¢ 2.7 0.56 0.220.03 2

(b) Polymeric materials

(i) Direct comparisons of EL to PL

Material 7pL (%) nenpL (%) 7eL (%) neL! nc (%) Y Xs Ref.
OC1 C10-PPY 8.5 4 >0.50 1
MEH-PPV 8.5 1.3 >0.15 1
Green PPV 33+3 6=0.5 23 >0.35-0.45 3
Orange PPV 9+1 1.8+0.2 5.6 >0.35-0.45 3
MEH-PPV 4.8 0.82 0.8%0.15 0.20-0.04

(i) Phosphorescent techniques
Material el B e By Xs Ref.
Pt polymet 4.6 1.8 0.570.04 5
&This work.

®The Pt-polymer in(b) and monomer are related. See Ref. 5 for chemical structures. The singlet fraction is determined from the ratios of
fluorescent and phosphorescent efficiencies; sed1By.

Only the more accurate measurement in Ref. 30 has been quoted; see text. Electroluminescent efficiencies are guiobed/atr?.
Fluorescent and phosphorescent efficiencies were obtained using fluorescent and phosphorescent guest moleculghastan Alq

€OC1 C10-PPV igpoly(2-(3,7-dimethyloctyloxy-5-(2" methoxy-1,4-phenylene vinylepdt was blended with 20%2-(4-bipheny)-5-(4-
tert-butylphenyll,3,4-oxidiazole Bu-PBD).

'MEH-PPV is poly2-methoxy-5(2-ethylhexyloxy-1,4-phenylenevinylerle

92-alkoxyphenyl-PPV-co-2,5-dialkoxy-PPV.

h2 5-dialkoxy-PPV.

"This work.

IThe Pt polymer and monomer f@) are related. See Ref. 5 for chemical structures. The singlet fraction is determined from the ratios of
fluorescent and phosphorescent efficiencies; see(Hl. The singlet fractionys=0.57+0.04 is obtained by averaging the results at
different temperatures, not simply the room-temperature valueg, @b, and 5k /78, given above.

xs—1 or by also using phosphorescence from triplet statedriplets and singlets are detected when the sensitizer is in-
Perhaps the first measurementsyafin an organic semicon- cluded.
ductor used fluorescent and phosphorescent guest moleculesFigure 12 shows the quantum efficiency as a func-
to capture singlet and triplet excitons formed in an Alg tion of current density for two OLED’s, one of
host??” The singlet ratio was estimated by identifying sin- which uses a sensitiz&. The host material is
glets by fluorescence and triplets by phosphorescence. Thek4'-N,N’-dicarbazolyl-biphenyl (CBP), the fluorescent
ratio gaveys=(22+3)% consistent with the current stutly. guest is DCM2, and the phosphorescent sensitizefags
Subsequent refinements used phosphor-sensitized fluoresis(2-phenylpyridingiridium [ Ir(ppy)s]. The spin fraction is
cence, a technique that employs a fluorescent guest materigdlculated from the ratio of efficiencies with and without the
mixed into a host! To harness triplet excitons formed in the sensitizer to be (222)%, independent of current density
host, an additional sensitizing phosphorescent species @&nd electric field® In both OLED’s, luminescence is emitted
added to transfer triplet excitons to the singlet state ofrom the guest fluorescent molecule, thereby eliminating er-
the guest with nearly 100% efficien¢y.Thus only singlet rors due to the differing radiative efficiencies in comparisons
excitons luminesce in the absence of the sensitizer, but bothf fluorescence and phosphoresceticEhe technique may,
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< : 8% Ir{ppy)s : 0.2% DCM2 ~ NeTon FIG. 12. The external quantum efficiencies of
= / 130 & DoM2 the fluorescent dye DCM2 with and without
Q 5 \ phosphorescent  sensitization by %

.g k= ' ) phenylpyriding iridium (Ir(ppy)s). The host ma-
= 120 :_E Ir terial is 4,4-N,N’-dicarbazole-bipheny(CBP).

GEJ = IJ The chemical structures of the materials are
S D L 3 shown in the inset. The ratio between sensitized
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S 110 B Ir(PPY)s and unsensitized emission givgg= (22+2)%.

8 Adapted from D’Andradeet al. (Ref. 30.
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however, overestimate the singlet fraction if triplets form di-lets. While efficient ISC leads to almost 100% conversion
rectly on the fluorescent guest rather than on the host anto triplets, the fluorescence and phosphorescence intensi-
sensitizer. Thus the most accurate measurerifeataploy ties are comparable since the phosphorescence is weak and
very low concentration$~0.2%) of the fluorescent dye and nonradiative processes dominate. The total photoluminescent
high concentration§~8%) of the phosphorescent sensitizer. efficiency at room temperature is 1.1% for the monomer and
Excitons may also form predominantly on the small molecu-0.24% for the polyme} The singlet fraction is then inferred
lar weight phosphorescent sensitizer when it is present at 8%y comparing the ratio of fluorescence to phosphorescence in
in a host materiat?> Uncertainties in the exciton formation both EL and PL. The monomer and polymer moieties exhibit
site prevent application of the small molecular weight phossimilar fluorescent and phosphorescent spectra, indicating
phor sensitization technique to polymers. Together with thehat singlet and triplet excitons are confined to a single repeat
results from this work, and from Wilsoet al. (discussed unit along the chain. Differences ipg cannot therefore be
below), four independent measurements consistently findttributed to delocalization that would typically accompany
0.20< ys<0.22 in small molecular weight materials. conjugation along the polymer backbdh&:*>4¢
Now, the ratio of fluorescencg; to phosphorescenck,,
B. Measurements ofyg in polymeric materials in EL divided by PL gives, in terms of the rates in Flg 2,
comparing EL to PL

In contrast to small molecules, several measurements of (Pe/Pp)e [(Pr/Pp)pL=" (ﬂ) , (10
conjugated polymers, using both absolute and relative tech- ol e\ T pL
niques, find thatys>0.25. In their absolute measurements,where the fluorescent and phosphorescent efficiencies are
Caoetal.” studied EL and PL from the same Ium.|nescent,7f:k;/(kaIWJr kisd) and 7,=kP/(kP+KP,), respectively.
polymer film, thereby reducing systematic errors. Katral3 The branching ratid is
also compared EL and PL efficiencies, taking care to esti-
mate microcavity effects within their EL devices so as to XsKpst Kg
obtain a minimum value fols. In measurements of neat b= K T Koot Ko’
films of OC1C10(Table ) between temperatures of 290 and St B T Ise
360 K, Caoet al! found yxs~0.25. But in heterostructures where the mixing rate between singlet and triplet CT states is
with mixtures of OC1C10 and the electron-transportingassumed to be higtk§, large.
small molecular weight material Bu-PBDyys increased By this method, Wilsoret al” find thatys=(57+4)% in
from 0.25 at room temperature to 0.5 at 360 K. The observetheir polymer andys=(22+1)% for the monomer. It is as-
temperature dependence may be the result of variations isumed thak,sc, #;, and 7, are the same in EL as they are
the EL-specific lossy. However, our measurement of the in PL. It is also assumed that the branching ratiel. When
temperature dependence of the EL efficiency of bilayer deb~1, S*—S occurs with unit efficiency, so that optical ex-
vices of MEH-PPV and the electron-transporting small mo-citation even well above the band edgkeads exclusively to
lecular weight material BCP failed to repeat the effect; in factS This is a key assumption singg is proportional td [Eq.
the EL efficiency obtained here was found to have the oppot10)]. CT states, however, provide additional pathways for
site dependence on temperature from that of Cao. energy relaxation. For example, excitation 0.5 eV above the

In an alternate approach, Wilson and co-worRarse a  band edge leads to a lowered quantum yield for fluorescence
Pt-containing polyméf and monomer with enhanced spin- in a polysilane, but not in crystalline anthracéf@he value
orbit coupling that allows simultaneous measurement obf b, then, may in fact be substantially below unity in

fluorescence from singlets and phosphorescence from trippolymerst>*®influencing measurements gf. It is notable

_Xs(ﬁ

(11)

075211-10



EXCITONIC SINGLET-TRIPLET RATIOS IN . .. PHYSICAL REVIEW B58, 075211 (2003

that similar experiments employing phosphorescent iridiumand is consistent wittks# k. Furthermore, the coincident
complexes grafted onto a polyfluorene backbone do notlecrease in the density of triplet excitons under resonance is
show yg>0.25%° consistent wittks>ky . Consequently, Wohlgenanet al*>8

The possibility that the branching ratio is less than unitytake kg>k;, and from changes in the polaron absorption
similarly affects the measurements by Cetoal! and Kim  under resonance calculate L Ks/kt<<5 for a range of
et al3 given that the measured PL efficiency is proportional r-conjugated polymers and oligomers.
to b, so thatb<<1 would result in an overestimate gfs. Now, the ionic character of singlet excitons may result in
Measurements ofys that compare EL to PL efficiencies overlap with the initial polaron pair, leading ta;>k;.# In
should therefore attempt to minimize or measure the rate ofontrast, analyses of the magnetic-field dependence of pho-
excited exciton dissociation into CT states. In this work, wetoconductivity in polymers suggest thiat>ks.>! However,
minimize the effect of branching rates suchkag« andkgs  differences in exciton formation rates only influence the ul-
by exciting the polymer at the edge of its absorption spectimate singlet fraction in EL if there is significant mixing of
trum. In any case, our conclusion that<25% in MEH-  the immediate degenerate precursors to exciton formation,
PPV would not be changed by an underestimate of the Pthe degenerate CT states. From Fig. 2,
efficiency.

One way toensurecorrect accounting of the branching B 1+ks/ky 12
ratio in PL is to study polymers with high PL efficiencies, Xs_4+(kSL/kT)(1+ ki/kg)
since, if by;— 1, branching effects must be negligible. To . : 5
date, measurements gf>25% using comparisons of EL T Kst>Ks. kr, the singlet fraction reduces’t&
and PL have only been obtained in polymers with relatively 1
low PL efficiencies as shown in Table I. Due to their high PL Xs= . (13
efficiencies, polyfluorenes seem especially suited to accurate 1+3kr/ks
50
measurements ofs. From Eq.(13) Wohlgenanntet al,*®8 infer ys>0.25 for a
variety of polymers, and specificaljys=47% in MEH-PPV.
C. Spin-resonance measurements Electroluminescence-detected magnetic resonaite

. . DMR) is experimentally similar to PADMR except that EL

In addition to measurements gk based on & comparison jnstead of photoabsorption is the quantity examined under
of EL to PL efficiency, xs has been inferred from electron oconance. ELDMR can also be used to examine spin-
paramagnetic resonan¢EPR measurements. Wohlgenannt yependent exciton formation. If PADMR results are attribut-
etal.™ use photoabsorption detected magnetic resonancgje to spin-dependent recombination of degenerate polaron
(PADMR) to obtain the ratio oks to ky, and hencexs at  pajrs, the decrease in triplet exciton and polaron populations
any givenks, as a function of conjugation length in oligo- opserved under resonance should be associated with an in-
meric and polymeric materials. This technique studies thgrease in singlet excitons. The expected ELDMR signal is
change in polaron density in a material at low temperatur@|cylated as follows: in EL, 50% of charge-separated states
(=20 K) as it is swept through resonance. An applied magyye eijthers, or T,. Outside of resonance, at low tempera-
netic field causes Zeeman splitting of the energies of thg res and with an applied magnetic field causing Zeeman
three triplet statesl,, T_,, andT, ;, of degenerate polaron splitting, S, and T, are degenerate, arfd, ; andT_, are not
pairs, which include CT states with-ry (see Sec.)l Reso-  gegenerate nor are they mixed wih andT,. The resulting
nance is induced by an applied microwave field tuned to thgjnget fraction under EL outside of resonance is therefore
Zeeman splitting, causing equalization of the populations Oé — Iks/(ks+ky). In resonance, EL from singlet excitons is

these three states. In the case of degenerate polaron pairs, ﬁgportionw toks/(kst3Kky). Thus the expected ELDMR
not in the case of excitons, the spin-zero triplet stBfeis signal AEL is given by

degenerate with the singlet st&8geven under resonance, so
the populations of the singlet and the three triplet states will kg/kt—1
be equalized. ABL=1— 3" (14)

In EPR thereforeT,, T 4, T,4, andS, states each ac- ST
count for 25% of degenerate polaron pairs. From Fig. 2This change in EL intensity is expected to be 10—50% for the
becausekg, ~0 at low temperature, degenera®g and T,  range ofkg/ky values determined by PADMfRZ However,
polaron pairs form singlet and triplet excitons with rates, the ELDMR signal of small molecular weight materials and
and ky, respectively, wherea$,, and T_,; polaron pairs polymers such as PPV actually shows a very slight incrf8ase
only form triplet excitons, with rat&; . Population equaliza- or even a decrease, both of magnitui&L~1x10 4,4
tion through spin flipping in resonance allows polaron pairswhich clearly impliesks~k;. Negative PPV resonances
initially formed in T, 4 or T_; combinations to cross to an- may be partly attributed to a decrease in the conductivity of
tiparallel combinations and eventually to form singlet exci-the devices under resonance conditions. The absence of large
tons. Thus, under resonance conditions, eitteor k; can  ELDMR signals in small molecular weight materi@isnd
dominate exciton formation, and if one rate is larger than thegolymers strongly suggests th&s~k; (and henceys
other, the resonant rate of exciton formation will increase~0.25) in both types of materials. We note that while both
Indeed, the decrease observed in the polaron absorption uBPR-based measurementkgfandky, and EL/PL measure-
der resonance reflects a decrease in the polaron populatioments are related tgg, they are not the same; the largest
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ks/kr values are reportédior polymers that do not fluo- rials, then it is clearly desirable to develop phosphorescent
resce, since the lowest-energy singlet statefasther than  polymeric OLED’s.
B, symmetry.

In summary, the CT and Frenkel states summarized in ACKNOWLEDGMENTS
Fig. 1 and relaxation pathways in Fig. 2 are complicated and , ) )
poorly quantified in most polymers. There are significant un-_ 1 his work was supported by Universal Display Corpora-
resolved contradictions in the published measuremenggof 10N, the Air Force Office of Scientific Resear@Princeton,
that presently prevent a firm determination of the single@d the National Science Foundation MRSEC program
fraction in polymeric materials, even in the specific case of Princeton.
MEH-PPV. In addition to varying results foys, there are
differences in the implied or reported temperature APPENDIX: TWO-TONE SYNCHRONOUS DETECTION
dependence®and electric-field dependerice® of x5, and FOR SPIN STATISTICS MEASUREMENTS

apparent differences between ELDMR and the interpretation Field-induced dissociation of excitons in small molecular

of PADMR datad We ha_ve qomm_ented in tr}is section OnWeight and polymeric materials typically requires the appli-
assumptions and approximations in report@k0.25. We - 4iinn of Jarge 10° V/em) electric fields. However, appli-

nc;]ted n Secs_. v an_d Vhsome expeé[mentalh can|d¢raIt|cén§ation of these large fields may cause significant charge in-
when measurings using the reverse bias technique, includ-jo oy and leakage current in the OLED under study.

ing a possible sensitivity to EL specific loss, which may béacqrate determination of photoluminescent efficiencies re-

materlql dependent, and the requirement for efficient Chargauires the detection of the photocurrent component of the

extraction, which also cannot be ensured in all cases. total current induced by photoexcitation and reverse bias.
The two-tone synchronous measurement technique described

VII. CONCLUSIONS in Fig. 3(b), isolates the small signal photocurrent compo-

nentiy, from leakage currerie, by locking the total current

We use a simple reverse bias technique for measuring thggnal to the optical chopping frequency. The total small sig-
photoluminescentPL) efficiency of an organic light emitting 51 currenti is

device, and by comparing to the electroluminesc¢éti) ef-
ficiency measured in the same geometry, find that the frac- i=ipH( oL ,wg) tiead wB), (A1)

tion of excitons formed as singlets in the electrolumines-Where andew are the modulation anaular frequencies of
cence of Alg is ys=(20=1)%. This confirms other “L “s 9 q

measurements showing that the exciton formation statisticgelzkghgt%i);fgri“%nir?gg \é(:lléae%et g]',a(‘:” tzgzlpiig\i/tgg(.)r?lgﬁetgf
in small molecular weight materials approximately follow . 9 P P '

the 25% spin-degeneracy statistical limit. MEH-PPV is'NY the component of the current at angular frequengy

found to haveys=(20+4)%, also consistent with the spin- isolates the photocurrent, i.e.,

degeneracy limit. This result in an archetypal conjugated 1

polymer like MEH-PPV suggests that the singlet fraction ?J' i cosw tdt=ip, (A2)

may have a 25% limit in polymers generally, though the L

possibility thatys is mqtenal _depen(_jent canno_t be ruled out.\yhereT is the integration periodl > 1/wg, iw, . The pho-
Measurement ofys is motivated in part by its presumed igcyrrenti

relevance to highly efficient electroluminescent materials. In

small molecular weight materials, the maximum observed 1

EL quantum efficiency of fluorescent devices is 4—5%, but is 'ph=$f S(o t)f(V(t))cosw, tdt. (A3)

~20% in small molecular weight phosphorescent devicés. T

Similar limits appear to hold for fluorescent polymer devices,Here, S(w t) [C/s| is the charge generation rate, assuming

i.e., external quantum efficiencies 6£20%3°* Given the  complete dissociation of all excitons; it is determined by the

high photoluminescent and outcoupling efficiencies of somghotoexcitation intensity and is chopped at angular fre-

polymers, it might be expected that measurementsy©f quencyw, . Also, f(V) is the electric field-induced dissocia-

>25% should be reflected in polymeric EL fluorescent quantion probability of an exciton at an applied biss The volt-

tum efficiencies that approach thg- ~20% observed in age bias, and consequently the leakage current, is modulated

phosphorescent small molecular weight materials, althought angular frequencywg. Whenwg# o, ,

such efficiencies have not yet been demonstrated.
Thus in addition to the potential for providing insights ) f(V(1))

into exciton formation, quantification of exciton formation Iph=7 fTS(‘*’Lt)COS“’Ltdt- (A4)

statistics is critical to the full exploitation of organic elec-

troluminescent technology. By harnessing triplets and sinThe differential photoluminescence signal also contains two

glets, phosphorescent OLED’s exhibit efficiencies approxi-componentsAPy, the decrease in luminescence due to ex-

mately four times that of molecular OLED’s that fluoresce citon dissociation, and P, due to random variations in the

from singlets aloné’ If, as is observed in this work, the photoexcitation intensity. Furthermor&P,, causes random

formation statistics of excitons in polymeric semiconductorsvariations,dS, in the charge generation rate. Assuming that

are similar to the statistics in small molecular weight mate-the average photoexcitation intensity is constant, detecting

075211-12
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the component of the total photoluminescend@ at angular
frequencywg isolates the differential luminescence due to
exciton dissociation, i.e.,

1
fAP coswgt dt=APy. (A5)
.

?
Specifically,

1 hv
A Pd:f annp,_F[S(th) +0S(t) [f(V(t))coswgt dt

hv

=7NcheL

q (AB)

wJ'Tf(V(t))COSwBt dt.
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FIG. 13. Numerical evaluations of Appendix E&8), using fits

Thus PL efficiencies measured using synchronous detectiog experimental data for the electric-field-induced dissociation prob-

must be multiplied by the synchronous detection fagtor

_[q APy .
ncnel=9 1, i_ph' (A7)
whereg is given by
JtS(w t)cosw tdt f(V(1))
B . (A8)
S(w 1) Jf(V(t))coswgt dt

In our experimentS may be approximated by a square
wave with 50% duty cycle. Consequently,

1
—[1S(w t)cosw t dt
T
=— (A9)
S t) m
The functionf is approximated by ahlth-order polynomial,
N
f(V)=2> a,V" (A10)
n=1

with coefficients a,. Using the identity f§ co"xdx
=(2n)!7/22"(n!)? gives

(2n+2)! -t

N
22 aV" e
2 o 22" (n+ 1)1

n=1

N

> a,v"

n
n=1

(2n)!

22n[n! ]2
(A11)

ability f. These curves are used to determine the synchronous de-
tection factorg in MEH-PPV. It is observed that both dc and syn-
chronously detected measurement$yield the same values gfat

large values of reverse bias. A value@$ 0.82+0.03 is then cal-
culated from data in Figs.(8 and Ga).

Thus exact determination of the detection faggoand hence
the out-coupled PL efficiencycnp., requires the form of
the nonlinear functiorf (V). Ideally, the polynomial coeffi-
cientsa, should be obtained from a Taylor series expansion
of experimental measurements ofln Fig. 13 we showg
obtained from experimental data. However, examination of
Eqg. (A1l) demonstrates the presence of some limits.

If fis linearly related to applied voltage, then

g=—. (A12)

o
This limit holds in Algs above a threshold in the applied
electric field.
If fis a nonlinear function such that,# 0 for largen,
then

2
limg=—. (A13)
V—oo ™
In general,
1 3+1 Al4d
g=—(3x1). (A14)

giving, in the worst case, a 33% error in the determination of
NcTpL-
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