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The steady-state photoinduced absorptiBA), photoluminescencéL), PL-detected magnetic resonance
(PLDMR), and PA-detected magnetic resonarfPADMR) of poly- and oligo¢para-phenylenek films is
described. In particular, the excitation dengigser power N, dependence of the PA, PL, and PLDMR signals
is analyzed by means of a rate equation model, which describes the dynamics of singlet ¢&titgnand
polarons in all three experiments quantitatively with the same set of parameters. The model is based on the
observations that mobile SE’s are quenched by trapped and free polarons and that é\mag'metic reso-
nance conditions reduce the total polaron population. Since the sublhedependences of the positive
(PL-enhancingspin-% PLDMR and the polaron PA band are essentially the same, we conclude that PLDMR is
due to a reduced quenching of SE’s by polarons. The agreement between the model, the current results, and
results from other spectroscopic techniques provides strong evidence for this quenching mechanism. This also
suggests that it is a very significant process in luminesegetnjugated materials and organic light-emitting
devices. Consequently, the quenching mechanism needs to be taken into account, especially at high excitation
densities, which is of great importance for the development of electrically pumped polymer laser diode
structures.
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I. INTRODUCTION will lead to a nonradiative quenching rate of SE’s which is
comparable to the radiative decay rate. The density due to
The methyl-substituted paolgara-phenylengtype ladder- injected carriers in OLED’s ranges typically from
polymer (m-LPPP) is highly attractive for applications in ~10"cm 2 at low driving current to~10*¥cm™2 under in-
organic light-emitting diodés(OLED’s) and as the active tense pulsed currenté.However, even at low currents po-
medium in organic solid-state lasémue to its high photo- laron densities as high as®¥@m~2 can build up by trapping
luminescence(PL) quantum yield 7p,~30% in film and at defect sites, as found by thermally stimulated cufferit
~100% in solutior? and the high interchain order in the (TSC) and PA measurements.
solid state*® From previous studies om-LPPP a compre- In order to probe the interaction of polarons with SE’s,
hensive picture of the generation of polarbifsand triplet  one needs to vary their density and simultaneously detect
exciton§® (TE’s) from singlet excitongSE’s) was drawn. It  their effect on the SE’s. PA-detected magnetic resonance
is well known that polarons, as found in OLED’s upon in- (PADMR) measurements show that at the spifield-for-
jection of carriers® recombine to form SE’s, which generate resonance the polaron and TE populations decré#se.
the electroluminescencéeL). However, to our knowledge Therefore, PL-detected magnetic resonan@.DMR),
there is no quantitative model which describes the interactiomhich typically includes a PL-enhancirige., positive spin-
of SE’s with polarons and TE’s in this class of materials. It polaron resonanc@,is an ideal tool to probe the influence
has only been suggested that mobile SRsf. 11) are non-  of the decreasing polaron population on the SE’s. However,
radiatively quenched by polarof&similar to quenching by two mechanisms have been suggested to account for this
defects such as carbonyl groujisn contrast to molecular resonance: (a) polarons acting as quenching centers for
crystals such as para-hexapheffytonjugated polymers ex- SE’s; hence a reduced polaron population leads to a reduced
hibit strong polaronic photoinduced absorptiofPA) rate of SE quenching, and consequently an enhanced PL in-
bands’!® so there is a need to quantify the interaction oftensity (p,) (Ref. 21); and(b) magnetic resonance enhance-
polarons and SE's. Moreover, single crystals of smallment of the formation of TE's from geminate polaron pairs,
m-conjugated molecules such as tetracene, which do not cofellowed by TE-TE annihilation to SE’s, resulting in an en-
tain grain boundaries defects that stabilize polafSrisave  hanced PL due to delayed fluoresceffcelowever, as men-
very recently led to electrically pumped organic solid-statetioned above, recent PADMR results have shown that as one
laserst’ reduces the population of polarons at the spifield-for-
This work shows that a polaron density,~ 107cm2 resonancedi.e., atg~2.002, one simultaneously observes a
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decrease in the TE populatiSiSince an enhancement of the accessibleX-band microwave cavity. The PADMR is ob-
TE population is a key requirement for the observation of artained by measuring the microwave-induced change) (n
enhancement irp_ due to triplet-triplet annihilation, this the transmissionl through the film. As in PLDMR, two
second mechanism is ruled out. types of PADMR spectra are presentedi) the H-PLDMR

Based on the fact that polarons quench SE’s, in this papend (ii) the \-PADMR spectra(i) For theH-PLDMR spec-
we quantify the significance of this interaction by analyzingtrum, the normalized microwave-induced change in the
the cw excitation density dependencel@f, the PA, and transmissiondT/T through the sample at a certain wave-
PLDMR signals of m-LPPP and the seven-memberedlength position, typically at the peak of a PA band, is mea-
ladder-type oliggpara-phenyleng (LOPP7 with a rate sured, while sweeping the magnetic figitl (i) For the
equation model. The model, which will be derived, quantifies\.-PADMR spectrum the unnormalized microwave-induced
the ongoing photophysical processes of polarons as observetiange in the transmissiodT, is measured at a constaf
in PA and PADMR, of SE's as seen in PL, and the interactiontypically at the peak of the resonance. The transmitted light
between them as found in PLDMR. Comparison of theprovided by a 100-W tungsten lamp was waveguided into the
model with the excitation densiti, dependences dfy, monochromator and detected by a Si photodiode. The sample
the polaron PA bands, and the sgiRLDMR amplitude sug- was excited at 457.9 nm by an Allaser. The microwave-
gests that quenching of SE’s at polarons affects the efficiencinduced changedT were detected by a lock-in amplifier as
of OLED’s and is therefore relevant to the development offor PLDMR. For all PADMR measurements the microwaves
OLED's as well as electrically pumped organic solid-statewere chopped at 89 Hz and all spectra were corrected for the
lasers. optical throughput of the setup.

The samples for PA and measurements were prepared as
for PADMR. The 457.9-nm pump beam was produced by an
Ar* laser, which was mechanically chopped at 89 Hz pro-

The synthesis ofn-LPPP and LOPPTsee inset of Fig. )1  viding the reference for the lock-in amplifier. For the mea-
is described elsewhefé?* Samples were prepared for surements the sample was mounted in an optically accessible
PLDMR measurements by dissolving the polymer or oligo-cryostat under a dynamic vacuum of less than“@bar to
mer powder in toluene in a 4-mm-o.d. quartz tube. The toluprevent photo-oxidation. Hence no significant sample degra-
ene was then evaporated, leaving-a200-nm-thick film on  dation was observed during measuring time periods exceed-
the inside walls of the tube. Solution samples were preparethg 100 h. A 200-W halogen lamp provided the light source
by freezing the 3-mg/ml toluene solution in a quartz tubefor the transmission measurement. All PA spectra were mea-
degassing it, and vacuum sealing the tube. The sealed samslgred at 77 K and were corrected for the PL and optical
tubes were placed in the quartz Dewar of an Oxford Instruthroughput of the setup.
ments He-gas-flow cryostat, enabling temperature control The number of photons incident on a unit cross-sectional
from 4 to 300 K, inside an optically accessibteband mi-  area of the sample per second is
crowave cavity(microwave frequency of 9.35 GHzTwo
types of PLDMR spectra are presentedi) the H-PLDMR
spectrum, in which the normalized microwave-induced No=P/(hvA), 1)
change in the spectrally integrated PAIg, /1) emitted by
the sample is measured, while sweeping the magnetic fiel
H; (ii) the \-PLDMR spectrum, in which the microwave-

induced change in the PIA(p,) is measured at the peak of the sample. Within the sample the number of absorbed pho-

the resonancdi.e., at that constant magnetic figldThe ) ; )
’ . . ., tons follows Beer’s law so that the average density of SE’s
H-PLDMR spectra were measured using a Si photodiode 9 y

The PL was excited at 457.9 nm by a Pockels-cell-stabilizecggenerated per second is

Ar" laser. The excitation power was kept at or below 50 mwW

to prevent sample hgating. The laser Iing was blopked by an nsg= (No/d)[ 1—exp( — ad)], )

appropriate cutoff filter. TheX-band microwave-induced

change in p was detected by feeding the photodiode output

into a lock-in amplifier referenced to the microwave chop-with « the absorption coefficient. To account for their modu-

ping frequency 8% v.<10kHz. The microwave power was lation frequencyr, dependence, the PLDMR, PA, and

kept below 810 mW. No saturation effects for microwave PADMR data were recorded at frequencies low enough com-

powers up to 1.7 W have been observed. TRBELDMR  pared to the lifetimes of the involved recombination pro-

spectra were recorded by replacing the photodiode by aesses, i.e.p.7<1, in order to ensure that the steady-state

monochromator and a photomultiplier tube. For thesolutions as used to model the data are valid. This has been

A-PLDMR spectra~10 mW UV excitation was provided by tested by measuring the, dependence of the total polaron

a 200-W xenon lamp in combination with appropriate mir- population in PA for frequencies up to 1700 Hz. For frequen-

rors and bandpass filters. cies v.<100Hz we did not observe any qualitative differ-
The film for PADMR measurements was prepared byences in theN, dependence. We did see a decrease in the

dropcasting a toluene solution of-LPPP. The sample was overall intensity of the signal, which was corrected by ex-

positioned in the He-gas-flow cryostat inside the opticallytrapolating tov.=0.

Il. EXPERIMENTAL PROCEDURE

\%hereP is the laser powerhv the photon energyA the
cross-sectional area of the laser beam, @tite thickness of
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FIG. 1. Polaron resonances @ pristinemLPPP film and(b) FIG. 2. \-PLDMR and PL spectrum of am-LPPP film recorded

LOPP7 film atT=20K, \g=457.9nm, and microwave power : .
. Sy . I he | lp.. Th h
810 mW. The lines are the Lorentzian fits to the observed spectra‘{jlt 20 K. The symbols shodtlp,, the linesl p. € inset shows a

The inset shows the chemical structure of the ladder-type(poly Schematic drawing of the quenching of a migrating SE at a polaron.

phenyleng for mLPPP,R=CHj;, R’ =C;H,;, n~12; for LOPP7,

R=H, R'=C,Ho, and the conjugated backbone consists of seve ured range. For clarity in the plot we do not show the lines

or the power-law fit, but only the results of the fit to the

pheny! rings. model as derived below. We note tHat{ of both m-LPPP
IIl. EXPERIMENTAL RESULTS and LOPP7 was directly proportional to the laser power over
the measured range.
Figure 1 shows the polardi#-PLDMR atg=2.002 of(a) The top graph in Fig. 4 shows the PA spectrum of an

anm-LPPP film andb) an LOPP7 film. Its full width at half m-LPPP film. It exhibits two distinct features, the triplet-
maximumAH,, is (a) 11 G and(b) 40 G, respectively. This triplet transitionT,—T, at 1.3 eV and the polaro®2,.o
difference inAH,, is attributed to the decreased polaron pairband at~1.9 eV. The~2.1-eV (P2,.;) band is a vibronic
separationand hence increasing dipolar broadeningthe  replica of the~1.9-eV band. These assignments were de-
oligomer, in agreement with results found from a comparisorduced from a comparison of the PA with doping- and charge-
of these resonances in frozem-LPPP solutions and induced absorption spectra, which only yielded the 1.9-2.1
m-LPPP films?2® There it was found thaAH,, is drasti- eV bands® The bottom spectrum shows thePADMR

cally reduced in solution due to the increased chain separapectrum of anm-LPPP film recorded at the peak of the
tion. In the polymer and oligomer of this work the situation spin+4 resonance. The spectrum clearly shows that the ab-
is similar due to the much smaller side groups of the lattersorption feature of the triplet exciton at 1.3 eV and that of the
Both materials have ;3 groups to provide solubility, but polaron at 1.9 and 2.1 eV are both reduced at the field for the
the additional long GH,, side groups of the polymer, which spin4 resonance as observed for measurements taken in an
are efficient spacers between the molecules in the film, ar&band microwave cavityAs expected, for the same micro-
replaced by CH groups in the oligomers. Hence adjacentwave power’ the magnetic resonance-induced drop in the
oligomer chains are much closer than the polymer chaingjolaron population, as measured BY/AT of the polaron
which reduces the average separation of interchain polaron

pairs and consequently broadens the PLDMR spectrum. o

bimolecular

Figure 2 shows that the PL andlp, spectra of an PE— =
m-LPPP film at 20 K are essentially identical. They exhibit a 10F - E
0-0 transition from the lowest unoccupied molecular orbital monomolecular
(LUMO) to the highest occupied molecular orbitelOMO) decay b=1

3‘
at 2.69 eV and two well-resolved vibronic replica spaced 180 g 1F
meV apart. Due to the much lower signal-to-noise ratio of 3
the resonance in LOPP7, no clesrp, spectrum of that film =
could be obtained. The inset shows a schematic drawing of 01F,7g
the SE-polaron interaction as discussed below.

Figure 3 shows that the amplitudel p /15, of the po-

laron resonance in botm-LPPP and LOPP7 films increases 0.01 = — — 5
with Ng. Fitting the dependence to a power law 10 10 10 10 10
b Excitation density / abs. photons em’ s’
Alp /I =2aNy, (€))

FIG. 3. Excitation density dependence of PLDMRyat?2 of (a)
one findsb=0.79 for Ng<5x 10*'photonscm®s™* andb ~ mLPPP and(b) LOPP7 recorded at the peak of the resonances
=0.56 for higherNy. For LOPP7,b=0.55 over the mea- shown in Fig. 1. The solid lines represent a fit to ELj).
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FIG. 6. Excitation density dependence of the polaron PA feature
FIG. 4. Top: photoinduced absorptigiPA) spectrum of an at 1.9 eV of anm-LPPP film. The line is the fit of Eq(13). In-

m-LPPP film recorded at 80 K with an excitation density of 2 set: the quadrature component of the lock-in signal as a function

X 10??photons cm®s™%. Bottom: photoinduced absorption de- of the chopping frequency,, recorded at an excitation density of

tected magnetic resonance spectf®ADMR) of anm-LPPP film  10?*photonscm®s™? (circles and 5x10°2photons cm® st

recorded at 20 K with an excitation density of 5 (squares

X 107?photons cm®s™L, Inset top:  the energy levels and optical

transitions associated with singlet, triplet, and charged excitationspand of m-LPPP as a function oN, on a log-log scale.

The 1A, and the 1°B, states are the ground state and lowest TE 5T/T exhibits a power-law dependence similar to that of the

states, respectively. The B“. is the lowest _aII_owed excited SE tpolaron PLDMRAIp /1 py:

state .k, andk,, are the radiative and nonradiative rate constants o

the 1'B, SE, “abs” denotes the triplet absorption from the®B,,

to the lowest excited stamm3Ag, while kpy is the radiative phos- ) ) )
phorescent decay of triplets to the ground state.andp™ repre-  With b=0.57 over the entire measured range. The inset

sent polarons created upon charge trangBam, while P1 andP2 shows theH-PADMR polaron resonances with the transmis-
are the observed optical transitions between polaron states in photgion set to 1.9 eV. The fit to a single Lorentzian line yields
induced absorption. AH,,~12 G. The fact that\H,, is effectively the same as
that of the PLDMR demonstrates that the same polaron pairs
are probed in both measurements.

Figure 6 shows the intensith T/T of the P2 band of
m-LPPP as a function dil, on a log-log scale. In order to
account for the underlying triplet-to-triplef¢—T,) transi-

STIT=aNy, 4

band at 1.9 eV, is much stronger at tieband, where it is
approximately 6%, than at tg&band, where it was found to
be about 3% at a similar microwave power.

Figure 5 shows the PADMR amplitud&T/T of the P2

bimolecular
[ process b=0.5

A L O\ NooO

10°5T/T
W

Magnetic Field (G)

3345

3360|

Excitation density / abs. photons em®s?

tion, each point was corrected for that contribution at 2.0 eV.
Here AT/T exhibits a power-law dependence similar to that
of the polaron PLDMR\Ip, /1. and PADMRST/T:

AT/T=aN®, (5)

with b=0.80 and 0.57 forN,<5x 10?*photonscm?3s™?!
and higher, respectivel{the results of this fitting are not
shown for clarity in the plgt The polaron PA band in
LOPP7 exhibits a power-law dependence with0.4928
which is also similar taA 1, /I p, in that oligomer.

The inset in Fig. 6 shows the dependence of the quadra-
ture signals of the lock-in amplifier on, at Ng=10?* and
6x 107?photons cm®s ™. As described in detail in Refs. 9
and 22, if v max is the frequency at which the quadrature
signal is at its maximum, then the polaron decay rate is

(6)

2Ky =2/7,=27TV¢ max:

FIG. 5. Excitation density dependence of the polaron PADMR

feature at 1.9 eV of am-LPPP film recorded at the peak of the
=2 resonance. The line is a guide to the eye. Inset:PADMR
polaron resonances gt=2 recorded for the polaron feature at 1.9

eV (A=653 nm).

where 7, is the polaron lifetime. This relation yieldk,
=63s tand 7,=15.8 ms at the lower excitation density. The
factor of 2 is due to the fact that each polaron recombination
event removes two polarons from the system. At the higher
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Ny the v, dependence of the quadrature signal exhibits d@ng by polarons: the density of chemical defects is indepen-
much broader maximum slightly shifted towards higher fre-dent of the excitation density, whereas the steady-state
quencies and a much weaker roll-off at higher frequenciespolaron density increases with increasing excitation density
due to the faster decay dynamics of the contribution of asince polarons are generated from SEBlence the rate
bimolecular recombination kinetics. A detailed analysis andequation for the dynamics of the SE’s including radiative and
discussion of this signal and of the peak position can beionradiative processes is given by
found below in Sec. IV D.

dnge

——=Ng— (k, + Kk, + v4Np)NsE, 8
IV. ANALYSIS AND DISCUSSION dt 0~ (K knr + ¥gMp)Nse ®

To study the nature of the interaction between polaronsvheren,, is the total density of polarons, ahd andk,, are
and SE's as observed in the PLDMR and PL and the dynanthe radiative and nonradiative SE decay constants, respec-
ics of polarons as observed in the PA on a quantitative basisively. k,, includes nonradiative recombination via produc-
a rate equation model is derived and discussed. The obtaindidn of phonons as well as the creation of polarons, i.e., ex-
equations are then used to model the excitation dependenceison dissociation. The polaron-SE annihilation rate constant
of Ip., the PA, and the PL-enhancing polaron PLDMR. The y, is a measure of the interaction of the two quasiparticles. It
obtained results are discussed in relation to results from otherccounts for mobile SE’s getting quenched at trapped immo-
spectroscopic technigues such as TSC and PADMR, and gehile polarons and for trapped SE’s getting quenched by dif-
eral conclusions for the operation of polymer light-emitting fusing polarongalso see beloy
diodes and possible future laser diode applications are From the steady-state solution of E®), one finds the
drawn. dependence dfp on Ng:

kN

A. Singlet-exciton dynamics
K+ Knr+ vgNp

| p o Nggk;, = ©)
SE’s are the primary photoexcitations in conjugated poly-

mers. They are created by an absorbed photon promoting & easily seen, the nonradiative quenching rate of SE’s by

electron from the HOMO to the LUMO, yielding a bound polarons,y,n,,, is a function of the mobility of polarons and

electron-hole pair. Following their creation and prior to their SE's as well as the steady-state polaron and SE densities.
radiative or nonradiative decay or dissociation, they are sub-

ject to migration driven by the energetic disorder in the con-
jugated polymer, which is manifest in the inhomogeneous o _ N
broadening of the optical spectiaThis is a consequence of ~ Upon photoexcitation, an equal density of positivg,
the small local variations in the overlap af electrons and and negativen,_ polarons is created by dissociation of SE’s,
hence the energy difference between the HOMO andielding a total polaron density
LUMO.3031

The excitation energy migration can be described as a Np=MNp++Np—. (10

combination of one-dimension&lD) on-chain migration & The dissociation, i.e., the creation yield of polarons, is en-

~ 2
well as 3D Foster trar,lsf_e?. We therefore assume a panced by an external electric figldy chemical defecté
quasi-3D migration of SE's in a 3D isotropic medium. HOW- 414 by energetic disorder of the material. In additignalso
ever, the good agreement between our data and our modgbhends on the polaron lifetime, . As depicted in the inset
justifies the simplifications required to describe these typegs Fig. 4, in principle two different polaron absorption fea-
of measurements with this class of materials. In fact, we havg, a5 can be found in the PA spectrum. e andP2 bands
recently found that if the polymers’ chains are isolated in &3¢ syally located in the near-infrarédIR) and visible
matrix ordered at the nanometer scale, in which 3D SE Miyeginng of the spectrum, respectively. For both bands there
gration is inhibited, the PL and PLDMR are markedly differ- ;.o o different regimes of polaron recombination: the

enxgorggr‘neoggt"r‘af:éyr?f bolparaphenylene vinylene monomolecular, as found at loi, or in isolated systems,
and the bimolecular, observed at hiyl.

(PPV) (Ref. 13 and m-LPPP (Refs. 26 and 3% photo- blo

oxidation of the material strongly quenches the PL. This was

attributed to induced defects, such as carbonyl groups, acting ) )

as quenching sites for migrating SE’s. Yet a similar nonradi- At low Ng as well as in systems where the polymer chains

ative quenching process should occur if a§Eencounters a  2r€ isolated, such as in solutidhone finds a predominantly -
trapped or free polarop™’~: linear dependence of the polaron population, as manifest in

the polaron PA bands, 0N, reflecting monomolecular de-
p+/_+5’1‘ —S,+phonons-p*/~, 7) cay (_lenamics_. Since polarons can only recombine m_utuglly,
the linear regime is due to geminate polaron recombination.
where S, is the singlet ground state. We note that a similarThis must result from “incomplete” exciton dissociation,
process was found in crystals of small organic molectiles. without subsequent creation of free polarons. Hence the two
However, there is a fundamental difference between quenctpolarons which recombine mutually form a geminate polaron
ing at chemical defects such as carbonyl groups and quenchair during their lifetime. Such pairs can be formed by a

B. Polaron dynamics in PA

1. Monomolecular regime
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charge transfer process between two conjugated chain segentributions from trapping and detrapping processes. The
ments on the same chain, resulting in intrachain interconjuformer are due to thermal activation processes at higher tem-
gation segment pairs or interchain pairs, with the polarongeratures and the latter to the interaction with light or other
located on adjacent segments of different chains. Since sua@ntities such as SE’s or TE's. In this context it is worth
pairs are very unstable due to the Coulomb attraction of tha@oting that in molecular crystals it has been found that the
two oppositely charged polarons, a potential barrier is reinteraction of a TE with a geminate polaron pair increases
quired to prevent immediate recombination. In the case of athe recombination probability of the polaron p&irSuch a
intrachain interconjugation pair, such a barrier can be proprocess is also feasible for the encounter of a polaron pair
vided by an impurity or a static or dynamic structural defectwith a SE in the present materials. Since such an interaction
in the polymer backbone. For interchain pairs the initial gainprocess between two entities depends on the density of the
in energy, driving the charge transfer process, will be suffitwo entities and the interaction strength, it leads to the ob-
cient as an energetic barrier to prevent immediate back transervation of a sublinear dependence of the polaron popula-
fer and recombination of the pair. The geminate recombination on Ny. However, as modeling of such processes with
tion rate of polarons is described by the rate equation rate equations shows, one only finds a general sublinear de-
pendence for such a process and not an explicit bimolecular
dependence of the polaron populationNg, as observed in
this study. Therefore, we did not include such processes in
) ) ) our model and we conclude that in order to describe the
with k, the decay constant of geminate polaron pairs angys|aron excitation dependence over a wide rangdlgbne
7pNse the formation rate of polarons from SE's willse  heeds to combine the contribution from the monomolecular
=Ngg(Knr+ ygNp) andnge from the solution of Eq(8). The geminate recombinatiofEq. (11)] and the bimolecular non-

fac@or of 2 in Eq.(11) is due to the fact that each recombi- geminate decay term into one equation, which yields
nation event reduces the number of polarons by 2.

dn,
ar = "oNse~ 2kpnp, (13)

dn
P
2. Bimolecular decay at 7pNsg— 2KpNp— Vpnf, (12

The bimolecular decay dynamics found at highis due

) = ) y ! and its steady-state solution
to nongeminate recombination of “free” polarons, i.e., po-

larons which were completely separated from the oppositely —ky+ K2+ 77,7, Nge

charged polaron with which they were created. Such “free” Np= P p_P7P > (13
polarons, however, are trapped either at a defect or at a local Yp

energy minimum within the energetically disordered density

For a simple comparison with PA, E¢L3) can be ap-
roximated by the power-law dependem@waNg, with
.5<b=<1, given by Eq.(5). The value ofb depends on
whether monomolecular or bimolecular recombination domi-
nates, as manifest in the different slopes seen in Fig. 6. Yet to
relate the intensity of the PA to the steady-state density of

olarons in the sample the following must be considered:
Therefore, at the measurement temperature of 77 K hardl he PA measurement probes the photoinduced change in
any thermal detrapping of polarons can be expected, which FansmissiomA T/T, which is proportional to the density of

confirmed by the fact that the TSC was found to be mdepenfhe probed excitations, With the absorption cross section

lomperatures and the detection of the curent upon heatingt"d_ e fim thicknessd, the relation n,~~In(l
At low temperature where no thermal detrapping can be_ATm/(Ud)%(ATm/(Ud)' valid sinceAT/T<1, yields
found, there is still, however, a bimolecular term due to mo- n=(AT/T)/(od). (14)
bile polarons(which are not yet trappedvhich recombine
with other polarons—either trapped or also mobile. Such a Semiempirical Hartree-Fock intermediate neglect of dif-
process yields a bimolecular term at any temperature. Yet agrential overlap(INDO) and configuration interactiofCl)
the temperature is increased one finds that in addition to thiguantum chemical calculations indicate that the absorption
process detrapping enhances the bimolecular recombinatiamoss sections of the singlet ground state, polarons, and low-
term, which speeds up the recombination and reduces thging triplets are all comparabf&. Doping-induced absorp-
overall steady-state density of polarons, as verified bytion measurements an-LPPP led to similar conclusions on
experiment$.Moreover, we have observed a clear photovol-the polaron absorptiott. Given the absorption coefficient
taic response at temperatures as low as 20 K, which demon-10°cm™?* for m-LPPP, one finds the effective singlet ab-
strates that polarons maintain a certain mobility to yield asorption cross section for a randomly oriented bulk polymer
bimolecular recombination even at such low temperatures. from o= /N, with N the density of ground states. Assum-
The bimolecular recombination process of polarons is deing N=pN,/my,,* wherep is the densityN, is Avogadro’s
scribed by the term- ypnfJ in the rate equation for the po- number, andny, is the molecular weight of the repeat unit,
laron population. The bimolecular annihilation rate constanive get o=mya/pN,. From my,~800 andp=0.6 g/cnt
¥p is @ measure of the polaron diffusivity and combines the(Ref. 41) one findsogg~2x 10" *cn?.

of states.
For m-LPPP, TSC measurements have revealed mostlg
shallow traps with a density of at leastx20®cm ™2 for
polarons with an average activation energy of 60 rffeivi
agreement with the energetic disorder parameter
=50 meV(Ref. 37 found from time-of-flight measurements.
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C. Magnetic resonance experiments /
kPOP

As shown in Fig. 4, PADMR measurements show that the T,
spin4 resonance conditions gt=2.002 decrease the polaron
and TE populationS.In contrast to an electron spin reso- / /
nance(ESR experiment, which probes the absorption of mi- S Kyop Koop
crowaves by the polarons, a reduction of the polaron popu- HEL
lation requires an enhancement of the mutual spin-dependent k<1057 /
recombination of geminate and/or nongeminate polaron Kpop
pairs. If the polaron spin-lattice relaxation tifig< 7, then
that recombination becomes effectively spin independent.
Hence the observation of a PLDMR suggests fhigt 7. kso kr.1, ko, krar
Unfortunately, the authors are unaware of measurements of
the polaronT, in any m-conjugated polymer. Hence, assum- y yvy
ing thatT,>7,, one can describe the effect of resonant mi- Groundstate
crowaves at the field for resonance. The kinetics of polarons
and polaron pairs can be treated as a quasistationary spig,
level system by a set of coupled kinetic rate equatfns.
rather comprehensive recombination scheme for geminatehow that polarons which are separated by a distance of one
polaron pairs has been described by Dyakoabal. assum-  phenyl ring can already by treated as uncorrelated, we as-
ing T,~10 ’s and a geminate polaron pair lifetime of sume that the magnetic resonance enhancement of both non-
~10" s as well? This scheme, however, cannot be appliedgeminate and geminate recombination works in a similar
to the present study since the PA measurements indicate thagy. In order to recombine, the polarons must form a corre-
in m-LPPP films the overall polaron lifetimes are from 100 lated pair, with sufficient spin polarization so that at the field
us to 10 ms. Moreover, the geminate polaron pair modefor resonance one can sufficiently enhance the recombination
cannot account for the PADMR results shown in Figsée  of the pairs and, hence, decrease the total polaron population.
also Ref. 9 for measurements at tBband, since it predicts As shown in Fig. 7, spin statistics mandate that upon ran-
an enhancement of the interchain TE population from gemidom encounter, two spig-polarons will form triplet and
nate polarons, whereas a decrease in the population was oinglet polaron pairs with a ratio 3:1 and populate the four
served at the spig-field for resonance. magnetic sublevels with the same rate const&pts. As

In order to discuss the conditions required to observe ahown in Fig. 7, theS, and T, states of polaron pairs are
PLDMR due to recombination of nongeminate polaron pairsdegenerate and the hyperfine interaction process mixes the
let us compare PLDMR to EL-detected magnetic resonancpopulation of these magnetic sublev@lsvith a rate up to
(ELDMR). It is reasonable to assume that the effect of mag10°s™! as explained in detail in Ref. 42 and references
netic resonance conditions on the nongeminate polaron paitkerein.
is the same in PLDMR, where polarons are formed from The singlet pairs will decay radiativelfif they yield a
dissociating SE’s, as in ELDMR where polarons are formedSE) or nonradiatively to the singlet ground state. The triplet
from injected charges. Previous ELDMR measurements opairs will decay to TE’s. Yet recent experimental and theo-
m-LPPP have yielded strong resonances of oy, /I, retical studie® suggest that in PPV LED’s the ratio of TE’s
~103.* These results demonstrate that one can strongljo SE’s resulting from nongeminate polaron recombination is
alter the recombination yield of nongeminate pairs at thdess than 3:1 and may be as low as 1:1. This suggests that the
field for resonance, since carrier injection generates no gemidecay rates of thd _,, Ty, and T, triplet pair states to
nate pairs. Moreover, the, dependence of the PADMR of TE’s is less than that of thg; singlet pair state to SE's, i.e.,
the polaronP2 band at the spig-field for resonance shown kr_1, kro, andky,;<kg. Such a situation will result in
in Fig. 5 is strongly sublinearo(1%%), providing a clear polarization of the spin states of the polaron pairs in the
indication of enhancement of bimolecular nongeminate poT_,, To, andT ., levels, which will have a higher steady-
laron recombination. From these experimental results wetate density than th§, state of polaron pairs, as the obser-
conclude that nongeminate recombination of polarons is envation of the PLDMR and PADMR requires that the spin-
hanced at the spifield for resonance. lattice relaxation timeT, be longer than the time the two

To explain the magnetic resonance enhancement of nompolarons form a pair. Hence the polaron recombination rate
geminate recombination of polarons, we propose the followis not determined by the lifetime of the pairs, but by the rate
ing model. We note, however, that further investigations, esat which a polaron encounters another polaron, which in turn
pecially the determination of,, will be required in order to is determined by the polaron mobility.
describe the nongeminate recombination on a quantitative In short, at steady state one finds a situation in wisigis
basis. less populated tham_4, Ty, or T, ;. Absorption of micro-

Following their generation by complete SE dissociation,waves at resonance induces a net population transition from
the unpaired polarons are an uncorrelated spsystem, T_;, T,, andT.; to S, and thereby enhances the recombi-
which will relax to the Boltzmann distribution in time; . nation of the overall polaron pair population. Hence this pro-
Since quantum chemical calculations for oligopheffyls posed reaction kinetics for polaron pairs can account for the

To

T,

FIG. 7. Schematics for nongeminate polaron recombination at
field for resonancéor explanation, see text
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TABLE |. Parameter values used to fit the PL and PLDMR excitation density dependence of Fig. 3 with
Eqgs.(9) and(17). For explanation of the symbols see text.

k, Knr Kp Yp Yq Ay Akf
Sample (s (s (Y (emPsYH  (emPsTY M (cm®s ™ (s Anp/np (%)
mLPPP 1x10° 1x10° 63 1.I1x10* 09x10°° 8x10* 7x10*® 2 -4
LOPP7 2x10° 4x10° 63 1.1x10 * 09x10° 8x10* 5x10 %% 1 -3
magnetic resonance-induced reduction in the overall polaron Al 1 dlp, 1 dip,
and TE population, as shown by PADMR, which recently has ——— = 1— g - Akot — WA Yp
been used to determine the SE and TE formation cross sec- *- P-""P PLEp
tion for photogenerated polaroffs. ki—k,R 1
The total change in the recombination of polarons under (—kptR)Ak,+ y—+ 5 7pL7pNo Ayp
spin4 resonance conditions is therefore a result of the en- = P ,
hancement of the geminate and nongeminate decay rate con- ( VoK + 7’pknr_ kK +RIR
stantsk, and y,n,, respectively: Yp P
(17
An, 1 dnpAk N 1 dnpA (15
T O A% where
np npdky, P npdy,” P
with Ay, and Ak, the magnetic resonance-induced changes R= k3 + ¥p7p7,No. (18

in kp, andy,, respectively. The PADMR shows that the total
changeAn,/n, is up to a few percenfsee Sec. Il above

The PLDMR experiment probes the change in the steady
statelp, at the field-for-resonance. Since polarons act as In order to model the excitation densiyy dependence of
quenching sites for SE’s, a reduction in the polaron densitghe PLDMR of m-LPPP and LOPP7 shown in Fig. 3 using
induced by magnetic resonance conditions enhahges®  Eq. (17), we first consider the PA anbh_ results obtained
We note that TE’s can also act as SE quenching Siteew- ~ for m-LPPP. This will reduce the set of adjustable param-
ever, the contribution of a process in which a reduction ofeters. All of the parameters appearing in Ey) are listed in
TE'’s leads to an enhanced PL can be neglected since TE's ifable I.
general have a different signature in thePLDMR spec-
trum. As a consequence of the high localization of the 1. Results obtained for RLPPP
TE's, the interaction between the electron and hole causes a The radiative decay constakf=10°s! of m-LPPP is

zero-field splitting (ZFS) of the different spin(subleve]  ,piained from PL modulation spectroscopy. The absolute

states of the TE. As a result of the ZFS, the resonance tran, | ot m-L pPP films at room temperature is 30%. However,
sitions for TE’s are found aj values higher and lower than lowering the temperature to 20 K increasgs to 50% due

g=2. This is confirmed by PADMR where one finds a smally, 5 |ower nonradiative decay rdteSince the intrinsic life-
change An/n<0.7%) in the TE density at the resonance e and, hencek, are determined by the quantum-

position atg=2 (see Fig. 4 _ . _._mechanical transition matrix element, whichgsr setem-
In order to obtain a rate equation describing the eXC'tat'orberature independeri,, =10° s !
nr .

density dependence of the observed spiRLDMR, one The excitation density dependence of the polaéh PA

D. Modeling of the PA, PL, and PLDMR

needs to substitute E¢L3) into Eq.(9) and solve band at 1.9 eV is modeled by EL3): here,d=130nm,
T polarori= 2% 10~ 8¢, andk,=126/2=63s*, as obtained
Alp. 1 dlp 1 dip (16) from the v, dependence of thB2 band[see inset of Fig. 4;

lpr  Ip dk, Akpt Ip dyp A%, the factor of 2 is due to Eq5)]. Equation(13) then yields a
polaron ~ mutual  annihilation  parameter y,=1.0
which yields the equation for the PLDMR withy, andAk, <10 **cm®s™* and a polaron quantum yieldrom SE dis-
the magnet-resonance-induced changes in the annihilaticgociation 7,=8Xx 10" 4. Furthermore, the mutual annihila-
parametery, and the decay constaky,, respectively. The tion parametery, can also be estimated from the maximum
coupling between the variables of the equation leads to rathesf the v, dependence in the inset of Fig. 6. Recent numerical
complex analytical expressions, which are not given heresimulations have shovifithat one can also use the position
However, as verified by numerical simulation, one finds thabf the maximum of the quadrature signal to estimate a
as long as the PL exhibits an almost linear increase witlequivalent decay constaky, since 2m v may~Keq. Fromkeq
excitation density(i.e., | p,N§ with a>0.95, one can de- one can calculatey, from keq= ¥ Ny, Where Ng is
couple Eq.(13) from Eq. (9) by substitutingnp 7,No for  the steady-state concentration of polarons at the actual exci-
7pNse, with p_ the PL quantum yield. This leads to the tation density. For an excitation density of xA0?
final expression photons cm®s ™1, one findsNg.= 3.8x 10%cm ™2 and with
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Ve ma= 75 Hz this yieldsy,=1.2x10 "cm®s ™!, which is  to 20 K. Hence a diffusion length af~6 nm determined at

in very good agreement with the value obtained from the fi20 K is in excellent agreement with the room-temperature
of the excitation density dependence. With these values ofalue of 15 nm obtained by Haugened¢ral. using a differ-

Ko» ¥p» Ky andk,,, we now fit Eq.(17) to the spiny  ent techniqué’ and it demonstrates that the SE’s are indeed
PLDMR excitation density dependence. For the fit, the totainore mobile than polarons. Therefore one would expect the
magnetic-resonance-induced change in the polaron density BLDMR signal to increase witlt as well since the interac-
set to|An,/n,|<0.06, as determined from the PADMR of tion of polarons and SE increases. However, increading
m-LPPP (see Sec. Il above and Fig).4The obtained pa- decreases the spin-lattice relaxation tilheand the number

rameters are listed in Table I. of trapped polarons, as RRef. 8 and TSC(Ref. 16 mea-
surements show, resulting in a PLDMR which decreases with
2. Results obtained for LOPP7 T. Note that for LOPP7 one finds a diffusion radius of 4.3 nm
at 20 K.

For LOPP7 the radiative decay constipt2x 10° s tis . .
obtained from the PL decay dynamics. However, due to theresltt)rfgr?gclac—iir?éﬁ::g r;?]taer? Z]a.t a sslt;\tljlat;c;n gg;gfvgzjag;e“c
much lower PL quantum yieldyp ~2% in the solid state ge 0 y

and assuming that its temperature dependence is similar E)ADMR pred_lcts a subllne_ar Increase V\.’m’ , 1N complete
that of m-LPPP, one finds,,=4x 105 L. For modeling agreement with the behavior observed in Fig. 5.

the PLDMR excitation dependence, the same values for thﬁ V\fjeetrgfriinr;dey df?rlgf;ﬁ]g['\%f :ﬁ;ﬂ?e/ gL:L%Z?iﬂ Eglarsot;fés
parameters, and y, were used as obtained from the PA of giermined from TSC are much higher in the amgr hous
m-LPPP. The resulting values of the parameters are als h - 062 r? ) | ”_p
listed in Table I. m-LPPP, wheren,=1.6X10"cm°, than in polycrystalline

4 3
A first critical test for these values occurs in calculating parahexapheny(PHP), where n,=1.4X 10*cm™®. Hence

the excitation dependence b, from Eq. (9). We find that both signals are proportional to the number of trapped po-

the parameters yield a nearly linear dependentg ( larons, n,. Furthermore, it was found that upon photo-
0<N0'SE% which is t%erefore in very 0od a ree?ment wi?ﬁ theoxidation one increases the density of carbonyl grofips,

. 0 o . Y9 ag which in turn increases the steady-state density of polarons
linear behavior observed for both materials.

In order to evaluate the significance of the valuesygf as observed by PARef. 26 and, consistent with the model

. o : resen in this work, the ampli I f th -
and y, obtained by fitting the model to the experimental f;%sneptngRge s work, the amplitudslp /1, of the po

resuIFs, we compare them with res.ullts .from other spectro- The present study shows that the interaction between SE'’s
\?vchci)géci;egzz‘élii?éTor;?hpeoIaczlc;:oannn@l!\?gmrgfagggr?@cr:n band polarons becomes a dominant nonradiative recombina-
- , - ; ; 7eom—3
related to a diffusion co%ﬁicientg)z Ypl4mR, where R ton process Whe.ryqnpfv Kr. Slng:e one finds- 10" cm
. . rap sites to stabilize polarons in this class of materials at

=1nm s the extent_of the PO'aTO“ wave function, as Toundhigh Ny, the nonradiative quenching will lead to a drastic
fro_m quantgm-chemmal galcu_latloﬁ%?l'he polaron mobility reduction of the quantum yield and the observation of a sub-
w15 then given by the Einstein relation linear dependence dfs on the excitation densities. Such
behavior has indeed been observedyt it was assigned to
bimolecular SE-SE annihilation. However, the present analy-
sis suggests that SE quenching by polarons will lead to the

Based on the determined value gf, for m-LPPP we  same behavior. Hence this interaction must be considered in
deduce a polaron diffusion coefficieDtp=8.7>< 10 °cn?s future ana|ysis of such sublinear behavior.

and a mobilityu,=1x 10" °cn?/V's at 123 K. As expected, For OLED’s at high driving currents vyielding polaron
due to the absence of an external electric field in the PA an@ensities of order ]_Jécm*?”ls the absence of net optica|

PLDMR measurements, the obtained mobility is much lowergain was attributed to the strong polaron-induced absorption
than mobilities obtained from time-of-flight measurements.in their emission region. Taking into account the effect of
For m-LPPP, a hole mobilityu,=4x10 *cn?/Vs was  SE-polaron quenching means that to obtain net optical gain
found at 123 K at a field of & 10* v/em. in an electrically pumped organic laser one has to spatially
The polaron-induced SE quenching rate constanis a  separate the transport and emissive media in order to avoid
measure of the interaction of SE's with polarons and it isthe interaction of polarons and SE’s.
related to the diffusivities of both the SE’s and polarons. Yet
Table | shows thaty,>y,, which clearly indicates that
highly mobile SE’s are quenched at rather immobile po-
larons. In this context we emphasize that for all OLED ap-  In conclusion, a quantitative analysis of the nonradiative
plications polarons will move much faster since they are acquenching of singlet excitons by polarons was accomplished
celerated by an external electric field. However, for theby combining experimental excitation density-dependent
theoretically calculated SE size~2 nm >’ the SE diffusion photoluminescenceéPL), PL-detected magnetic resonance
constant isDge=4x 10 *cn?/s in m-LPPP. Withr=\7D  (PLDMR), photoinduced absorptio(PA), and PA-detected
and the lifetimer~10"°s, the mean diffusion length of SE’s magnetic resonancéPADMR) with a new rate equation
is r~6 nm. It was recently found the migration of SE's in model. The model described the behavior and the basic in-
m-LPPP decreas&sby 50%—60% ag decreases from 300 teraction of polarons and singlet excitof®E’s) in all four

eD= ukT. (19)

V. CONCLUSION
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experiments with one set of parameters. It is also in quantistudy is relevant both for understanding the photophysics of
tative agreement with results of other studies, such as theconjugated polymers as well as for practical organic light-
mally stimulated current(TSCO), SE diffusivity measure- emitting device applications.

ments, and extensive theoretical studies. The results show
that the interaction of SE’s with polarons becomes a domi-
nant nonradiative recombination process when the quenching
constant, which is a product of the polaron densityand The authors would like to thank J. Partee, E. L.
the interaction parameter, between SE’s and polarons, be- Frankevich, and E. Zojer for valuable contributions. This
comes comparable to the radiative decay constant, i.ework was supported by FWF P. #12806, BMWYV, and by the
YqNp=K; . In the class of materials described in this work, aDirector for Energy Research, Office of Basic Energy Sci-
strong quenching of SE’s appears to occur at polaron densences, U.S. Department of Energy.S. DOB. Ames Labo-
ties of ~10'"cm™3. Since such polaron densities can be eas+atory is operated by lowa State University for the U.S. DOE
ily achieved upon photoexcitation or carrier injection, thisunder Contract No. W-7405-Eng-82.
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