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‘a)ce | b) LUMO
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Comparison between different models for the positive polaron:
a) Electron—phonon (SSH) model.
b) Molecular orbital picture.

M. Wohlgenannt, phys. stat. sol. (a) 201, 1188-1204 (2004)
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For mLPPP, RR-P3HT, and PFO, P, <P, which is indicative of a destabilization of the polaron as a result of interchain interactions.
M. Wohlgenannt, phys. stat. sol. (a) 201, 1188-1204 (2004)
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Is polaron recombination (exciton formation) spin-dependent?
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Y. Cao, I. D. Parker, G. Yu, C. Zhang, UNIAX, Nature 397, 414 (1999)
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M. Segel, M. A. Baldo, R. J. Holmes, S. R. Forrest, Z. G. Soos, Phys. Rev. B 68, 075211 (2003)
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* The spin 1/2 PADMR spectrum shows a negative magnetic resonance response at the T triplet exciton PA band, in addition to P,

and P, PADMR bands. = Polarons can recombine to form triplet excitons. Since the polaron population is reduced by spin-1/2

resonance, then spin-1/2 resonance indirectly affects the triplet population via the exciton formation process.

* The observation of a negative T, spin-1/2 magnetic resonance indicates that the polaron recombination process is bimolecular and
non-geminate in nature.
M. Wohlgenannt, phys. stat. sol. (a) 201, 1188-1204 (2004)
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Fig. 11 a) The PA and PL specira of
PPV (sce inset); (hi the PADMR spec-
trum at magnetic field H = 1L.05kG
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Polarons can recombine to form singlet excitons, and therefore spin-1/2 resonance indirectly influences the singlet population via
the exciton formation process. A reduction in polaron density would then lead to a reduction in singlet-polaron quenching and
therefore an increase in singlets.
M. Wohlgenannt, phys. stat. sol. (a) 201, 1188-1204 (2004)
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Fig. 12 The laser intensity depen
dencies  of the photoluminescence
(PL, solid squares), the magnetic re
sonance effect on the photolumines-
cence (0 PL. open squares). the po-
laron PA band measured at (.55 eV
(—=AT/T. solid circle) and its square
(open circles, rescaled) in a PPV film
measured at 10K, The modulation
freguency was 1 kHz,
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M. Wohlgenannt, phys. stat. sol. (a) 201, 1188-1204 (2004)
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Origin of the PLDMR and that polaron recombination is non-geminate.

—> Positive singlet signal and a negative triplet signal show that 64 > o;.

Magnetic resonance leads to a randomization of the spin-alignment of the recombining
pairs of polarons. At all times, the four possible spin states of the recombining polarons
are equally populated, and each pair of polarons changes its spin state rapidly on the
time scale of recombination. This then leads to continuous competition between singlet
and triplet formation. Therefore more efficient channel leads to a positive signal,
whereas the less efficient channel leads to a negative signal.

M. Wohlgenannt, phys. stat. sol. (a) 201, 1188-1204 (2004)
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J. S. Wilson, A. S. Dhoot, A. J. A. B. Seeley, M. S. Khan, A. Kohler, R. H. Friend, Nature 413, 828 (2001)
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Conjugation length dependence of Spin Dependent Exciton Formation
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J. S. Wilson, A. S. Dhoot, A. J. A. B. Seeley, M. S. Khan, A. Kohler, R. H. Friend, Nature 413, 828 (2001)
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D. Beljonne et al., Adv. Funct. Mater. 14, 684 (2004)
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FIG. 3. (a) The experimental setup of the de PL efficiency measurement. PL from an optically excited OLED is focused onto a calibrated
silicon detector. An optical filter is used 1o remove the pumyp light from the collscted light. The OLED is placed wnder a varying reverse bias
that pantially quenches the PL. The out-coupled PL efficiency is obtained by comnparing the change in FL {3 P} 1o the photociurent. Tser:
A cross section of the OLEDs. Charges and excitons within the orgamie layer under test are confined 5y a heterostructure employing
bathoenproine (BCP) as the electron transport {(ETL) and hale blockmg layer. The semicondueting polymer MEH-PPV was used 25 a hole
transport layer (HTL). (b) The experimental semp of the | PL «ff . Here the photocurrent and out-coupled PL
are detscted by locking the photocurrent to the cptical choppive frequency, and the PL to the modulation frequenzy of the reverse bias
voltage. This scheme rejects lenkage cument. optical pump fluctaation, and detected light noise.

M. Segal, M. A. Baldo, R. J. Holmes, S. R. Forrest, Z. G. Soos, Phys. Rev. B 68, 075211 (2003).
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M. Segal, M. A. Baldo, R. J. Holmes, S. R. Forrest, Z. G. Soos, Phys. Rev. B 68, 075211 (2003).
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TABLE I Summary of various measuremerts of y 5 vsing EL/PL companisons.

(a) small molecular weight materals
(1) Direct comparisons of EL to PL

Material 7 7pL (%6) g (%) ¥

Xs Ref

(i) Phosphorescent tzchniques

Algy® 58 1.06 0911005 0202 001

Material 75 Wy e Xs

Ref.

Pt monomer” 18 1.0 0.22+0.
CBP” 022 0221002
Alg:? 27 0.56 022+0

(b) Polymeric materials

30, 41

ta

(1) Direct comparisens of EL to PL

Material 7o (%) 7, 115y (%) NgL 126) e/ 7 (%) ¥

P Ref

n
e

OC1 C10-PPV*

MEH-PPV? 13

Green PFVE 33£3 6+0.5 23

Orange PPV" 9+1 18+02 5.6

MEH PPV* 1.2 0.82 0.85£015
(i1) Phosphorescent tzchniques

[P

W e

Matesial e e nhe/ e

Ref

X
Bt palymer 46 18 0.57+004

wn

singlet fractions of tris(8-hydroxyquinoline) aluminum (Alq3) = (20+1)%

M. Segal, M. A. Baldo, R. J. Holmes, S. R. Forrest, Z. G. Soos, Phys. Rev. B 68, 075211 (2003).

singlet fractions of poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) = (20£4)%.
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“Maximum EL efficiency of 24 cd/A were observed at 12 V, which corresponds to an external QE of 7.1%.”

“We assume that triplet—triplet annihilation is responsible for this, in which triplet excited molecules, excitons, generated by
carrier recombination, go through annihilative reactions with other triplet excited molecules to form singlet excited molecules [M.
Pope and C. E. Swenberg, in Electronic Processes in Organic Crystals (Oxford University Press, New York, 1982), p. 64.] This
process may be facilitated when a large number of excited molecules are generated at high bias voltages of over 10 V in this

ITOCube
0 AlMgAR (open
AMALIL

nesin G-doped Almgy (150 A)
AVAL{1000 A) devices
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How can we understand the result of ng; > 0.251,?

1. Small exciton binding energy - free e-h recombination.
2. Delayed fluorescence from the T-T annihilation (fusion).

3. Capture cross section of the singlet exciton is higher than that of the triplet exciton.

23/33 Changhee Lee, SNU, Korea
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fusion

S + phonons
fission l

S, + hv;(Delayed EL)

T+T->S*+So;Spinl1+1=0,1,2
Singlet exciton : 1/9
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Intensity of the delayed fluorescence 1
2
Ipp =k, [S\] =P Efymr[le

where 4r is the rate constant for the radiative decay of the singlet states, [S,] is the density of the S| states, @, is the
quantum efficiency of the fluorescence, £ is the fraction of the triplet-triplet annihilations that leads to a singlet exciton,
Yot 18 the total bimolecular annihilation (fusion) rate constant, and the factor of 1/2 occurs since the disappearance
of the two triplets results in only one singlet.

The time evolution of the concentration of the triplet state [ 7] after the excitation light was turned off (+=0) is given by

dfT,
N (1) 3,17,
dt
At very high triplet concentrations, d[dﬂ ~ —ymt[lez = [7’]]71 R Yl o I pp(t) o [T]]2 oc iz
t t

After some time or by using a less-intense excitation light, the second term can be neglected due to the small triplet concentration
(kr[T,1>>Y,o[T,]?). The decay time of the DF intensity is half of the correlated triplet lifetime tT.

t 2t t

T . R [
B« kg1 = (T =™ = Ly [T e ™ =e

M. Colle, C. Garditz, M. Braun, J. Appl. Phys. Lett. 96, 6133 (2004)
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Triplet — Triplet (T — T) Annihilation
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Rate equation for the triplet-triplet annihilation

dny _ _np L, o J
dt r 27" qd

1) transient t>0,J(t)=0

t

. 1 _t
) kpnp(0)<< - ny =n,;(0)e *

Organic Semiconductor
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SMERIME —— L ME M,

i)k (0)>> L P gy
T dt
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At+ B (At+B)* (At +B) 2 n,(0)
1 1 n;(0)
" 1 o
At+ B Ly 1+ —n, (0)k,t
2 n, (0) 2

27133
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trial solution
. 1 1
1 —Aer Ll L
np(t) = ——— T ¢ __ T _ 27
B : . .
Ae*+B (4ot +B)*  (de"+B) (de® +B)
A4 = 1, = 1 1
——e'=——(Ae" +B)——k L B=——k,T
Te T( e ) 5K 5T
1 1 1 1
t=0; 0)= A= —-B= +—k,T
nT( ) A+ B nT(O) nT(O) 2 !
ny(0)
ny(t) = 1 L [
[1+5krmr (0)]er _Ekrmr (0)
1
Light emission intensity  L(¢) = np () _ L(O’) (et KZEanT(O))
(1+Kr)e" — Kt

M. A. Baldo, C. Adachi, and S. R. Forrest, Phys. Rev. B 62,10967 (2000)
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T — T Annihilation: Steady-state solution

Light emission intensity L = I
T
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Triplet-polaron annihilation

d[*M* M J
e+ =
gd

dt T

Assuming bulk limited transport, then [n,] is proportional to the applied potential V,
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