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The Beer-Lambert Law: c
10 0.0 _OOK)OO’O. : [T SR S N TR SR R B
Absorbance =log(—=) = &cl 200 250 300 350
[ Wavelength (nm)

I, and I are the intensities entering and leaving the sample, respectively. € = the molar extinction coefficient or
molar absorptivity, ¢ = sample concentration in moles/liter, 1 = length of light path through the sample in cm.

Molar Absorptivity, ¢ = 4 / ¢ [, where A= absorbance (Optical Density)

lo o - |

‘z >

-1
c~10° cm
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— solid thickness

d ~10" ecm =100 nm
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Selection Rules for Electronic Transition EE 430,859
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Fermi Golden Rule 5

Ar |- g 2
Electric dipole transition rate from i to f state: Ly = H20 &Yy ‘ ‘Wi > (@)
Oscillator strength for the transition f oc £ < 14 f‘;z; W, >‘

Dipole moment operator d = —eZ v
J

« For the allowed transition |Al=%1, AS=0

« Symmetry selection rule: only g (even parity) € u (odd parity) transitions are allowed.

(The vibrational motions may lower the symmetry of a molecule, so that symmetry-

forbidden transitions may be observed) 5
_ Ze = = A
* Spin selection rule: no change in spin multiplicity Hgo = Imie? 7 L-SocZ
(The spin-orbit coupling allows the mixing of singlet and triplet states) |
Eg., Transition from 2p to 1s state in a H atom F2p—>ls ~0.6x10° s~ [T T ~1.6ns
2p—>ls

=30 I
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Absorption and Emission of Light EE 430,859
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Excited state

2 O O

A

hv W B12 B219A21 /\/\M hv

absorption

A,,: Spontaneous emission (e.g., LED)

4 By: Stimulated emission (e.g., Laser)
)\
1 O @,

Ground state
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Absorption and Bmission of Light ~ o&fmw

2014. 1st Semester

Consider a molecule with two energy levels 1 and 2. FHZ = Blzl(a)ﬁ)
27 ~ 2
The rate of transition B,, induced by light of frequency v | By, = 3? <y,dy, >

Transition rate for 1 = 2 (absorption): B4, I(v) N,
Transition rate for 2 - 1 (emission): [B,; I(v) + AN,

N, (N,)= population of the level 1 (level 2).

A,, = spontaneous emission from the level 1 to the level 2.

At equilibrium the rate of transition 1< 2 must be the same.
N, _ By I(v) + 4, — 14+ 4,,

=14+ —— 1

N, B,1(v) B,1(v) L
But at equilibrium, N, and N, in each level is given by the Boltzmann equation

N, E,-E hv

N_z = exp( k—T) = exp( k—T) (2)
Equation 1 and 2 must be equal. Therefore, we can obtain I(v).

I(v) = 4, /Bz1 — 4, /}le (3)

(Blle/BmNz)_l &eﬁ—l
B21
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H=SclSH

Absorption and Emission of Light e
At equilibrium I(v) is the radiation density of a black body at temperature T. Planck’s radiation law.
Szhv’ 1
1(v)= 3 v @)
¢ el —1

By comparing the like terms in equations (3) and (4), the Einstein coefficients can be obtained to give

B, = B, ©)
The stimulated emission process occurs at the same rate as the absorption process. And we can get
A4,y 8zhv®  8ah| (6)

B, ¢’ A

The rate of spontaneous to stimulated emission increases as v3. B,, can be measured from the
absorption spectrum. 3 3
1 c A

"~ 4, SmhvB, 8uhB,

The radiative lifetime:

The stronger the absorption, the shorter the radiative lifetime. And the radiative lifetime decreases with
increasing frequency (or decreasing wavelength).
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Harmonic oscillator EE 430.850
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Table 5.2 Some Hermite Polynomials

Schrodinger equation

Hn(Y) &n En
d’v 2m 1., :

L 3 (E= ke )y =0 S i

2 3
d.x 2 1 2y B th
. 2 4-_}'2 = 5 ?hv
The n-th wave function of the SHO. ; 12} ¥ }é; ¥ g
O == o v
5 32y’ — 160y> + 120y 11 “hy

2 )
_( mv)1/4(2nn!)—l/2Hn(y)e—y /2

H.(») : Hermlte polynomial

The acceptable solutions are obtained when \
1 NETgY
E,=(n+Jho  n=0,12,.. R

Selection rules: An =+1

A. Beiser, Concepts of Modern Physics, 6th ed., McGraw-Hill, New York, USA, 2003, Chapter 3
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EE 430.859
StOkGS Shlft 2014. 15t Semester
Stokes shift
Erlergy 0>0~ -0->0 4
EXCIted State Sl i I LI L | LI I I |l| LI | L | I | I LI :
\ sk 10 DPA-
Relaxed = 091” O O O i _
21 § i Absorption Fluorescence ] %‘
o) L ] =.
0\<' £ Lop 02 1 3
4 9 i U —: 2 8
sl S, £t i
gz_l Q o § B ] /&?
= S 2 051 0>3 i 2
< T Ground State i J1 E
3 ' i 350 ] =
vibrational || J I \u E
|eve|S 1\J 00 L1 1 1 T | | ~—‘—J 1 | l L | Lol ol | 1| :. 0
0 R 250 300 350 400 450 500 550 600

Configuration Coordinates Wavelength (nm)

http://omlc.ogi.edu/spectra/PhotochemCAD/html/diphenyl-anthracene.html
9,10-Diphenylanthracene dissolved in cyclohexane.
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H=SclSH

Franck-Condon intensity distribution o089
Vibronic intensity distribution : Huang — Rhys parameter
Zl’l -7 . . . . 1 2 MCO 2 Ed 1
= — . Z=——>5K(A =—— (A =—=n+—-
I(n) - e “ : Poisson distribution he (AQ) Y (AQ) . 5
‘ :  AO=0, Z=0
050 0>1 0>2 0->3 ¢ S,
| 3
: ! ! i AQ#0, Z=05 - 9
0->0 0>1 0->2 0->3 vibrational
levels 1
0
‘ ‘ \ S
! - | I AQ=#0, Z=1.0
050 0>1 0>2 03 .
vibrational Z
levels 1
0
| | | | AQ#0, Z=20 ,
0>0 0~>1 0->2 0->3 Configuration Coordinates

9137 Changhee Lee, SNU, Kor



H=SclSH

Franck-Condon intensity distribution: an example EE 430,850
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N LA BRI I L
15__ O Z=1.0461__
L OO |
i Q |
g0 DPA -
:$ B —
S 1.0F |
8 B —
O
LI f\ ! :
2 - )
2 051 _
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Exciton formation 08

charge transfer states Optical excitation

bound polarons _ .
_ P extended polaron,pairs g Kisc o[
excitons l free Bo\larons Edl
A f A A \Y I EL kES kET

. E 5 S+, Tv Electrical excitation

| oc, \ G l las

<£SC : | Kg: \ . kg, e -
> 5 | - et —T=ct|;
@) + Degenerate statistics y Ko ;
o) =l (1:3 singlets:triplets) | Degenera{e .
0 3 : k /' __polaron pairs

W=l :

E 7)) : : T ¥

- S : S

= : f(-\S f Kisc

E | rK(T): rc(T) k" \ k”f

W i/ R o
- luorescence Non-radiative Phosphorescence
Charge separation (r) e

M. Segel, M. A. Baldo, R. J. Holmes, S. R. Forrest, Z. G. Soos, Phys. Rev. B 68, 075211 (2003)
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Singlet & Triplet Excitons

Singlet exciton S=0

o

e-h pair 1) = (M)

Excited States

|
v
Spin-allowed transition

fast, efficient
Fluorescence

t | t
S 3 I

Gtound State, S=0 Singlet exciton S=0
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Triplet exciton S=1

‘Z1752>:‘TT> v

| 270) = (\N> )

) =W) é

$
|

Spin-forbidden transition

slow, inefficient
Phosphorescence

Triplet exciton S=1
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Energy Difference between Singlet-Triplet Exciton Energy EE 430859

2014. 1st Semester

 Triplet state is at lower energy than the singlet state.

 Electrons in singlet state have the antisymmetric spins, thus can have the same position in space,
resulting in a large electron-electron repulsion energy.

 Electrons in triplet state have the symmetric spins, thus cannot have the same position in space,
reducing the electron-electron repulsion energy.

* The S - T splitting 1s proportional to orbital overlap and inversely proportional to orbital size.

40 L L I L L L L
- HPPY 1
1 PMOT
KL -
anthracene: S,-T,=15eV s | ~n_ PPY]
) | PFO
o 3.0 i
tetracene 1.3 eV 5
w
ko] DOOPPV
pentacene 1.1eV S 25 DHOPPV o = :
o MEHPPV PBOPT
2,1‘.'!-. -
A. Monkman et al., Phys. Rev. Lett. 6, 1358 (2001) 06 08 10 12 14 16 18 20 22 24 28
Triplet Energy (eV)

S
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Jablonski Energy Diagram e 420859
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excited < : > excited
states Internal conversion T states
(IC ~ 10-14-10-12 5) 0 72
— T, =>|T], absorption
% . Delayed fluorescence (DF)
S; 1 oo C - P 3
0 ___LL._ Intersystem ___C D % T,
BN (D crossing ‘ ¢ 0
o |7 (ISC) :
< o
2| [T i
L ol  iNon-radiative
c O : :
S| |5 relaxation o
o 3
21 12
={NE
LL E .
1
0
Singlet ground state, S,
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Excimer or Exciplex EE 430.859
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P . Excimer
yrenef)\(cmler peak

I kM

A=1x102M
; /N

B =7Y75x10°M

A

=
]

2| U
=
9p}
-
5 L
=
> hnmonomer 5 C =5 IN'M
5 @™
2 hn_. . 10}
g excimer O
] 2 Monomer D =329 10%M
A 4 *5 peak
! T T
m E =1x103
PyPy \ 4 SO AR =
Py + Py ; ! F=1x104M
. , g 0o 750 500
Configuration Coordinates Wavelength (nm)
Excited state dimer; Repulsive ground state
Excimer: M+M* * Red shift
Exciplex: D+A* or D¥+A * Broad peak with no vibronic structure
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Davydov splitting EE 430.859
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| Energy | .
Coulomb interaction
- © P, @70, energy in the excited state
7 : T LGRS
1“ D R
""""""" =R 2I;,=Ap ,)'
@}, El )
Coulomb interaction ,,:F
P192 ?192 energy in the ground state i |
Eor ] - ﬁi: [DU “‘Z.//" n'
G =
Monomers Dimer hes
(V12 =0) (Vi2 # 0) Y

D'=<4,',|V.,|8, &, >=<46, |Vl > . D° =<46,[V},|40, >

D =D—-D" “Solvent shift” if one of the two molecules is a solvent molecule.

E.=E +E,+D+],, I, =< ¢1*¢2‘V12‘¢1¢2* > Resonance interaction energy
A, =2[, Davydov splitting
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Polarization of the optical transition in Davydov components o 430858
. 15t Semester

1 . , \ | Energy
Mg s, =< ¢1‘e’”‘¢1 >, M s, =< ¢2‘er‘¢2 > E* ®= f
o, £ * !
M;<—SO =< ®G‘er‘¢i > 1 £ ,¢’+ A i
1
| I lIb 1b |
:ﬁ < ¢1¢2‘e’”‘¢1¢2 to @, > 1l il L 1
1 ; ¥ |
= ﬁ[< ¢1¢2‘67_;‘¢1¢2 >*< ¢1¢2‘e’7‘¢1 ¢, >] M, Mol
M+
1 2 1 ., M; A \ M,
Zﬁ[M ses, TMg s, ] =
gt ol M2y IM.=0
s oblique parallel

In the case of parallel orientation of two molecules, only one of the two optical transitions S, € S,
of the dimer is allowed.

MJlr)imer — L 2M1

\/5 N

M_Dimer — O

1
or —=2M;

J2

In the case of non-parallel orientation of two molecules, there are two allowed transitions.
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Self-aggregation of dye molecules EE 430.859
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The self-association of dyes in solution or at the solid-liquid interface is a frequently
encountered phenomenon owing to strong intermolecular van der Waals-like attractive
forces between the molecules.

J-aggregate (J for Jelly, one of the first workers who investigated these shifts). Bathochromically shifted
(red-shift): E. E. Jelly, Nature 1936, 138, 1009.

H-aggregate (H for hypsochromic): Hypsochromically shifted (blue-shifted). L. G. S. Brooker, F. L.
White, D. W. Heseltine, G. H. Keyes, S. G. Dent, E. J. VanLare, J. Photogr. Sci. 1953, 1, 173.

oblique a Q head-to-tailee parallel oo

E’+ M"“f ......... E , S
E° : E*’ S TSR S E*’ T
band splitting ¥ | red shift % blue shift
monomer dimer monomer  J-aggregate monomer  H-aggregate
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Host — Dopant Interaction EE 430.859
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g zx =c SEH S, EE= M S,
3"' d moment Derma Réd shift Amax blue shift
QOQ I-EI_gEH S T —— + HI.Ell.Aol.EH SO . \ v
> >
Z0ie] =4 (polarity) Z0i2] =Y (polarity)
K> Ho Hi<Ho

V. Bulovic, M.A. Baldo, and S. R. Forrest, Excitons and Energy Transfer in Doped Luminescent Molecular Organic
Materials, in Organic Electronic Materials, edited by R. Farchioni and G. Grosso (Springer, Berlin, 2001).

2o
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Host — Dopant Interaction a0 Es

Solid state solvation effect

10}

0.8 r

EL Intensity [a.u.]

0.2

0.0

0

DCM2 dipole moment o

0.6

Alqg3 dipole moment ' \

0.4 r

' ' ' ' 1 1 | - i - . R
—_— Ag DCI;\f/!HZI__fConcentratlon | CHCI, C,HOH
r",r" Mg:Ag 1ok CeHey,  \  / {L{EHQESZD
Alg |
Alq,:DEM2
a-NPD 5
T <
glass B
, £
Alqg, /
d s
\.-f’ '
f’HJ .ﬂ-'?t.“'.
1 ..-'-"{..: [ - | e L R & 0.0 ! ] =1 . '
400 500 800 700 800 . 500 G600 700 800

Wavelength [nm] Wavelength [nm]

V. Bulovic, A. Shoustikov, M.A. Baldo, E. Bose, V.G. Kozlov, M. E. Thompson, S. R. Forrest, Chem. Phys. Lett. 287, 455 (1998).
V. Bulovic, R. Deshpande, M. E. Thompson, S. R. Forrest, Chem. Phys. Lett. 308, 317 (1999).
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Exciton Energy transfer EE 430,859

2014. 1st Semester

electron g
@ Singlet exciton

25 %
Exciton @Q ) MH hy
Energy transfer

Triplet exciton
W
HOMO

ol @ Dopant
Host

LUMO
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Exciton Energy transfer o EE 40858

Forster Transfer Process 4]— )
Dipole-dipole interaction

(overlap of PL and Abs spectra)

long range ~30-100 A ‘ ‘ }
K*J 88x107*" mol } % t

kD—)A = 4 6 D A —
nTtTyr

Overlap integral :J = I A ?\:fD v )d v —
V —H—
\4
A*

Dexter Transfer Process

Electron exchange
(overlap of wavefunctions)

short range ~5-20 A | ‘ ‘
LN

/ P*J exp (-2r/L) ) A

27

22/37 Changhee Lee, SNU, Kor



H=SclSH

Forster Exciton Energy transfer EE 430,859

2014. 1st Semester

| X
N/
o\\ O
A
)Y Fluorescence
DCM2
_I L L | L L L L | L L
N : :I 11 LI LI L T T 11 | LI LI | 1T 17 LI T |:
~ | Absorption Fluorescence 3 Lop :
= 40F DCM2 : - :
'To - A|q3 . - .
= - Jo038 0.8F =
8 : Jo6 & 5 o06F =
& 3 - v g = :
8 - ] - ) - 3
S 20§ - E- - .
£ - Joa % - 0.4F E
g‘ C ] a o ]
2 F = = - g
S b | . ,F Fluorescence E
= C 0.2 “E Al ]
= - pectra . g ds E
- Overlap - - -
C . 0.0E =
o1 iy 0.0 400 450 500 550 600 650 700 750
300 400 500 600 700

Wavelength (nm)

Wavelength (nm)
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Experimental results of Forster energy transfer ‘Lt st

2014. 1st Semester

TAEBLE I Characteristics of O5L=.

Operating lifetime Differential
Forster Lasing Lasing at P=500 #J_.-Cjﬂl guantum
radius wavelength threzhold® (No. of pump laser efficiency”
Laser material (A) | fum | {#I.-'cmzj pulses) i %a)
Alg;-DCM 32 615-660 3 = 10" 30%
Alg;-DCM?2 39 655-700 2.5 =10° 30%
Alg;rhodamine 6G 41 G10-625 35 10° —*
Alg;pyrromethane 346 38 560 15 =10° 5%
CEP:perylene 28 483 5 =>10° 15%
CBP:covmarin 47 30 450 15 10° —*

"Lasing thresholds are for 3 mm long slab waveguide OSLs.

"Differential quantum efficiencies are for 1 mm long slab waveguide OSLs.
I: .

Not measured due to rapid degradation. (a) { 2 ] - .

c
CH, N

§
- COOC,H, O
| (d) G/ f)
l \B.: CH,
N I {HCN
. . S ) Q Yo
V. G. Kozlov, V. Bulovic, P. E. Burrows, M. Baldo, V. B. Khalfin, G. Parthasarathy, (c) P

S. R. Forrest, Y. You and M. E. Thompson, J. Appl. Phys. 84 (8), 4096 (1998)

FIG. 1. Chenmucal structure formulas of (a) Alg;. (b) DCM, (c) DCM2, (d) sthodanune 6G. (e) pyrromethane, (f) CBP, ( (h) coumarin 47.

%‘“’l«"
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Dexter Exciton Energy transfer EE 430.859
2014. 1t Semester

. R 3 R K

Electron exchange D*

A A A

Wavefunction overlape—zR/L

o

Dexter Transfer
Process

No overlap

N. J. Turro, Modern Molecular Photochemistry, (Benjamin/Cummings, 1978).
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Exciton diffusion length

FSPNE=Tu E=2s
EE 430.859
2014. 1st Semester

exciton

"Ex\cito;l mean free path

[, host emission intensity

S1H

~
alfe

Sig
host emission intensity

guest emission intensity

"

Sensitized fluorescence

Exciton capture radius I
1.00

Vi
:

—Ié'
=
&

4

Fndhs aey

T=70ps

Lo : 0.00
guest emission intensity | -
1.00 1
slope ~ 47DRt N, S
0.50 -+
0.25 1
0.00 m
0 100
> CG
26137
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Exciton diffusion lengths of organic semiconductor thin films o 430858
. 15t Semester

TABLE II. Reported exciton diffusion lengths.

a . L L
( ) 10 ~—theory Lp= 3[11:3)15'\ , : ,
0.sl = experimen Material® Ly (A) Technique Ref.
o Small molecule systems
& 0.6} EA=z3 SeV PTCBI 30%+3 PL quenching This work
— PTCDA 88060 from 7pqe 30
I-'|'||' 0.4 CuPc [EA=44eV- PPEI ~700 PL quenching® 91
= PTCBI CuPc 100=30 from 7gqe This work
0.21 IP=5.26V T 680+ 200 from 7gqe 92
. .  IP=B.1eV ZnPc 300£100 from 7gqp 93
0'00 40 80 120 160 Ceo 400=50 from 7gqe This work
141 from ngqg 26
(b) tpreal [Al Algs 200 04
14 — ~200 05
1.2} Polymer systems
PPV 70x 10 from 7gge 31
~ 1.0 120+ 30 from ngge 92
- - QE -
& pat PEOPT 47 from 7gqe 26
0 50 PL quenching 96
3 06} -
= 0.4t *PPEl=perylene  bis(phenethylimide).  Alq;=tris(8-hydroxyquinoline)
" e aluminum. Other abbreviations are defined i Table L.
0.2 ®Using the result for the SnO, quenching surface and assuming infinite
0.0 . ; ) . . surface recombination velocity. The results leading to L ==2.5+0.5 um
0 10 20 30 40 50 B0 are likely influenced by quencher diffusion and morphological changes

tace [A] during solvent vapor assisted annealing.
CP = L
“Optical interference effects not considered.

Peter Peumans, Aharon Yakimov, and Stephen R. Forrest, J. Appl. Phys. 93, 3693 (2003)
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H=SclSH

Exciton diffusion lengths of organic semiconductor thin films o 430858
. 15t Semester

TABLE L. Calculated quenching layer Fisrster radii (R ;) and diffusion lengths (L) for singlet (S) and triplet (T)
excitons of crystalline (C.) and amorphous (Amorph.) films.

R, with Cg Ly
Material Exciton Crystallinity (Orientation) Quenching/Blocking Layers (nm) (nm)
NPD S Amorph. Coy/ BCP 2.4 5.1 (+1.0)°
CBP S Amorph. Cyy (or NTCDA)/Bare 2.7 16.8 (+0.8)°
SubPc s Amorph. Cgy/ Bare 1.1 8.0 (£0.3)
PTCDA S C.-55 nm (flat) Cyo (or NPD)/NTCDA 0.9 10.4 (+1.0)
DIP S C.-== 150 nm (upright) Cgp/ Bare 1.2 16.5 (+0.4)
DIP S C.-30 nm (Aat) Cy,/ Bare 1.2 21.8 (+0.6)
PIOEP  TMon. C.->150 nm (upright) Cyy/ BCP 0.6 18.0 (+0.6)
PIOEP  TDim. C.-=150 nm (upright) C,,/BCP 0.6 13.1 (+0.5)

*Corrected for energy transfer to the quenching layer.

Richard R. Lunt, Noel C. Giebink, Anna A. Belak, Jay B. Benziger, and Stephen R. Forrest, J. Appl. Phys. 105, 053711 (2009)

;;:, | |
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Probability of exciton dissociation at D/A heterojunction EE 430.859
2014. 1t Semester

10’
P : <
o r,=40A : :
_g 101EIQEQE§DQEQEQQEQEED _' E
acceptor g_ :
' r,.=20A z
DA interface ,5 102k © .' _
g i f}ﬁ ot |
o, . . .
7 16% 1 ;i L=10A
10° 10" 10° 10° 10’
Field [V/cm]
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H=SclSH

Delayed fluorescence by triplet excitons EE 430855

2014. 1st Semester

Annihilation of two triplet excitons
I.+7, — S,+T, > 1, tripletquenching
- S, +S5, »> §, delayed fluorescen ce

Strong excitation Weak excitation
I, < jal, [, ocal,
[pp ocaly ! pp OC(O[IE)2

. |
Intensity of the delayed fluorescence: [ . =k [S ] =d, 5 Il 1] .

where £r 1s the rate constant for the radiative decay of the singlet states, [S,] 1s the
density of the §, states, Fy. is the quantum efficiency of the fluorescence, f1s the fraction of
the triplet-triplet annihilations that leads to a singlet exciton, v, 1s 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.

M. Colle, C. Garditz, M. Braun, J. Appl. Phys. Lett. 96, 6133 (2004)

233D I
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H=SclSH

Delayed fluorescence by triplet excitons EE 430855

2014. 1st Semester

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

diT\] ~ 2
dt o kT[T1] ytot[le

At very high triplet concentrations,

di'T ) 1
[d;] ~—y [T]? = [T,] " =y t. . 1, (t)c[T]° Oct_z'

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

t

dfT . ——
[1]z_kT[Tvl] :>[T1]zekﬂ:€T
dt

A T
s 1, () [T]oce ™ =e . For =7,

M. Colle, C. Garditz, M. Braun, J. Appl. Phys. Lett. 96, 6133 (2004)
Yl 31/37 Changhee Lee, SNU, Kor
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Delayed Fluorescence in Alqg3 EE 430,859
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x1000
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@ TDF 70(=27pF) 7700 P00/ TDF
‘E EL delay time - . - < N N\C
= At=3ms a-Alq; 6.6+0.5 132+1 13.6+£0.5 2.05
g Yellowish- 7.8+05 156=x1 16.2+£0.5 2.08
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= \ Jl DF &-Alqgs 6.2+0.5 12.4+1 13.2+0.5 2.13
30 20 a0 80 > Film 433025 8.66=1 9.3+0.5 2.15
Time / ms
M. Colle, C. Garditz, M. Braun, J. Appl. Phys. Lett. 96, 6133 (2004)
T - T - T T - L T
1.0} N A - 1.0} T=50K 2 !
¢ i/ £ E
0.8l 1 \ - 1 i 0.8+ 0.1 2 i
g ! 80K\ ! < linear fit
! N2 o
Sos- I ST - i gos- 50.01- -
~— (] I ~
S0K ‘ £ A I TP S S
2 f : A 8 0 2 4 6 8 10 12 14 16
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‘g ! NN = %
- 1[4 30K~ £ 0.2}
02} 1/ My O g 2
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00l . ;e g o0, . . . :
" 500 600 700 800 0 5 10 15 20
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Delayed EL spectra of Alq3 taken after the end of the voltage Transient intensity of the delayed luminescence detected at
pulse (D=3 ms) at 30, 50, and 80 K. 520 and 730 nm, measured at a temperature of 50 K.

%1;/1. Colle and C. Garditz, Appl. ths. Lett. 84, 3160 520042
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dA=2clEH
EE 430.859

Singlet-triplet and singlet-singlet annihilation o EE 40858

Singlet-triplet annihilation S, +7, —22—>T +§,
— T, + heat

Singlet-singlet annihilation S, +S, —5—>S" +§,
—> S5, +95,

Table 6.4 Bimolecular exciton annihilation rate constants, in B +
cm? s™1. 1ot is the total rate constant for triplet-triplet —>e +h
annihilation, yst the rate constant for quenching of the S,

emission through singlet-tiplet reactions, and yss is the rate of

singlet-singlet annihilation. From [M1] and [M4]. Further

references can be found there,

ot YST S
Anthracene 2-10~1 5-1077 1-107%
Naphthalene 3:5-10°1 5.10~11 1.10710
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Triplet — Triplet (T — T) Annihilation EE 430,859
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T,+T,—=—>T, +38S,

. . . oy . . dnT nT 2 J
Rate equation for the triplet-triplet annihilation =———k.n,~ +—
dt T q
1) transient #>0,J(¢)=0
A 1

. . 1 ——e’ R k

trial solution 77 () = — r I r
de"+B (4" 4By  (der+B) (de* +B)

A Y et By k, " B=—-kr

T T

1
t=0;n,(0)=— coA = : — B = : +k,7
A+B ny(0) ny(0)
ny(0)
np(t) = L 5

[1+k,mm; (O)]e; —kym; (0)
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T — T Annihilation: Transient Solution

Light emission intensity L(¢) = -~ @) _

L(0)

(1+Kr)e;—Kz'

] I I o T
4% PtOEP:CBP
1 ;
7 i 6x10"%cm Photoluminescence |
2 "
= \
g
o e,
= ' 2x10"7cm-3
E 01 F / W ;
Bx107cm? e, e
a Hxh% by
r*l&_ IJ _
0.01F N I
L 1 1 1 I i ]
0 100 200 300 400
Time (ps)

g

Lifetime
[t{us)]

[krr/2 (cm?s™)]

Quenching parameter

120

FSPNE=Tu E=2s
EE 430.859
2014. 1st Semester

(let kn.(0)=K)

j L1 1 ) i e ——

Tam

Excitation density (cm)

M. A. Baldo, C. Adachi, and S. R. Forrest, Phys. Rev. B 62,10967 (2000)

" ¥
N, o =
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dA=2clEH
T — T Annihilation: Steady-state solution E 430,868
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2k,

J
T S S L S
dt T gd
_1+\/(1)2+4J§T 1 47k, 72 1 8 ky
np=— 4T g e 2T S 142 =0
T qd 2kt J 2qd

L
Light emission intensity L = Mr QE: 1= - = T
T

oo
J = - 8% PtOEP:CBP
.‘_;_.;-';.._“ ‘-"... . Jf:{m-‘}mﬂfﬂl‘l‘#
o

n
My : k; =0 (without T-T annihilation) L=

QS . prediction
8 0 T s =(5:2) mavom?

1% PtOEP.CBP
Jy=(0.8+0.1)mAlcm?

{—H /1+8J} |
']T 0.1 Luau

TR T M i sl " P Al
0.1 1 10 100

M. A. Baldo, C. Adachi, and S. R. Forrest, Phys. Rev. B 62,10967 (200( Current density (mA/cm?)

Quantum efficiency (%)
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Exciton fission EE 430.859
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1.0 m— —i —l—-___.___--l— 1
S, > 1 +1 R v
1 1 1 0.9L 0 _
E iy Tc 1.67 eV
S +AE T +T I Pl |
§ - 3 " K“3QPUE
% 0.7r v 10 100 |
- i Time [ps]
s 0.6f . —m Pcl4deV |
T T~ —eo—Tc1.67eV ]
e —Fi |
Tetracene Pentacene o A
0 50 100 150 200 250 300
3.1eV Thermally activated 22eV  No temperature Temperature [K]
A Sn:'>4 ~50 ps A Sn———— dependence -1 ps
[ T-1+T-1 \
Sy _23eVy —77 10,517V sS4 1.83 &‘f‘rKKl__
Pump — ID_'1_ _El.lr T-1+T-1
3eV 1.25eV T, 3eV 0.86eV T,
1 Sp___ ¥ Sp Y

In the polyacene series of organic crystals, the energy level of the lowest triplet exciton E(T,) decreases faster than the lowest
singlet-exciton energy E(S,) with increasing molecular size. The energy difference E(S,) - 2 E(T,) 1s -1.3 eV in naphthalene (Nph),
-0.55 eV 1in anthracene (Ac), -0.21 eV in Tc, and 0.11 eV 1n Pc [C. Jundt et al., Chem. Phys. Lett. 241, 84 (1995).]. In Pc, the
excitonic fission process from the lowest singlet exciton to a pair of the lowest triplet excitons S = 2T, is energetically allowed,
while in Tc this same process is only possible by thermal activation. This process is strongly suppressed in Nph and Ac.

V K. Thorsmelle, R. D. Averitt, J. Demsar, D. L. Smith, S. Tretiak, R. L. Martin, X. Chi, B. K. Crone, A. P. Ramirez, and A. J. Taylor, Phys. Rev. Lett. 102, 017401 (2009)
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