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We studied the generation and decay dynamics of triplet excitons in tris-(8-hydroxyquinoline) aluminum
(Alg3) thin films by using transient absorption spectroscopy. Absorption spectra of both singlet and triplet
excitons in the film were identified by comparison with transient absorption spectra of the ligand molecule
(8-hydroxyquinoline) itself and the excited triplet state in solution previously reported. By measuring the
excitation light intensity dependence of the absorption, we found that exciton annihilation dominated under
high-density excitation conditions. Annihilation rate constants were estimated/tg 5e(6 4 3) x 10" cn?®

s™1 for single excitons anglrt = (4 &= 2) x 1073 cm?® s71 for triplet excitons. From detailed analysis of the
light intensity dependence of the quantum yield of triplet excitons under high-density conditions, triplet excitons
were mainly generated through fission from highly excited singlet states populated by-sgigtgét exciton
annihilation. We estimated that 30% of the highly excited states underwent fission.

1. Introduction guest molecules in an Alg3 film, energy transfer from triplet

Recently, organic light-emitting diodes (OLEDs) have begun excitons in the film to the guest molecules occurs. As a result,
’ phosphorescence from the guest molecule can be used effi-

to be used as practical devices. To improve the performance of". v, In thi i the devi it . duced b
OLEDs, the operating principles of the devices have been stug-CleNty. In this system, the device €fliciency 1S reduced by
ied in detail? The primary mechanism of luminescence from tr|plet—tr|plet exciton (T-T) annihilation. Namely, +T annihi-
OLEDs is the luminescence of excitons generated by the recom-latIon competes with the energy transtéi® Another attempt

bination of holes and electrons injected from electrodes. Sincet%;Sme_pl_lft_reXC't.ﬁ.r;st.'s otlF]Eafs ﬁls'ng ('jtem/?dl ftluort?[s;:ence
charge carriers recombine randomly in OLEDSs, singlet and (DF).> By annihilation, the highly excited triplet {J state

triplet excitons are generated at the ratio of 1:3. For organic is generated. Sub;equently, singlet excitons are ggnerated from
molecules, which are used extensively as emitting materials,the Tn state and y'eld. delayed fluorescence. It is |r.nportant. to

luminescence from singlet excitons (fluorescence) is strong, hote thqt the ggneratlon gnd dec'a'y processes of triplet excitons
whereas that from triplet excitons (phosphorescence) is very””der high exciton density conditions are important processes

weak because the energy of triplet states is converted to healfor OLEDs.
efficiently. Thus, the maximum internal emission efficiency of ~ As mentioned above, exciton dynamics under high-density
OLEDs is 25%. Actually, singlet excitons can also decay conditions play an important role in highly efficient OLEDs.
through nonradiative processes, and therefore the quantum yieldT© study this process, photoexcitation by intense laser pulse
of fluorescence is smaller than unity, suggesting that the internal ¢an be used instead of measurements of the electro-luminescence
emission efficiency is less than 25%. Furthermore, the actual ©f such devices under high current density conditions. Upon
emission efficiency is also suppressed by high-density effects. Photoexcitation, singlet excitons are generated selectively fol-
A|th0ugh h|gh current density was required for br|ght OLEDs, |0Wing the selection rule of Optical transitions. Under hlgh'
the emission efficiency decreased under high current densitydensity excitation conditions, singtesinglet exciton (S-S)
conditions34 A detailed analysis of this phenomenon shows that annihilation occurs efficiently. By the collision of two singlet
itis due to excitor-excitor? and excitor-chargé annihilations. ~ €Xxcitons, molecules in the groundofSstate and in a highly
Tris-(8-hydroxyquinoline) aluminum (Alg3) is among the €xcited singlet (§ state are generated. The Sate relaxes
most useful of emitting materials that have been devel§fed. through various processes, such as internal conversion (IC),
OLEDs based on Alg3 thin films show high performance. To charge separatiof?,and fission to two triplet excitons.Gener-
further improve performance, attempts to use triplet excitons ation and decay processes of singlet excitons can be studied
in Alg3 films have been made because triplet excitons are through fluorescence spectroscopy. For Alg3 films, several
generated by charge recombination three times as much asstudies on their dynamics under high excitation density condi-

singlet excitons. When phosphorescent materials are used adions have been made by monitoring fluorescefic: Triplet
excitons are populated through intersystem crossing from singlet
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a highly excited singlet state to two triplet excitons becomes 0.003
possible. The emission quantum yield of triplet exciton is negli- A (atOns)

. L. P . . —e— Alg3 Thin Film
gibly small, and therefore it is difficult to detect triplet excitons 0.002 - —e— Alg3 in Toluene

by luminescence spectroscopy. For Alg3, phosphorescence
spectra were measured at low temperatdr® However, the 0.001

yield is extremely low at room temperature, and therefore it is
difficult to compare its properties with those of OLED devices. m
0

To observe these nonluminescent species, transient absorption T T T T T ]

is useful. Recently, transient absorption of Alg3 molecules in 0.004 0 600 800 1000 1200 1400 1600
solution was reported, and the spectrum due to triplet excitons ' B (atOns)
was identified at around 500 n#n. 0.003 - —e— 8-HQ in alkaline water

Here we study the generation and decay dynamics of triplet ~©- &-HQ in alkaline EtOH

excitons in Alg3 thin films under high exciton density conditions
through transient absorption spectroscopy. We have successfully

identified the absorption spectrum of triplet excitons in Alg3 S
thin films and estimated the rate constants of their annihilation § —
processes. We found that triplet excitons are generated effi- 8 400 600 800 1000 1200 1400 1600
ciently through fission of highly excited singlet states populated 3
by S-S annihilations under high exciton density conditions. S C (at100ns)
g 0.001 4 —e—AIqg3 Thin Film

. . —6—Alqg3 in Toluene
2. Experimental Section

Tris-(8-hydroxyquinoline) aluminum (Alg3; Dojindo, subli-
mated) and sodium hydroxide (Wako, GR-grade) were used

without further purification. 8-Hydroxyquinolinol (8-HQ; Tokyo 0
Kasei, GR-grade) was used after purification by recrystallization 400 600 800 1000 1200 1400 1600
with ethanol. Distilled water (Nakalai, GR-grade), ethanol 0.0010

D (at100ns)
—e—38-HQ in alkaline water
—6—8-HQ in alkaline EtOH

(Wako, GR-grade), and toluene (Nakalai, GR-grade) were used
as solvents without further purification. Alg3 thin films were
prepared by vacuum evaporation on a quartz glass substrate. 0.0005 —
The sample specimen was kept in a glass vessel filled with
nitrogen gas during the measurements to avoid the influence of
oxygen and water. The thickness of the sample specimens was
evaluated from atomic force microscope (AFM) images and it
was 100-500 nm. Structure of the film was amorphous judged 400 600 800 1000 1200 1400 1600
by the fluorescence spectruff. _ . Wavelength /. nm o .

For the nanosecond transient absorption measurements, §|gure 1. Transient absorption spectra just after excitation with 355-

3t . . nm light. (A) Alg3 thin film and in toluene solution. (B) 8-HQ in
Nd®":YAG laser (Spectra Physics, Pro-230-10) operating at 355 alkaline aqueous and ethanol solutions) and 100 ns after excitation.

nm was used as the pumping light source. The pulse duration(c) Alg3 thin film and in toluene solution. (D) 8-HQ in alkaline aqueous
of the laser was about 8 ns. A Xe flash lamp (Hamamatsu, and ethanol solutions.

L4642, 2us pulse duration) was used as the probing light source
and irradiated the sample coaxial to the pumping laser. The
probing light through the sample specimen was directed to a  3.1. Assignment of Transient Absorption SpectraFigure
monochromator (Ritsu, MC-10). The intensity of the probing 1A shows the transient absorption spectrum of Alg3 in a toluene
light was detected by a Si photodiode (Hamamatsu, S-1722) solution just after excitation (open circles), which has already
and by an InGaAs photodiode (Hamamatsu, G340%) for been reported® By comparing its lifetime with fluorescence
the wavelength range of 46a.000 nm and 9061600 nm, lifetime, we conclude that the spectrum is due to singlet excited
respectively. Signals from the photodetector were processed withstate. Figure 1A also shows the transient absorption spectrum
a digital oscilloscope (Tektronix, TDS680C) and were analyzed of an Alg3 thin film just after excitation with 355-nm light
with a computer. (closed circles). A sharp absorption band was clearly observed
Small absorption changes at low excitation intensity were below 500 nm, and a broad absorption band was observed in
measured by a highly sensitive transient absorption spectrometethe near-IR wavelength range. From the similarity of these
based on a system previously reportédihis system can detect  spectra, the spectra of Alg3 thin films can be assigned to be
an absorbance change of £0The time resolution of this system  due to singlet excitons.
was about 50 ns. Although in the reported system a Xe lamp  To understand the origin of the absorption spectrum due to
was used as the probing light, a blue diode laser (437 nm, singlet excitons in Alg3 films, the transient absorption measure-
Neoark, TC20-4420-4.5, 20 mW) was used in the present study.ment of 8-HQ, which is a ligand molecule of Alg3, was
The probing light was passed through the sample specimen threeaxamined in alkaline solutions of water and ethanol. The spectra
times to lengthen the optical path. just after excitation are shown in Figure 1B. In an alkaline
During the transient absorption measurements, the fluores-solution, a proton is dissociated from the hydroxyl group of
cence intensity also was measured under the same excitatior8-HQ, and therefore the molecule can be considered to be in
conditions. The fluorescence was directed to a monochromatorthe same electronic state as the ligand in the Alg3 molecule.
through an optical fiber. Signals were detected with a photo- The absorption due to the excited singlet state of 8-HQ in
multiplier (Hamamatsu, R928) and were processed with a digital solution was clearly seen below 500 nm, and no absorption was
oscilloscope (Tektronix, TDS380). detected in the near-IR wavelength range. This indicates that

3. Results and Discussion
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e luminescence efficiency resulting from the reabsorption of tran-
S~ A= sient species was reported in perylene and pyrene crystals under
2 tj g‘- \ Fission high exciton density conditiorfd.A similar effect has also been
$§ 3g 99 2R T pointed out for the inhabitation of the stimulated emission
E S = Y o efficiency of dye laser# This effect would be important in
A % < b § ?3 ;:E 1 OLED devices operating under high current density conditions.
A \ | ,_;; < The emission spectrum of Alg3 thin films was reported to occur
e G n= il at 520 nn?2 In this wavelength range, the absorption spectra
< (et Gl =1 due to singlet and triplet excitons were weak (Figure 1). This
st &2 it > T would be one of the reasons for the excellent performance of
8 9% e OLED devices based on Alg3.
= < < 3.2. Generation and Decay Dynamics of ExcitonsThe
Sp 3 R generation and decay processes of excitons in an Alg3 thin film

] ) ] ] ] ~ produced by photoexcitation under high-density excitation

Ellr%ure 2. Generation and decay dynamics of excitons in Alg3 thin co_nditions is _summarized base_d on those in. organic crystals
’ (Figure 2). It is notable that annihilation and fission processes

are included, which are not important for isolated molecules in

the absorption band of Alg3 below 500 nm is due to the locally solution. Each process is described below

excited state of 8-HQ itself and that in the near-IR range it may
be due to the charge-transfer transition between the center metal

(Al) and the ligand. SThw=35

Figure 1C shows the transient absorption spectrum of an Alg3 K o
thin film at 100 ns after excitation (closed circles). In this time S—§+h (emission)
range, short-lived species, singlet excited molecules disappear
and long-lived species, triplet excited molecules are expected 51&3) (IC)
to be observed. Two absorption bands (at 450 and 600 nm) were
observed. Transient absorption of Alg3 in toluene at 100 ns %E’Tl (ISC)

after excitation also was examined (open circlégjhis result
is in good agreement with the spectrum previously reported by

Burrows et al® It is obvious that two spectra of Figure 1C S+S5—§+S (annihilation)
differ from each other. At the present excitation intensity (2.7 .
x 1072 photons cm? s™1), the absorbance change is proportional STHTS+S (I€)
to the light ir_1tensity,_ an_d therefore nonlinear optical effects, —T,+T, (fission)
such as multiphoton ionization, can be excluded. Actually, the
absorption spectra of the film is not similar to those spectra T it S,
due to the anions and cations of Alg3 molecufEghis suggests 1
that the spectral shape of the absorption due to the excited triplet rrT
state is sensitive to the surrounding environment. L+, —T+§ T+
To confirm the idea above, absorption spectra due to the .
p p S+S5—S+S

excited triplet state of 8-HQ in alkaline solutions of water and

ethanol were examined (Figure 1D). In both solutions, an ) .
absorption peak is seen at around 700 nm, which is slightly In this scheme, §denotes a molecule in the ground state. Upon

red-shifted from that of the Alg3 solution. In the shorter wave- Photoexcitation, the lowest excited singleiStates are popu-
length range, the absorbance in the ethanol solution is negligibly/at€d primarily. Then they relax to the ground state radiatively
small, whereas it is clearly seen in the aqueous solution. This @1d nonradiatively. The rate constantskafkc, andksc are
indicates that the absorption bands due to the excited tripletfor fluorescence, internal conversion (IC), and intersystem
state of 8-HQ are sensitive to the surrounding environment, ¢0Ssing (ISC), respectively. Fluorescence lifetimg is repre-
possibly polarity of solvents. It appears that the absorption Sénted ass= 1/(k + kc + kisc). Singlet-singlet (S-S) annihi-
spectrum due to the triplet state consists of two absorption bandg@tion also occurs with a rate constanbegand, subsequently,
and that the absorption band in the shorter wavelength range isthe % and highly excited singlet (pstates are generated. The
easily affected by the surrounding environment. Hence, the S State relaxes immediately through various processes, such
difference between the absorption spectra between in the@S IC and fission to two triplet excitons. The lowest excited
solution and in the film can be considered to be the superpositiontriplet (T1) states are generated by ISC froms$ates and by
of the two absorption bands. Apparently, the two spectra strongly fission from § states. They relax through ISC to the ground
overlap with each other in the solution, whereas for the thin State nonradiatively and by annihilation between triplet excitons.
film, on the other hand, the absorption band in the shorter kr is the ISC rate constant of triplet excitons apgt is the
wavelength range is blue-shifted. One of the possible origins annihilation rate constant of triplet excitons. Actually, radiative
of this environmental effect is a permanent dipole moment of decay to the ground state from thesfate is a very slow process
the Alg3 molecul&® and therefore phosphorescence becomes negligibly weak. After
Spectral features of transient absorption in OLED materials annihilation of two triplet excitons, a highly excited triplet,JT
would be important to realize for high-performance devices. It State is populated. Some fraction formg Sate and then
has been pointed out that the spectral position of the absorptionfluorescence from Sstate can be seen (delayed fluorescence).
due to excited states affects the luminescence properties of thin The generation and decay processes of thet&e can be
films under high-density excitation conditions because of non- expressed by the following rate equation for the concentration
linear (transient) absorption effects. A decrease of the apparentof excitons:
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wherea is the absorption coefficient for ground-state absorption,
and l¢x is the excitation light intensity. The first term of the
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the first term of the right-hand side in eq 4,4]d can be
expressed by

[Tdo= \/ékBCTPalless_llzl exllz

(6)

right-hand side of this equation is the generation term, and the I this case, [T]o is proportional tde?. If the fission process
second and third terms represent the relaxation due to mono-dominates triplet generation (fission process);|{Tcan be
molecular and annihilation processes, respectively. In case thatobtained from eq 3 and the second term of the right-hand side

the pulse duration of a laser is much longer than the lifetime of
singlet excitons, the steady-state condition ({I[f = 0) is
fulfilled. Although, as will be discussed later, steady state
approximation is not sufficiently fulfilled in the present experi-
ments, we will show the solution of eq 1 under steady-state

in eq 4 by
[Tl]O = 2(I)fissiono*rsl ex (7)

In this case, [T]o is proportional tolex. It is obvious that the

conditions to figure out excitation intensity dependence. Under triplet generation process can be elucidated from the light
low exciton density conditions, the annihilation process can be intensity dependence of the yield of the State.

neglected. Under these conditions, eq 1 can be solved as
[Si] = algzg (2)

This clearly shows that [$is proportional tolex. Under high-

The decay kinetics of thesTstate are described by

dT _ VT

- KT - T[T]JZ (8)

density exciton conditions, since relaxation processes are domi-Under low exciton density conditions,—T annihilation can
nated by the annihilation, the second term of the right-hand side be neglected and thus the decay profile of thesfate is expo-

in eq 1 becomes unimportant. Thus, eq 1 can be solved as

[S)] = (20l o /ys9™ @3)

so it is clear that [g is proportional tole/2

Next we consider the generation and decay pt&fhtes. T
states are generated from Sates through the monomolecular
ISC process, which is a well-known process in the relaxation
dynamics of excited isolated molecules. Under high exciton
density conditions in a crystalline solid,; tates also are
generated through fission from higher excitedttes generated
by S-S annihilation. This process has been observed in
anthracené! Thus, the generation and decay kinetics pfates
can be described by

d[T] _
dt

YT

KscSi] + q)fissionVss[Sl]z = kqlTy] = T[Tﬂz (4)

The first and second terms on the right-hand side of eq 4 repre-

nential with a time constant d. Under high exciton density
conditions, the relaxation process is dominated byl lannihi-
lation, so the first term on the right-hand side of eq 8 can be
negligible. Thus, [T] is expressed by

1 _Ym, 1
T 2 [T

If eq 9 is followed, T decays through bimolecular kinetics.
3.3. Annihilation Processes of Singlet ExcitonsSinglet
excitons emit fluorescence and therefore the density can be
evaluated through fluorescence spectroscopy. The lifetime of
S, states of Alg3 films studied was determined todge= 12
+ 1 ns, which is similar to reported valué&1423The density
of S; states in an Alg3 thin film can be estimated based on the
rate equation (eq 1). The lifetimg (12 ns) is slightly longer
than the pulse duratiorp of excitation light (8 ns), and therefore
steady state condition is not sufficiently fulfilled under low-
density excitation condition. Thus, the density could be estimated

©)

sent generation through ISC and fission, respectively. Relaxationby solving eq 1 numerically after eliminating the third term of

through ISC to the ground state and-T annihilation are
expressed as the third and the fourth terms, respecti@lyion

the right-hand side using the values of absorption coefficient
o, Tp, andrs. Absorption coefficient for ground-state absorption

in the second term is the efficiency of the fission process, that was estimated to be = 1.5 x 10* cm™! from the absorption

is, the yield of T, states generated from, States.

Under low exciton density conditions;-$ annihilation (and
also fission) can be neglected. Generally; TTannihilation is
less efficient than SS annihilation so that FT annihilation

spectra and film thickness. The closed circles in Figure 3 show
the density of $states in an Alg3 thin film. Under weak laser
intensity conditions, the density of, States is proportional to

lex (Upper dotted line).

can be neglected. Hence, from eq 2 and the first term of the At higher excitation intensity, the decay of Sates becomes

right-hand side in eq 4, the initial concentration of States
([T4]o) is given by

®)

where 1, is the laser pulse duration. It is clear that]plis
proportion tolex. These dynamics generally are observed for
the excited dynamics in solutions that have only a mono-

[T1o = kiscTsTptt oy

much faster because oS annihilation process, suggesting
that the density of the ;Sstates can be evaluated under steady-
state conditions. As shown in Figure 3, the density pétates
deviates from a linear relation and gradually approaches the
line of 12 dependence (upper broken line). This is consistent
with the analysis described in eq 3, namely thaSSannihilation
becomes dominant, whelgx becomes large. Thus, the-S
annihilation rate constanissis estimated to be (& 3) x 101!

molecular triplet generation process. On the other hand, undercm® s™%. The thin line in Figure 3 indicates simulated line of

high exciton density conditions in crystalline films:-S and
T—T annihilation processes have to be considered. If triplet
exciton generation by fission is not efficierfssion ~ 0) under
high exciton density conditions,;Tstates are generated only
by ISC from the $ states (ISC process). Thus, from eq 3 and

the density of $states determined from eq 1.

The S-S annihilation rate constamks has been reported to
be yss= (1.14 0.5) x 10719 cm?® s71 by using CW laser as
excitation light sourc® andyss= (3.54+ 2.5) x 1071 cmP st
through pulsed laser excitation (25 ps pulse duratitérijhe
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10" Figure 4. Time profile of absorption change of triplet excitons in an
Alg3 thin film excited with 355-nm light and monitored at 440 nm.
T —T T T T Inset shows the reciprocal plots of absorption change. Broken line
107 102 107 10% indicates the curve fitted by using eq 9.

Excitation Laser Intensity / photons em?s”

Figure 3. Excitation laser intensity dependence of the density of singlet Nigh excitation density conditions. The observed absorbance

excitons @) and of triplet excitonsi). Simulated lines are described ~ change ) can be expressed by

below. Thin line indicates [$ determined from eq 1. Upper dotted

and broken lines show the dependence expected from egs 2 and 3, A=e*T ]d (11)
respectively. Thick line indicates [Tdetermined from eq 4 substituting T L

Diission = 0.3. Thin solid lines indicate [;] determined from eq 4 sub- . . _
stituting Brssion = 0. Lower dotted and broken lines show the depend- Whereer**%is the absorption coefficient of;Tof Alg3 at 440

ence expected from eqgs 5 and 6, respectively. nm, andd is the sample thickness. In toluerg?*° has already
been estimated. It is not used as the value for Alg3 thin films
because the absorption spectrum afif Alg3 thin films is
value estimated in the present study is in good agreement withdifferent from that of Alg3 in toluene (Figure 1C). Thus, we
those values. It should be noted that these rate constants wer@ssume that the absorption coefficient of the film at 700 nm,
similar to the value estimated by analysis of the EL efficiency \where the absorption band is not much affected by the envi-
under high current density conditiongsé= (5.5+ 0.7) x 1071 ronment, is the same as that in toluerg’® = 750 M1
cm® s71).24 This suggests that -SS annihilation plays an  c¢m119). Hence,er*C in the film is estimated to be & 10°
important role in the OLED devices under high current density M- cm2. Using the values o440 = 4 x 10 M~lcm ! and
conditions. d = 400 nm,y17 is estimated to be (4 2) x 10" 3cm?s 1 by
Values ofysshave been reported for several organic crystals, fitting the results with eq 9.
and from them the motion of excitons has been discussed. For The annihilation process of triplet excitons in Alg3 thin films
crystals having free excitons (FE), such as naphthalene andhas been observed in some OLEDs. Recently, Tanaka and
anthracene, annihilation occurs efficiently. Specifically, the Tokito observed FT annihilation process in Alg3 thin film
values have been reported to bec 110719 cm? st in naphtha- heavily doped with tris(2-phenylpyridine)iridium [Ir(ppy)at
lene and 1x 1078 cm?® s~ in anthracené® For crystals having low temperaturé.Baldo et af measured the time profiles and
self-trapped excitons (STE), such as pyrene and perylens, S  the excitation intensity dependence of the phosphorescence
annihilation is not efficient because of the low diffusion intensity from octaethynylporphine platinum (PtOET)-doped
coefficient of STE. The rate constants of the materials have beenAlg3 films. They found thaty+r decreases with increasing
reported to be % 107> cm® s71 in pyrene and 8 1074 cm? concentration of PtOET in Alg3 films, suggesting that there are
s 1in perylene?® The value ofyssin Alg3 thin films ((6 + 3) interactions between host and guest excitons. By extrapolating
x 1071 cm® s71) is between the FE and STE cases. This the PtOET concentration to zengsr in neat Alg3 films can be
suggests that excitons in Alg3 thin films are not in a self-trapped estimated to be (4 1) x 10°23¢cm® s™L. This is in good agree-
state and that the slowing of the exciton diffusion is due to their ment with the value we estimate in the present studyH{(@)
amorphous structure. x 1078 cmB s71).
3.4. Annihilation Processes of Triplet ExcitonsFigure 4 3.5. Generation Processes of Triplet ExcitonsTo discuss
shows the time profile of the absorbance change aftates in the generation processes afstates in an Alg3 thin film, values
an Alg3 thin film excited with 355-nm light and monitored at  of [T4]o, which are estimated by the extrapolation of the time of
440 nm. The excitation light intensity was 5:510%2 photons decay profile to zero (see Figure 4) using eq 7, are plotted as a
cm2 s71, an intensity that could make high-density excitons. function of excitation intensity (closed squares in Figure 3). At
The lifetime of T; state has been reported to 85 us in a lower excitation intensitylgx < 2 x 10?! photons cm? s71),
doped filnY and 56us in solution® These lifetimes are much  [T4]o can be estimated by using eq 11 and it would be propor-
longer than the decay of the—T absorption shown in Fig-  tional tole following eq 5 (lower dotted line). From the linear
ure 4, suggesting that the decay is dominated By Bnnihila- relation,kisc is estimated to b&sc = (1.04 0.5) x 10’ s 1 by
tion process. The reciprocal of the absorbance change as aq 5, taking the value ofs = 12 ns. As a result, the quantum
function of time is depicted in the inset of Figure 4. The linear yield of triplet exciton generation by ISGD(sc = kisc 7s) is
relation indicates a bimolecular decay process, following eq 9. estimated to b&,sc = 0.124 0.06. This is significantly lower
Namely, the T states relaxed through-IT annihilation under than suggested value in solutio®éc = 0.24 £+ 0.065).
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Under high light intensity conditiongd > 2 x 10?2 photons (ISC) from singlet excitons and the quantum yield is estimated
cm2s71), [T1]o would be proportional th.?if the ISC process  to be®;sc = 0.124+ 0.06. Under high excitation density condi-
is the dominant process for triplet exciton generation (eq 6). tions, annihilation and fission processes play important roles
Under this condition, the density of triplet exciton can be simu- for the generation and decay dynamics. We estimated annihi-
lated as the thick dotted line in Figure 3. However, in reality, |ation rate constants to bas= (6 + 3) x 102 cm® s1 for
the concentration of triplet exciton observed (closed squares)single excitons anghrt = (4 + 2) x 10713 cm? s for triplet
is proportional tdeyat higher intensity. This linear dependence  excitons. We found that under high exciton density conditions,
of [T4]o on light intensity clearly shows that the; Btate is  triplet exciton generation mainly occurs through fission from
mainly populated through the fission process followed by eq 7. highly excited singlet states generated by annihilation of two
In fact, [T1]o is not proportional tdex in the whole intensity  ginglet excitons. We estimated that 30% of the highly excited
range in the present experiment. At lower light intensity]dT  giate5 underwent fission. It is notable that the apparent yield of
deviates from the linear relation at higher light intensity. This triplet excitons is proportional to the exciton concentration
is because the proportionality constant of eq 5 is different from whereas it decreases with increasing concentration for singl,et

that of eq 7. From the differenc@®ssioncan be estimated tobe o s This suggests that OLED devices that use the triplet

0.3 by reproducing the experimental values using eq 4 (thick . . . .
line). Namely, 30% of the Sstates generated by-S annihila- sFate in AIqS have promise for realizing high performance under
high exciton concentration.

tion relax to two T states.

Fission processes were reported in several organic crystals.
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