PHOTODYNAMICS OF OLED TRIPLET EMITTERS

PHOTODYNAMICS OF OLED TRIPLET EMITTERS Ir(ppy)s

AND PtOEP!

A.K. BANSAL, A. PENZKOFER, W. HOLZER, T. TSUBOI*

UDC 532

©2007

Institut II — Experimentelle und Angewandte Physik, Universitit Regensburg
(Universititsstrasse 31, D-93053 Regensburg, Germany;

e-mail: alfons.penzkofer@physik.uni-regensburg.de),

1Faculty of Engineering, Kyoto Sangyo University
(Kamigamo, Kita-ku, Kyoto 603-8555, Japan)

The absorption behaviour and the emission dynamics of the triplet
emitters Ir(ppy)s and PtOEP in the singlet emitters, polystyrene
(PS) and dicarbazole-biphenyl (CBP), are studied. Thin films are
prepared by spin-coating. The host (PS, CBP) — guest (Ir(ppy)s,
PtOEP) interaction is investigated. The luminescence behaviour
in the case of guest excitation (the excitation frequency in the
transparency region of hosts) is compared with the luminescence
behaviour in the case of host excitation (the excitation frequency
in the absorption region of hosts). The efficient host-to-guest
energy transfer is observed. Additionally, the excitation transfer
from PS to CBP and TPD (triphenylamine dimer) is studied.

1. Introduction

Organic light-emitting diodes play an important role
in displays [1, 2]. They are prominent candidates to
replace conventional light sources [3]. Phosphorescent
organic light-emitting diodes (PHOLEDs) using a
phosphorescent emitter give a higher electrolumine-
scence quantum efficiency than singlet OLEDs [4]. In
organic materials, one quarter of electrons is excited to
the singlet system, and three quarters are excited to the
triplet system by electrical pumping. In phosphorescent
materials, the strong intersystem-crossing transfers
the singlet excited molecules to the triplet system,
resulting in an accumulation of all excited molecules
in the triplet system. In the group of organometallic
complexes, especially porphyrin platinum complexes
such as platinum octaethylporphyrin (PtOEP) [5-7] and
phenylpyridine iridium complexes such as Ir(ppy)s [8-
10] are the most widely used OLED materials.
Phosphorescent materials are doped into host
materials to avoid the self-quenching of phosphorescence
in neat films. In doped bulk solids or liquids, the photo-
excitation has to occur into their transparent region
in order that the excitation penetrate into the volume
and be absorbed by doped molecules (guests, solute

molecules). In thin films as applied in OLEDs, generally
only a part of the excitation light is absorbed by the
guests in the transparency region of the hosts. In this
case, the excitation into the absorption region of the
host allows efficient absorption of pump light which is
transferred to the emitting guests by excitation transfer
[11—13]. In the case of host singlet state excitation, the
energy transfer may occur by the singlet host to singlet
guest Forster-type energy transfer [14] followed by the
guest intersystem crossing [15, 16]. From the triplet
system of the host, the excitation transfer to the triplet
system of the guest may occur by the Dexter-type energy
transfer [17], either by endothermic transfer if the T
level of the host is lower than the T} level of the guest,
or by exothermic transfer if the 77 level of the host is
higher than the T} level of the guest [11-13].

Previously, we studied the absorption and emission
spectroscopic characterization of Ir(ppy)s [10] and
PtOEP [7] in liquid solutions (tetrahydrofuran, toluene,
chloroform), doped films (PS, CBP), and neat films.
The photoluminescence characteristics of Ir(ppy)s and
PtOEP doped into TPD (triphenylamine dimer, N,N’-
bis(3-methylphenyl)-N,N’-bis(phenyl)-benzidine) were
studied in [15], and the energy transfer in a thin film of
TPD doped with PtOEP and Ir(ppy)s simultaneously
was studied in [16]. Here, the photoluminescence of thin
films of PS and CBP doped with Ir(ppy)s and PtOEP
with excitation into the host absorption region and into
the host transparency region is studied. Additionally, the
emission behaviour of PS films doped with the singlet
emitters CBP and TPD is investigated.

2. Experimental

The metal complex Ir(ppy)s was purchased from
W. Sands Corp., Jupiter, F1, USA. The metal complex

IThe paper was presented on plenary meeting of 6th International Conference “Electronic Processes in Organic Materials”, September

2006, Gurzuf, Crimes, Ukraine.

ISSN 0503-1265. Ukr. J. Phys. 2007. V. 52, N 4

353



A.K. BANSAL, A. PENZKOFER, W. HOLZER, T. TSUBOI

107 i

—— PSin cyclohexane

{1 --— CBPinTHF
Py

Ir{opy); in THFE
PIOEP in THF o

- TPD in dioxane ,”.

Absorption Cross-section o, (cm?)

i
L
| [l
T PS CBP T TPD g
107" . : i L
300 400 500 600
Wavelength A (nm)
Fig. 1. Absorption cross-section spectra
PtOEP was bought from Frontier Scientific,

Logan, Utah, USA. Polystyrene (PS, molar mass
100000 gmol~!) was got from Aldrich Co., Germany.
CBP and TPD were delivered by Syntec GmbH, Wolfen,
Germany. All compounds were used as-supplied without
further purification.

The films were prepared by dissolving the compounds
in tetrahydrofuran (THF) and the spin-coating solutions
as described in [7, 10]. The absolute intrinsic
luminescence spectra, Er(\), were determined with
a self-assembled fluorimeter in front-face collection
arrangement [18]. The samples were excited with a
200-W high-pressure mercury lamp (Aexe = 311,
365, 407, and 526 nm) or a 450-W xenon lamp
(Aexe = 260 nm, FWHM = 30 nm). For absolute
quantum yield calibration, the dyes {quinine sulphate
dihydrate in 1 N aqueous HySO, (fluorescence quantum
yvield ¢p = 0.546 [19]), rhodamine 6G in methanol
(pr = 0.94 [20]), and cresyl violet in methanol
(¢ = 0.54 [21])} were used as reference ones. The
luminescence lifetime measurements, Sr,(t), were carried
out with a mode-locked and frequency-doubled ruby
laser (wavelength Aexe = 347.15 nm, duration 35
ps), and emission detection with a fast micro-channel-
plate photomultiplier (Hamamatsu type R1564U-01)
and a fast real-time digital oscilloscope (LeCroy type
WaveRunner 6050A).
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Fig. 2. Fluorescence quantum distributions of PS and CBP neat
films and those of CBP and TPD in PS with excitation in the PS
absorption region and transparency region

3. Results

The absorption cross-section spectra of the investigated
samples are shown in Fig. 1. The long-wavelength
absorption tails of CBP, Ir(ppy)s, and PtOEP belong
to singlet-triplet absorption. The 73 level positions of
the samples are indicated along the abscissa. They were
obtained from phosphorescence spectra for PS [22], CBP
[12], TPD [12], Ir(ppy)s [12], and PtOEP [12]. For the
metal complexes PtOEP [7] and Ir(ppy)s [10, 23], the
singlet-triplet absorption is strong due to the heavy atom
effect, and the position of the lowest triplet level, T,
is seen by the long-wavelength edge of the absorption
spectrum.

The fluorescence quantum distributions, Fr()\), of
the neat films of PS (thickness dy = 97 nm) and CBP
(df = 190 nm), together with the guests CBP in PS
(concentration 2 wt.%, dy = 3.5 pm) and TPD in PS (4
wt.%, dy = 240 nm) are shown in Fig. 2. For the guests,
two fluorescence spectra are shown: the thin curves
belong to the excitation in the transparency region of
the host, and the thick curves belong to the excitation
in the absorption region of the host. In both cases,
the fluorescence quantum distributions are quite similar,
despite the fact that, in the case of the excitation into
the absorption band of PS, most of the light is absorbed
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Fig. 3. Luminescence quantum distributions of Ir(ppy)s in PS
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by PS. This indicates efficient excitation transfer from
host to guest. The obtained fluorescence quantum yields,
¢r = [ Er(\)dA, are listed in Table.

The guest phosphorescence quantum distributions,
Ep(A), of 4 wt.% Ir(ppy)s in the hosts PS and
CBP together with remaining small host fluorescence
quantum distributions, Er(A), are shown in Figs. 3,a
and 3,b, respectively. The phosphorescence quantum
distributions are nearly independent of the excitation
wavelength in the transparency or absorption region of

Emission spectroscopic data of the investigated thin films
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Fig. 4. Luminescence quantum distributions of PtOEP in PS and
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the hosts. This indicates efficient excitation transfer
from the host system to the guest system. The
phosphorescence quantum yields, ¢p = [ Ep(\)d), are
rather high in the 60-90% region. They are listed in the
Table.

The guest phosphorescence quantum distributions
and the remaining host fluorescence quantum
distributions of 4 wt.% PtOEP in the hosts PS and
CBP are shown in Figs. 4,a and 4,b, respectively. Again
the phosphorescence quantum distributions are nearly

Host PS PS PS PS PS
Guest Neat film 2 wt-% CBP 4 wt-% TPD 4 wt-% Ir(ppy)s 4 wt-% PtOEP
oy 0.029 0.67 @ 260 nm 0.61 @ 260 nm
0.65 @ 311 nm 0.54 @ 365 nm
op 0.91 @ 254 nm 0.10 @ 260 nm
0.86 @ 407 nm 0.11 @ 526 nm
Tr1/e (10S) 3.2 0.60
pse (1) 1.0 10
Trad,F (1S) ~ 4.8 ~ 1.0
Trad,P (US) ~ 1.1 ~ 100
Host CBP CBP CBP TPD
Guest Neat film 4 wt-% Ir(ppy)s 4 wt-%PtEOP Neat film
dF 0.345 0.40%)
dp 0.70 @ 311 nm 0.158 @ 311 nm
0.62 @Q 407 nm 0.153 @ 526 nm
TF1/e (nS) 0.72 0.44 @)
TP1/e (us) 0.37 16
Trad,F (ns) ~ 2.1 ~ 1.1
Trad,P (14S) ~ 100

Note % — from [24].
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Fig. 5. Phosphorescence signal traces for Ir(ppy)s (a) and PtOEP
(b) in PS and CBP (excitation wavelength 347.15 nm)

independent of the excitation in the transparency region
or absorption region of the hosts. The phosphorescence
quantum yields are in the range from 10 to 16 % (see
Table). The phosphorescence efficiency of PtOEP in the
films is reduced by oxygen quenching under ambient
conditions [7]. Higher phosphorescence quantum yields
were obtained in [7] under vacuum conditions.

The temporal phosphorescence traces of 4 wt.%
Ir(ppy)s (a) and 4 wt.% PtOEP (b) in PS and CBP
are displayed in Fig. 5. The 1/e-lifetimes (time period,
within which luminescence decreased to 1/e of its peak
value) are listed in the Table. The samples were excited
at Aexc = 347.15 nm with laser pulses of 35 ps in
duration. In the case of PS host, the excitation is
in the host transparency region; in the case of CBP
host, the excitation is dominantly absorbed by the
host. The phosphorescence decay of Ir(ppy)s in CBP
is non-exponential. This behaviour is likely due to the
triplet-triplet annihilation because of a high excitation
energy density [10, 12]. The phosphorescence lifetime of
Ir(ppy)s is more than a factor of 10 shorter than the
phosphorescence lifetime of PtOEP showing the stronger
spin-orbit coupling of Ir(ppy)s as compared to PtOEP.
Estimates of the radiative phosphorescence lifetimes are
included in the Table. They are obtained by the relation
Trad,P = TP, /e/ PP
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Fig. 6. Singlet and triplet level schemes of PS, CBP, TPD,
Ir(ppy)s, and PtOEP together with most important transitions.
FET: Forster-type energy transfer, DET: Dexter-type energy

transfer, ISC: intersystem-crossing

The determined 1/e fluorescence lifetimes of CBP
neat film, TPD neat film (from [24]), CBP in PS,
and TPD in PS are included in Table. They are in
the nanosecond to sub-nanosecond range. Approximate
radiative fluorescence lifetimes were obtained by the
relation Traq,r = Tp1/e/OF-

4. Discussion

The energy level schemes with the first excited singlet
state and the lowest triplet state are shown in Fig. 6.
The photoexcitation of PS, CBP, or TPD by singlet-
singlet absorption at room temperature results in S1—S
fluorescence emission. Phosphorescence is not observed
at room temperature. The photo-excitation of Ir(ppy)s
and PtOEP by singlet-singlet absorption at room
temperature results in 71—Sy phosphorescence emission.
The singlet-triplet intersystem-crossing is very efficient
due to strong spin-orbit coupling by the heavy atom
effects of Ir and Pt. In host-guest systems, it is necessary
that the long-wavelength absorption edge of the guest
be at a longer wavelength than the long-wavelength
absorption edge of the host if efficient emission from the
guest is wanted. In the investigated host-guest systems,
excitation into the transparency region of the host does
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not involve the host system in the absorption and
emission dynamics. Excitation into the absorption band
of the host causes guest excitation partially by direct
absorption of the guest (determined by the absorption
coefficient contribution of the guest at the excitation
wavelength) and partially by excitation transfer from
the host to the guest. In the singlet-emitter guest-host
systems CBP in PS and TPD in PS, the excitation
into the PS absorption region causes Forster-type energy
transfer [14] from the excited singlet system of the host
to the excited singlet system of the guests [S(host) +
So(guest) — Sp(host) + S1(guest)] with the subsequent
guest fluorescence emission. In the triplet-emitter guest
host systems Ir(ppy)s and PtOEP in either PS or CBP,
the excitation into the host absorption region causes
again Forster-type energy transfer from the excited
singlet system of the hosts to the excited singlet system
of the guests followed by singlet-triplet intersystem-
crossing in the guest systems and subsequent guest
phosphorescence emission. For Ir(ppy)s and PtOEP in
either PS or CBP, the 77 triplet levels of the hosts
are energetically higher than the triplet levels of the
guests. An exothermic Dexter-type excitation transfer
[17] from the host triplet system to the guest triplet
system [T} (host) + Sp(guest) — Sp(host) + T3 (guest)]
is possible. But, at room temperature, this excitation
transfer contribution is thought to be negligible since the
quantum yield of the host triplet population is moderate
(the quantum yield of the intersystem-crossing of styrene
is ¢ie = 0.395 [25], ¢isc(CBP) < 1 — ¢p(CBP) =
0.65), and the triplet state population is quenched in
a nonradiative way (short phosphorescence lifetime, no
detectable phosphorescence).

At low temperatures, the exothermic Dexter-type
excitation transfer from triplet PS and CBP to triplet
Ir(ppy)s and PtOEP may be important because the host
triplet state lifetime should become long (approaching
the triplet state radiative lifetime). In the host-guest
system TPD doped with Ir(ppy)s, the Ty energy levels of
TPD (2.34 V) and Ir(ppy)s (2.42 V) are near together,
and endothermic energy transfer from host to guest and
exothermic energy transfer from guest to host play an
important role [11-13], especially at low temperatures
[15, 16].

The excitation transfer efficiency, Bgr, can be
estimated by the ratio of the guest luminescence
quantum yield in the case of excitation into the
host absorption region, ¢r guest(Aexchost), to the
guest fluorescence quantum yield in the case of
the excitation into the host transparency region
OL guest (Aexc,guest) 1f the guest absorption in the
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host absorption region is neglected, i.e. Ogpr =
¢L,guest ()\exc,host)/d)L,guest(/\exc,guest)- For all gueSt‘hOSt
systems studied here, we find Ggpr = 1 indicating
efficient host-to-guest excitation transfer.

5. Conclusions

The emission spectroscopic behaviour of the triplet
emitters Ir(ppy)s and PtOEP in the hosts PS and CBP
was studied. Highly efficient Forster-type excitation
transfer from host to guest was observed in thin
films. The high phosphorescence efficiency of the guests
(pp =~ 0.6 + 0.9 for Ir(ppy)s and ¢p =~ 0.1 +
0.16 for PtOEP) under ambient conditions verifies
their potential as emitters in phosphorescent OLED
devices.
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JVHAMIKA ®OTOITPOLECIB ¥V CBITJIOJIOJAX
3 TPUIIJIETHOIO EMICIEIO

A.K. Bancaav, A. Ilenuxogpep, B.Xoavuep, T. I[y6oti
PesowMme

Busuajiach quHaMika HOTVIMHAHHS 1 BUIIPOMIHIOBAHHS TPUILJIETHUX
emitepiB Ir(ppy)s i cunriernux emirepis B8 PtOEP, minomumacri
(IIC) i quxsopkap6aszon-6idenini (CBP). Touki nisku 6yiu HaHe-
ceHi MeromoMm reHTpudyrysaHus. JlocmimKeHo B3a€MOZI0 rocmo-
nap (IIC, CBP) — rictes (Ir (ppy)s, PtOEP). IToBezninka srominec-
nennil npu 36yazKenHi rocrs (qacrora 30y ?KeHHA B 06J1aCTI TPO30-
POCTi rocrosapst) aHaJIOriYHA TOBEIHIL JIIOMIHECIEHIT y BUNIAIKY
30y PKeHHs rocogaps (1acrora 30y 12KeHHs B 00/1aCTi IIOTIMHAHHS
rocuogapst). Crocrepirasack edeKTUBHA Iepeiada eHepril rocro-
nap — rictb. JlomarkoBo BuBYeHO nepenady 30ymxkenus Big [1C mo
CBP i TPD (mumepis Tpudenisaminy).
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