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Energy transfer and device performance in phosphorescent dye doped
polymer light emitting diodes
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Singlet and triplet–triplet energy transfer in phosphorescent dye doped polymer light emitting
devices were investigated. Poly(N-vinylcarbazol) and poly@9,98-di-n-hexyl-2,7-fluorene-alt-
1,4-(2,5-di-n-hexyloxy)phenylene] ~PFHP! were selected as the host polymer for the
phosphorescent dopantsfac-tris~2-phenylpyridine! iridium~III ! @ Ir(ppy)3# and 2,3,7,8,12,13,
17,18-octaethyl-21H,23H-porphyrin platinum~II ! ~PtOEP! because of their high triplet energy levels
and long phosphorescence lifetimes. In case of PVK film, efficient triplet energy transfers to both
PtOEP and Ir(ppy)3 were observed. In contrast, the triplet energy transfer did not occur or was very
weak from PFHP to both PtOEP and Ir(ppy)3 although usual requirements for triplet energy transfer
were satisfied. Furthermore, the singlet–singlet energy transfer did not take place from PFHP to
Ir(ppy)3 in doped films even though the Fo¨rster radius is more than 30 Å. However, the blended film
of Ir(ppy)3 with PFHP and PMMA showed the green emission from Ir(ppy)3 via singlet energy
transfer. In addition, the solution of PFHP and Ir(ppy)3 ~8 wt. %! in p-xylene also showed green
emission. The blocking of the energy transfers in the phosphorescent dye doped PFHP films is found
to be originated from the formation of aggregates which is evident from the microscopic images
taken by transmission electron microscope, atomic force microscope, and fluorescence microscope.
The formation of aggregates prevents dopant molecules from being in close proximity with host
molecules thereby inhibiting energy transfer processes. The phase separation deteriorates the device
performance also. Therefore, the chemical compatibility of a dopant with a host polymer as well as
conventional requirements for energy transfers must be significantly considered to fabricate efficient
phosphorescent dye doped polymer light emitting devices. ©2003 American Institute of Physics.
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I. INTRODUCTION

Operation of polymer light emitting diodes~LEDs!
brings electrons and holes from opposite electrodes and
erates singlet and triplet excitons. Until recently, polym
LEDs have utilized fluorescence from singlet excitons on
Triplet excitons are wasted because a radiative decay f
triplets is spin-forbidden and often very inefficient. Spin s
tistics predicts that singlet-to-triplet ratio is 1:3 in organ
semiconductors and it is experimentally verified recently1,2

The ratio in p-conjugated polymers has been investiga
during the last couple of years and recent studies reve
that singlet formation rate can be as high as 50% or e
higher.2–5 The high ratio was attributed to the larger form
tion cross section of singlet than triplet exciton due to de
calization nature of charged particles inp-conjugated poly-
mers. Even though the singlet ratio inp-conjugated
polymers might be higher than the prediction by spin sta
tics, utilization of triplet excitons will increase the ligh
emission efficiency significantly in polymer LEDs.

One way to harvest light from triplet excitons is to u

a!Electronic mail: jjk@kjist.ac.kr
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phosphorescent dyes.2,6–23 These materials incorporate
heavy metal atom to mix singlet and triplet states by
strong spin–orbit coupling. As a result, a spin forbidden tra
sition may occur allowing an enhanced triplet emission. La
thanide and transition metal complexes have been use
phosphorescent dyes and they are incorporated in an org
molecule or in a polymer as a dopant. Among them, tran
tion metal complexes such as 2,3,7,8,12,13,17,18-octae
21H,23H-porphyrin platinum~II ! ~PtOEP! and fac tris~2-
phenylpyridine! iridium @ Ir(ppy)3# have attracted attention
because of the short triplet lifetime to minimize the triple
triplet annihilation.6,7 High quantum efficiencies were ob
tained by doping Ir(ppy)3 or PtOEP in organic
molecules14–16 and in polymers.17–23

Even though high emission efficiencies and many ph
phorescent dyes have been reported during the last coup
years, less attention has been paid on the energy trans
especially, in polymer LEDs. Baldoet al. investigated
triplet–triplet energy transfer in phosphorescent orga
LEDs by comparing transient electroluminescence with a
without reverse bias after a short electrical excitation pu
and found the evidences of triplet–triplet energy transfer
3 © 2003 American Institute of Physics
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some combination of guests and hosts.24 Cleaveet al. ob-
served the existence of triplet–triplet energy transfer fr
poly@4-(N-4-vinylbenzyloxyetyl ,N-methylamino)-N-(2,5-
di-tert-butyl phenylnaphthalimide)]~PNP! to PtOEP by a
time-resolved electroluminescence~EL! experiment.17 On
the other hand, Laneet al. could not observe the triplet
triplet energy transfer from poly~9,9-dioctylfluorene! ~PFO!
to PtOEP by investigating modulation frequency depende
of photoinduced absorption~PA! signal.20

An efficient polymer based LED necessitates the dev
opment of suitable polymeric materials that can achieve
effective energy transfer via Fo¨rster or Dexter mechanism
between the polymer host and the phosphorescent guest
hole and electron trapping by the dopant and the subseq
dopant/matrix carrier recombination is also a significant c
tributor to the overall EL emission from polymer bas
LEDs.17,20 The above examples indicate that the singlet a
triplet energy transfer are not automatically guaranteed e
though the conventional requirements for the energy tra
fers are satisfied in phosphorescent dye doped polymer
tems from a certain host polymer to a phosphorescent d

In this paper, we elucidate the triplet–triplet and single
singlet energy transfer between polymer hosts and phos
rescent dyes by investigating the triplet exciton dynamics
different host–guest luminescence systems. We sele
poly(N-vinylcarbazol) ~PVK! and poly@9.98-di-n-hexyl-
2,7-fluorene-alt-1,4-(2,5-di-n-hexyloxy)phenylene# ~PFHP!
as donor polymers and two phosphorescent dyes, Ir(pp3

and PtOEP, as acceptor molecules. Figure 1 shows the
lecular structure of polymers and phosphorescent dyes
in this study. PVK is a polymer with luminescent side cha
chromophore and PFHP is ap-conjugated polymer, respec
tively. The polymers were selected as the host materials
cause emission spectra of both polymers have the good s
tral overlap with the metal-ligand-charge-transfer~MLCT!

FIG. 1. Chemical structures of host polymers and phosphorescent dyes
in this work.
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absorption spectrum of Ir(ppy)3 and Q and B absorption
bands of PtOEP so that efficient Fo¨rster energy transfers ar
expected. IfT1 of the polymers has the similar separatio
from S1 as estimated by the reported results inp-conjugated
polymers,25

T15~1.13S121.43!60.25 eV, ~1!

we can expect good spectral overlaps between the tri
emission spectrum of the hosts and the singlet ground s
to first triplet excited state absorption of the guest, Ir(ppy3 .
Therefore, efficient Dexter transfer is expected from t
polymers to the guest.

We employed two methods to investigate the triplet e
ergy transfer:~1! comparing the dynamics of the lowest e
cited triplet state of the host polymer between the doped
undoped films,20 and ~2! comparing the transient electrolu
minescence response between the doped and undoped
mer LEDs.17,24The first method is valuable to directly prob
the triplet energy transfer for the system in whichT1 of a
host material has much longer lifetime than that of a gue
This is the case for our system. The lifetime of the trip
state of the guest is shorter than 100ms for PtOEP and 1ms
for Ir(ppy)3 , whereas triplet lifetimes ofp-conjugated poly-
mers are generally in the range of 100ms to a few
milliseconds.20,25,26If triplet energy transfer takes place from
the host to the guest in the system, the triplet lifetime of
host will be shortened by doping because of the opening
the fast decay channel.20 For the purpose, theT1 level of the
host polymers was determined first, and then the decay
namics of the phosphorescence of the host polymers
compared between the neat and phosphorescent dye d
polymers. The second method was employed to probe
triplet energy transfer in LEDs as a complementary meth
The method is well described in literatures.17,24

The description of our investigations includes the expe
mental methods in Sec. II, the identification the phosphor
cence from the delayed fluorescence of the hosts in Sec
and the triplet–triplet and singlet energy transfer in the ph
phorescent dye doped polymer LEDs in Secs. IV and V,
spectively. The reason for the different behavior of the e
ergy transfer in different host polymers will be discuss
based on the morphological investigation of the dye dop
polymer systems in Sec. VI. The effect of different polym
systems on devices performance is finally described in S
VII followed by a summary in Sec. VIII.

II. EXPERIMENTAL METHODS

Ir(ppy)3 was synthesized according to the literature27

and PFHP was synthesized by Suzuki coupling proces
KIST ~Korean Institute of Science and Technology!. Other
chemicals were purchased from Kanto~PVK!, Porphyrin
Products Inc.~PtOEP!, Bayer @PEDOT ~poly~3,4-ethylene
dioxythiophene!!#, and Syntec~TAZ and Alq3). The films for
room and low temperature photoluminescence~PL! experi-
ments were formed on pre-cleaned quartz plate~Hellma! at
air atmosphere. PVK and PFHP were dissolved in 1
dichloroethane andp-xylene, respectively, at a concentratio
of 10 mg/1 g. Room temperature photoluminescence spe
were detected by an ACTON spectrometer~SpectraPro-300i!

sed
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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2855J. Chem. Phys., Vol. 118, No. 6, 8 February 2003 Energy transfer and device performance
connected with a photomultiplier tube~Acton Research, PD
438!. A xenon lamp was used as the excitation source c
nected with other monochrometer~SpectraPro-150i!. Ab-
sorption spectra were recorded on a Hewlett-Pack
HP8452A UV-visible diode array spectrophotometer.

Low temperature PL spectra were obtained by the fou
harmonic of a Q-switched Nd-YAG laser using the upp
excite state energy transfer28 with a pulse duration of 6 ns
and a repetition rate of 10 Hz. The laser beam had a diam
of 5 mm and an optical power of;50 mJ. The emission
from the film in a cryostat flowing condensed helium g
was recorded by a gated intensified diode array dete
through a monochromator. The system allows for an integ
tion time ~gate width! of detection from 100 ns to 10 ms an
a variable delay after excitation.

The LEDs have the structure of ITO/ PEDOT~40 nm!/
Host-Ir(ppy)3 ~30 nm!/TAZ ~30 nm!/Alq3 ~20 nm!/LiF ~0.5
nm!/Al ~200 nm!. Current–voltage–luminescence charact
istics of the devices were obtained using a Keithley 2
Source Measurement Unit and a calibrated silicon photo
ode connected with an optical power meter~Newport 1835-
C!. For the time resolved EL measurements, a current p
from a function generator~HP 8116A! triggered with a
storage-sampling oscilloscope~Tektronics TDS520B! was
applied to the LEDs. The pulses had the width of 100–2
ns and the repetition rate of 100 Hz. The decay signals w
monitored by the two-channel oscilloscope and avera
more than 1000 times to reduce the noise. The emitted l
from the EL device was collected by a fast response ph
multiplier tube ~2 ns!. The RC time constant of the devic
was about 45 ns, which is a sufficiently small value not
distort the transient measurements.24,29,30

Microstructures of dye doped polymer films were inve
tigated using a transmission electron microscope~TEM,
Carl-Zeiss LEO EM-912 equipped with an Omega-type
ergy filter at an accelerating voltage of 120 kV!, an atomic
force microscope~AFM, NanoScope III, Digital Instrument
Inc.!, and a fluorescence microscope~FM, Olympus BX-51
with a 100 W mercury lamp!. Specimens for TEM observa
tion were prepared as follows: The polymer solutions dop
with Ir(ppy)3 were cast on an air-cleaved potassium chlor
~KCl! surface and then reinforced by the plasm
polymerized osmium tetraoxide. The thin film on KCl wa
then stripped from the substrate and then transferred
copper mesh.

AFM measurements were performed in air at room te
perature. A Si3N4 cantilever with a spring constant of 0.1
N/m was used at a scanning rate of 2–3 Hz. The app
force was minimized during the AFM imaging by adjustin
the ‘‘set-point voltage’’ to the lower limit.

III. DELAYED FLUORESCENCE
AND PHOSPHORESCENCE

Low temperature, time resolved spectroscopy techni
was employed to determine the triplet energy levels a
thereby to investigate the dynamics of the triplet excitons
host polymers. Figure 2~a! shows the delayed luminescen
spectra of PFHP at 5.5 K recorded with delay times of 5,
and 40ms, respectively. The spectra consist of three con
Downloaded 24 Mar 2008 to 68.181.190.164. Redistribution subject to AI
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butions. The high-energy portion~I! appears in the sam
wavelength region as the prompt fluorescence@inset of Fig.
2~a!# with a maximum near 430 nm. It is therefore ascrib
to delayed fluorescence~DF!. The second contribution~II !
centered at 508 nm appears also in the same wavele
range of the excimerlike band in the prompt fluorescen
The third contribution~III ! centered at 540 nm is resolve
only in the delayed luminescence at low temperature an
the integration times larger than 20ms. It overlaps with the
relatively strong excimerlike band~II ! and is masked by the
band at short delay time of 5ms. The emission peak of 54
nm ~2.3 eV! agrees with a value obtained using a puls
radiolysis method for the triplet energy of polyfluorene25

Therefore we assign the emission centered at 540 nm to
the phosphorescence~Ph! from the spin forbiddenS0←T1 .

Decay kinetics of the DF, excimer emission~EE!, and
phosphorescence~Ph! has been investigated. For this pu
pose, we separately integrated the spectral contributions
recoding the luminescence at various delay times and
widths. The results are shown in Fig. 2~b! on a double loga-
rithmic scale. All the emissions decay in power law fashio

FIG. 2. ~a! The photoluminescence spectra of PFHP with different g
width ~1, 50, and 50ms from top to bottom! and delay time~5, 20, and 40
ms from top to bottom! at low temperature~5.5 K!. Inset: the prompt pho-
toluminescence spectra of PFHP.~b! Decay curves of delayed fluorescenc
at 423 nm ~filled squares, integration time5100 ns), 508 nm~opened
circles, integration time510 ms) and phosphorescence at 540 nm~filled
circles, integration time510 ms) of PFHP on the double logarithmic scal
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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with slopes of21.6, 21.7, and20.8 for DF, EE, and Ph
respectively. It is important to note that decays of EE and
are the integrated kinetics as we used the integration tim
10 ms. In this case the true kinetics is a derivative of
integrated kinetics and obeys power laws with the;t22.7

decay for the EE and;t21.8 for the Ph, respectively. In
contrast, the decay for DF is the real kinetics with;t21.6

because the integration time was 100 ns that is much sh
than delay times.

Origin of the power law dependence of the DF and
decay in PFHP is not clearly understood yet. However,
power law dependence of DF and Ph decay seems to
general in conducting polymers. A few groups recently
ported the same behavior for DF and Ph in different condu
ing polymers of MeLPPP, PMOT, and Ph2/6.26,31,32 They
suggested that the origin of the DF is delayed germinate
recombination rather than triplet–triplet annihilation. If th
latter mechanism described the reality then linear and q
dratic slopes in a semilogarithmic plot are expected for

FIG. 3. ~a! The photoluminescence spectra of PVK with different gate wi
~1, 50, and 50ms from top to bottom! and delay time~5, 20, and 40ms from
top to bottom! at low temperature~5.5 K!. Inset: the prompt photolumines
cence spectra of PVK.~b! Decay curves of delayed fluorescence at 423
~opened circles, integration time5100 ns), and phosphorescence at 502
~filled circles, integration time510 ms) of PVK on the double logarithmic
scale.
Downloaded 24 Mar 2008 to 68.181.190.164. Redistribution subject to AI
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and DF, respectively, since the annihilation of two triple
generates only one singlet exciton. The origin of the pow
law dependence of DF, EE, and Ph in PFHP is under st
now.

Similar experiments were performed for PVK. Figu
3~a! shows the delayed luminescence spectra of PVK
corded with various integration times and delay times at
K. The spectra consist of two contributions. The high-ene
portion ~I! appears in the same wavelength range as
prompt fluorescence@inset of Fig. 3~a!# so that we ascribe it
to the delayed fluorescence. The second spectral contribu
~II ! peaked at 502 nm~2.46 eV! is only observed in delayed
luminescence and has a similar shape to the fluorescence
is offset from the latter by about 90 nm. Therefore we ass
the contribution to phosphorescence. DF and Ph of PVK
cay in power law fashions as shown in Fig. 3~b!. Again the
measured decay of Ph corresponds to the integration kine
The real decay kinetics obeys power law of;t22.8 for Ph
and;t23.7 for DF, respectively.

The location of triplet state of PFHP~2.3 eV! and PVK
~2.46 eV! are relatively well matched withT1 calculated by
Eq. ~1! and both decay profiles ofT1 show much longer

FIG. 4. ~a! Decay profiles of theT1 state of PFHP~opened circles! and
PtOEP doped PFHP~filled circles! films at 540 nm measured at 5.5 K.~b!
EL response of PtOEP doped PFHP device after a short rectangular
~15 V, 200 ns! followed by a reverse bias (215 V).
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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lifetime than 100ms. This result indicates that a polyme
with emissive side chain chromophore such as PVK sho
the large splitting betweenS1 andT1 similar top-conjugated
polymers. It is not conclusive yet whether the large diff
ence is a general character of the side chain polymers. H
ever, we can conjecture at least, that the electron–elec
interaction can be large because of the localized exc
states in the polymer that leads to a large gap betweenS1 and
T1 of PVK.25,26

IV. TRIPLET–TRIPLET ENERGY TRANSFER

Figure 4~a! shows the decay profiles of the phosphor
cence peaks from the films of neat PFHP and PFHP do
with PtOEP~8 wt. % of PFHP!. Each point was detected wit
the same gate width~integration time! to avoid a deformation
of decay pattern by the change of experimental condition.
shown in Fig. 4~a!, two films show almost the same deca
rate except the initial fast decreasing band, which is due
the fast quenching through triplet–triplet annihilation26

Thus, we found that the doping of PtOEP had little influen
on the lifetime of T1 of PFHP and it indicates that th

FIG. 5. ~a! Decay profiles of theT1 state of PFHP~opened circles! and
Ir(ppy)3 doped PFHP~filled circles! films at 540 nm measured at 5.5 K.~b!
EL response of Ir(ppy)3 doped PFHP device after a short rectangular pu
~13 V, 200 ns! following by a reverse bias (213 V).
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triplet–triplet energy transfer does not occur fromT1 of
PFHP toT1 of PtOEP even at the high doping concentratio
This consequence is consistent with the result of transien
response of the LED having the PtOEP doped PFHP as
emitting layer. In the experiments, we applied the reve
bias of215 V as soon as the voltage pulse is off in order
remove residual charge carriers injected by the electr
pulse, thereby to prevent a recombination directly on
dopant.17,24Figure 4~b! shows the time resolved EL respon
of PtOEP doped PFHP at the concentration of 0.5 wt. %.
this concentration, both blue emission from PFHP and
emission from PtOEP are observed at the same time. The
initial peak in Fig. 4~b! is induced by blue emission from
PFHP, which has the lifetime of several hundred picos
onds. However, the delayed phosphorescence, an eviden
Dexter energy from triplet of PFHP to PtOEP, was not o
served. Therefore, we conclude that the triplet energy tra
fer is absent in PtOEP:PFHP system even though theT1 state
of PFHP is located higher than that of PtOEP.

Figure 5~a! compares the decay profiles of the pho
phorescence peak from neat PFHP and Ir(ppy)3 doped
PFHP films. The features of two decays rarely show a
difference. Moreover, as shown in Fig. 5~b!, the transient EL
response did not show the delayed phosphorescence si
to the device of PtOEP doped PFHP. In case of the fi
of Ir(ppy)3 doped PFHP, thep-conjugated polymer has
lowerT1 energy level~2.3 eV! than that of Ir(ppy)3 ~2.4 eV!.
This condition is a little unfavorable for triplet energ
transfer. However, Dexter energy transfer can still be p
sible in the system (DG;10.1 eV). Adachiet al. reported
efficient triplet–triplet energy transfer in the syste
(DG;10.06 eV), where host CBP has a lowerT1 state than
guest Iridium~III !bis@4,6-di-fluorophenyl-pyridinato-N,C28]
Picolinate~Flrpic! via an endothermic energy transfer.13

The same measurements were conducted for PVK
host and Ir(ppy)3 and PtOEP as guests. Figure 6 shows
decay profiles of the phosphorescence spectrum~502 nm! of
the neat PVK film and a PtOEP:PVK system. The decay

e

FIG. 6. Decay profiles of theT1 state of PVK~opened circles! and PtOEP
doped PVK~filled circles! films at 502 nm measured at 5.5 K. The triple
lifetime of PVK at 502 nm was shortened by doping of PtOEP.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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phosphorescence intensity of PVK becomes much faste
doping PtOEP in the film. The shortening of theT1 lifetime
of the host by doping PtOEP suggests the opening of a
fast decay channel of theT1 state of PVK. It is a clear evi-
dence on the existence of the triplet–triplet energy tran
from PVK to PtOEP. In the Ir(ppy)3 :PVK system, however
we could not separate the phosphorescence spectrum of
from the phosphorescence emission of Ir(ppy)3 because of
their spectral overlap. So, we could only examine the trip
energy transfer by the transient EL measurement with rev
bias. Figure 7 shows the EL decay pattern after the s
electrical pulse~200 ns! followed by a reverse bias. It clearl
shows the intensity increment after the fast decay withi
few hundred nanoseconds. The increment of EL inten
should be originated from the excitation transferred by b
Förster and Dexter mechanism. The possibility of cha
trapping of remaining charge carriers on dopant site is
carded since the reverse bias of216 V was applied quickly
after the 16 V forward bias pulse to remove the remain
charge carriers.17 This result supports the efficient triplet
triplet energy transfer fromT1 of PVK to T1 of Ir(ppy)3 .
Thus the study of triplet exciton dynamics provides expe
mental evidences of the efficient triplet energy transfer
PtOEP:PVK and Ir(ppy)3 :PVK systems in contrast to PFH
systems.

V. SINGLET ENERGY TRANSFER

Figure 8~a! shows the absorption spectrum of a film
Ir(ppy)3 ~solid line!, and emission spectra of PVK~dashed
line!, and PFHP~dotted line!. Both PFHP and PVK showed
the large spectral overlap with the absorption of1MLCT of
Ir(ppy)3 . We calculated the Fo¨rster transfer radius from Fig
8~a!.33,34 It is defined as the characteristic distance betwee
host and a guest at which the efficiency of energy transfe
50%. The Fo¨rster radii were 31.7 and 30.7 Å fo
Ir(ppy)3 :PVK and Ir(ppy)3 :PFHP systems, respectivel
Thus, efficient singlet energy transfers are expected for b
the systems. Figure 8~b! shows normalized PL spectra o

FIG. 7. EL response of Ir(ppy)3 doped PVK device after a rectangular pul
~16 V, 200 ns! followed by a reverse bias (216 V). The operation of Dexter
energy transfer was confirmed by the initial rise.
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films made of 8 wt. % of Ir(ppy)3 in PVK ~solid line! and in
PFHP ~dashed line!. The excitation wavelength for the P
measurements was 318 nm, where the absorption by Ir(p3

is minimal so that most of the excitation light is absorbed
the hosts. The luminescence spectrum from Ir(ppy)3 :PVK
system is the same as that of Ir(ppy)3 , indicating an efficient
singlet energy transfer in the system. In contrast, most of
emission comes from the host~PFHP! in Ir(ppy)3 :PFHP
system, implying that the singlet energy transfer does
take place from PFHP to Ir(ppy)3 even though the Fo¨rster
radius is almost the same as the Ir(ppy)3 :PVK system. Fig-
ure 8~c! shows the absorption spectrum of PtOEP and em
sion spectra of PVK and PFHP and Fig. 8~d! shows the emis-
sion spectra of the PtOEP~8 wt. %!: PVK and PtOEP~8
wt. %!: PFHP systems, respectively. Excitation wavelen
of 350 nm was used for the systems. Similar to the Ir(pp3

doped systems, singlet energy transfer is efficient, if PtO
is doped in PVK. However, it is inefficient in PFHP. W
conclude from the results that Fo¨rster and Dexter energy
transfer take place efficiently in Ir(ppy)3 :PVK and PtOEP:
PVK systems, but Ir(ppy)3 :PFHP and PtOEP:PFHP system
show very weak energy transfers.35 This is a rather surprising
result because PVK and PFHP have almost the same e
sion spectrum and both of them have large Fo¨rster radius
with Ir(ppy)3 .

Polyfluorene and its derivatives are known as mater
forming aggregates which prohibit a sufficient close cont
for exciton transfers between the host and gu
molecules.36,37 In an analogous way, if the aggregation
PFHP is the reason of preventing the energy transfer~s! due
to the chain-packing effect, the energy transfer~s! should be
observed in the nonaggregated form of the host. We e
ployed two methods to untangle the aggregation of PFH
~1! blending of PFHP with an inert polymer PMMA~poly-
methyl methacrylate! and ~2! preparing solution with good
solvent such asp-xylene. The lifetime of the film of PFHP
was found to increase when PFHP was blended with PMM
Thus it is pertinent that an aggregation is minimized wh
the doped system is blended with PMMA. Figure 9~a! shows
normalized PL spectra of films made of PMMA: PFH
Ir(ppy)3 with different PMMA to PFHP ratios. Ir(ppy)3 to
PFHP ratio was maintained at 6 wt. % for all the films. T
green emission from Ir(ppy)3 was observed from the
blended films. The green emission must be induced by
energy transfer probably as a consequence of the reduc
of aggregation of PFHP. It is not induced by the se
excitation of Ir(ppy)3 because its concentration in th
blended films is lower than the unblended films. Figure 9~b!
shows that the PL spectra of the solution PFHP and Ir(pp3

~8 wt. % of the host! dissolved inp-xylene~10.8 mg of /1 g
of solvent!. The green emission from Ir(ppy)3 again substan-
tiates the fact that energy can be transferred from a much
aggregated PFHP in solution to the phosphor. Since
blending and the solution untangle the aggregation of
host, the apparent absence of energy transfer in PFH
likely to be related to the aggregation of PFHP in questio
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 8. ~a! Absorption spectrum of the film of Ir(ppy)3 ~solid line! and emission spectra of PVK~dashed line,lexc5350 nm) and PFHP~dotted line,lexc

5380 nm) films.~b! Normalized PL spectra from 8 wt. % Ir(ppy)3 doped PVK~solid line! and PFHP~dashed line! films, respectively. The films were excite
with 318 nm light where the absorbance of Ir(ppy)3 is minimum.~c! Absorption spectrum of PtOEPfilm~solid line! and emission spectra of PVK~dashed line,
lexc5350 nm) and PFHP films~dotted line,lexc5380 nm), respectively.~d! PL spectra from PtOEP doped~8 wt. %! PVK ~solid line! and PFHP~dashed line!
films, respectively. The films were excited with 350 nm light so that most of the excitation light is absorbed by the hosts.
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VI. MICROSTRUCTURE OF Ir„ppy …3 DOPED POLYMER
FILMS

More direct evidences of aggregate formation
Ir(ppy)3 doped PFHP films were obtained from TEM, AFM
and fluorescence microscope~FM! images. Figures 10~a! and
10~b! show TEM images of freestanding films~thickness
;20 nm) of PFHP and PVK doped with Ir(ppy)3 ~8 wt. % of
the hosts!, respectively. The PFHP:Ir(ppy)3 film shows the
aggregate domains on length scales of 50–200 nm@Fig.
10~a!#. Since the iridium atom has a larger electron scatter
cross section than the carbon atom, the dark spots are li
to be Ir(ppy)3 aggregates, even though the chemical com
sition of the aggregated domains has not yet been clarifi
On the other hand, the PVK:Ir(ppy)3 film shows a feature-
less image@Fig. 10~b!#, suggesting that the film is homoge
neous with no phase separation or aggregates.

The surface topographies of the films were investiga
by AFM and are displayed in Fig. 11. The PFHP:Ir(ppy3

film shows an aggregated domain with a horizontal size
;250 nm and a vertical roughness in the range of625 nm
as shown in Fig. 11~a!. In contrast, the PVK:Ir(ppy)3 film is
smooth with the height variation in the range of less than61
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nm as shown in Fig. 11~b!, suggesting that the film is homo
geneous with no phase separation or aggregates.

Large scale images of Ir(ppy)3 doped polymer films
were obtained using a fluorescence microscope~FM!. In or-
der to observe images by the FM, doping concentration
Ir(ppy)3 in PVK and PFHP films was increased to 15 wt.
to enlarge the aggregates it there are. Figures 12~a! and 12~b!
display the images of Ir(ppy)3 :PFHP, and Figs. 12~c! and
12~d! the image of Ir(ppy)3 :PVK, respectively. Figures
12~a! and 12~c! were obtained under the excitation light o
the spectral range of 330–385 nm with 420 nm barrier fil
to avoid direct detection of the excitation light and Fig
12~b! and 12~d! and under the excitation of spectral range
460–490 nm with 520 nm barrier filter for the same purpo
respectively. Both Ir(ppy)3 and the hosts PVK and PFH
will be excited by the light of 330–385 nm because th
have strong absorption in the range. In contrast, o
Ir(ppy)3 will absorb light in the range of 460–490 nm be
cause there is no absorption by the hosts in the range.

Figure 12~a! shows green emissive needlelike images
blue background. The blue background corresponds to
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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fluorescence from PFHP. When the film is excited with t
light of 460–490 nm, the needle shapes emit bright gree
dark background which indicates that the needle shapes
composed of Ir(ppy)3 and the background contains a litt
amount of Ir(ppy)3 . Figures 12~a! and 12~b! clearly demon-
strate that Ir(ppy)3 forms aggregates in PFHP. It is qui
common that morphology of aggregates changes with dop
concentration. Generally, the aggregates have spherical s
at low doping concentration. As the doping concentrat
increases, the aggregates coalesce to grow into various f
like dendrite or needle shapes. Therefore, it is not surpris
to observe that the aggregates have spherical shape at th
concentration of 8 wt. %~TEM images! and needle shape a
high concentration of 15 wt. %.

In contrast, Ir(ppy)3 :PVK films exhibit homogeneous
featureless green images independent of excitation w
length @Fig. 12~c!#. The green emission without blue emi
sion from the film when excited with the light of 330–38
nm results from the energy transfer from PVK to Ir(ppy)3 .
The images of Figs. 12~c! and 12~d! demonstrate homoge
neous dispersion of Ir(ppy)3 in PFHP within the resolution
of the FM and efficient energy transfer from PVK

FIG. 9. ~a! Normalized photoluminescence spectra of films made of PMM
~1!: PFHP: ~1!: Ir(ppy)3 ~0.06! ~solid line!, PMMA ~1!: PFHP ~0.5!:
Ir(ppy)3 ~0.03! ~dashed line! and PMMA ~1!: PFHP ~0.025!: Ir(ppy)3

~0.015! ~dotted line!. All films were excited with light at 318 nm where th
absorbance of Ir(ppy)3 is minimum.~b! Photoluminescence spectrum o
PFHP and Ir(ppy)3 ~8 wt. % of host! solution dissolved inp-xylene @10.8
mg of PFHP and Ir(ppy)3/1 g of solvent#.
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Ir(ppy)3 . In summary, all the TEM, AFM and FM image
clearly show that Ir(ppy)3 is homogeneously dispersed
PVK, but it forms aggregates in PFHP.

VII. DEVICE PERFORMANCE

EL spectra of PFHP:Ir(ppy)3 are compared with PL
spectra for different doping concentrations in Fig. 13.
spectra of PFHP:Ir(ppy)3 films show only a blue emission
from PFHP even at high doping concentrations as show
Fig. 13~a! since singlet energy transfer does not take pla
from PFHP to Ir(ppy)3 . The EL spectrum changes with dop
ing concentration as shown in Fig. 13~b! and the applied
voltage at the same doping concentration~not shown!. Most
of the light was emitted from PFHP in the EL devices wh
the doping concentration was lower than 2%. In contra
light was mostly emitted from Ir(ppy)3 if the doping is
higher than 8%. This fact indicates that the light was emit

FIG. 10. TEM image of films of~a! Ir(ppy)3 ~8 wt. %! doped in PFHP
shows aggregates unlike the~b! Ir(ppy)3 film ~8 wt. %! doped in PVK.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 11. AFM images of the surfaces of~a!
PFHP:Ir(ppy)3 ~8 wt. %!, ~b! PVK:Ir(ppy)3 ~8 wt. %!.
The corresponding cross sections of the surface heig
of the thin films were taken horizontally from the poin
indicated by an arrow.
o
a
e
-

nd
.0
by direct charge trapping and recombination on the dye m
ecules at the high doping concentrations since the singlet
triplet energy transfer did not take place in th
PFHP:Ir(ppy)3 film. HOMO ~highest occupied molecular or
Downloaded 24 Mar 2008 to 68.181.190.164. Redistribution subject to AI
l-
nd
bital! and LUMO ~lowest unoccupied molecular orbital! lev-
els of the PFHP and Ir(ppy)3 are aligned favorably for the
charge confinement. The HOMO levels of PFHP a
Ir(ppy)3 are 5.7 and 5.5 eV and LUMO levels are 2.7 and 3
f

FIG. 12. Fluorescence micrographs of PFHP:Ir(ppy)3 @~a!, ~b!# and PVK:Ir(ppy)3 @~c!, ~d!# films with the doping concentration of 15 wt. %.~a! and~c! were
taken under the excitation light of the spectral range of 330–385 nm with 420 nm barrier filter and~b! and ~d! were taken under the excitation light o
460–490 nm with 520 nm barrier filter.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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eV, respectively, which were measured by ultraviolet pho
electron spectroscopy.

The PL and EL spectra of PVK:Ir(ppy)3 show the green
emission from Ir(ppy)3 even at the low doping concentratio
of 1 wt. %, indicating that the singlet energy transfer is
most complete at the doping concentration~Fig. 14!. The
results are consistent with the homogeneous dispersion o
dopant with large Fo¨rster radius. Figure 15 shows the curre
density versus voltage characteristics of OLEDs w
PFHP:Ir(ppy)3 and PVK:Ir(ppy)3 film as emissive layers. In
the case of PFHP device, the turn-on voltage increased
increasing doping concentration as shown in Fig. 15~a!. This
result indicates the dopant molecules works as carrier t
in the device, which is consistent with the results of F
13~b!. Light emission from the recombination of the trapp
charges on the dopant sites may be the major mechanism
PFHP:Ir(ppy)3 devices. On the other hands, the PVK ho
devices show different behaviors from the PFHP host
vices. The turn-on voltage increases with increasing dop
concentration of Ir(ppy)3 up to 1 wt. % but decreases whe
the doping concentration increased further to 8 wt. %
shown in Fig. 15~b!. The results can be interpreted as fo
lows. At low concentration, the dopant molecules behave

FIG. 13. ~a! PL and~b! EL spectra of PFHP: Ir(ppy)3 films with different
doping concentrations~0, 0.5, 1, 2, 4, and 8 wt. %!.
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traps to increase the driving voltage. However, at high d
ing concentration, the dopants form another channel to tra
port carriers by hopping between the dopant molecu
thereby reducing the driving voltage. Thus, the vario
mechanisms~singlet, triplet energy transfer, and charge r
combination on dopant site! may contribute to the emissio
process of PVK:Ir(ppy)3 OLEDs.

Figure 16 shows the external quantum efficiencies (hext)
of OLEDs using PVK:Ir(ppy)3 and PFHP:Ir(ppy)3 as the
luminescent layers. The device with the emissive layer
PVK:Ir(ppy)3 showedhext of 0.3% even at the low doping
concentration of 0.1 wt. %. In contrast thehext of the
Ir(ppy)3 :PFHP device was 0.1% and it was reduced as
current density increased. It is noteworthy that the light em
ted from the Ir(ppy)3 :PFHP is mainly from PFHP not from
Ir(ppy)3 @Fig. 13~b!#. The difference in the quantum effi
ciency is even larger at the high doping concentration o
wt. %. The maximum external quantum efficiency of;6%
was obtained for PVK:Ir(ppy)3 device at the current densit
of 7.4 mA/cm2, which is 15 times higher value than tha
;0.4% of PFHP:Ir(ppy)3 at the current density o
0.8 mA/cm2. These results clearly indicate that the formati

FIG. 14. ~a! PL and~b! EL spectra of PVK: Ir(ppy)3 films with different
doping concentrations~0, 0.5, 1, 2, 6, and 8 wt. %!.
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of aggregates in the phosphorescent dye doped device
sults in lower efficiency for the phosphorescent dye dop
devices. Therefore, the homogeneous dispersion of a do
in a host material must be addressed when doping sys
for polymer LEDs are selected to utilize energy transfers
fabricate efficient devices.

FIG. 15. Current density–voltage characteristics of Ir(ppy)3 doped polymer
LEDs with doping concentrations of 0.1 wt. %~filled squares!, 1 wt. %
~filled circles!, and 8 wt. %~filled triangles! Ir(ppy)3 in PFHP~a! and in
PVK ~b!. Inset is the brightness–current density characteristics of the s
devices.

FIG. 16. The external quantum efficiency of Ir(ppy)3 doped PVK and PFHP
LEDs as a function of the current density.
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VIII. CONCLUSIONS

Singlet and triplet–triplet energy transfer in phosphor
cent dye doped polymer light emitting devices were inve
gated. Energy levels and dynamics of triplet-excited state
a p-conjugated polymer and a polymer with luminesce
side chain chromophore were determined from low tempe
ture luminescence studies. Singlet and triplet energy trans
are efficient in PVK doped with Ir(ppy)3 or PtOEP as ex-
pected. They have~1! the large Fo¨rster radius,~2! high host
T1 energy level~2.46 eV!, and ~3! long lifetime of hostT1

state. However, the conditions do not represent the comp
criteria for energy transfers for other systems as is evid
from the absence of energy transfer from PFHP to the ph
phorescent dyes. It was found that the absence of the en
transfers is originated from the formation of aggregates. T
TEM, AFM, and fluorescence microscope images of Ir(ppy3

doped PFHP films showed the formation of aggrega
whereas PVK:Ir(ppy)3 films showed homogeneous an
smooth images. The formation of aggregates prevents do
molecules from being in close proximity with host molecul
thereby inhibiting energy transfer processes. It also expla
the low efficiency from the PFHP:Ir(ppy)3 LEDs. Therefore,
homogeneous dispersion and chemical compatibility of d
ant with host polymers along with the usual requirements
Förster and Dexter energy transfer must be considered
order to successfully prepare efficient phosphorescent
doped polymer LEDs.

It is worthwhile to note that PVK, a polymer with emis
sive side chain chromophore, showed the large singl
triplet splitting of 1.04 eV (8000 cm21) similar to
p-conjugated polymers. It is not conclusive yet whether
large difference is a general character of the side chain p
mers. However, we can conjecture at least, that the electr
electron interaction can be large because of the locali
excited states in the polymer that leads to a large gap
tweenS1 and T1 of PVK.25,26 This result implies that it is
difficult to find proper host polymers for efficient blue pho
phorescent dyes fromp-conjugated polymers or polymer
with emissive side chain polymers, since the highT1 state of
the host is indispensable for efficient triplet–triplet ener
transfer to blue phosphorescent dyes.
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