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Singlet and triplet—triplet energy transfer in phosphorescent dye doped polymer light emitting
devices were investigated. PoN{vinylcarbazol) and pol[y9,9 -di-n-hexyl-2,7-fluorene-alt-
1,4-(2,5-din-hexyloxy)phenylene] (PFHP were selected as the host polymer for the
phosphorescent dopantc-tris(2-phenylpyriding iridium(lll) [Ir(ppy)s] and 2,3,7,8,12,13,
17,18-octaethyl-21H,23H-porphyrin platingi) (PtOEB 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) were observed. In contrast, the triplet energy transfer did not occur or was very
weak from PFHP to both PtOEP and Ir(ppylthough usual requirements for triplet energy transfer
were satisfied. Furthermore, the singlet—singlet energy transfer did not take place from PFHP to
Ir(ppy)s in doped films even though thé Eter radius is more than 30 A. However, the blended film

of Ir(ppy)s; with PFHP and PMMA showed the green emission from Ir(gpyip singlet energy
transfer. In addition, the solution of PFHP and Ir(ppy8 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 device2003 American Institute of Physics.
[DOI: 10.1063/1.1535211

I. INTRODUCTION phosphorescent dy@8-2% These materials incorporate a
heavy metal atom to mix singlet and triplet states by the
ﬁgrong spin—orbit coupling. As a result, a spin forbidden tran-

erates singlet and triplet excitons. Until recently, polymerSition may occur allowing an enhanced triplet emission. Lan-
LEDs have utilized fluorescence from singlet excitons only.thanide and transition metal complexes have been used as
Triplet excitons are wasted because a radiative decay frofhosphorescent dyes and they are incorporated in an organic
triplets is spin-forbidden and often very inefficient. Spin sta-molecule or in a polymer as a dopant. Among them, transi-
tistics predicts that singlet-to-triplet ratio is 1:3 in organic tion metal complexes such as 2,3,7,8,12,13,17,18-octaethyl-
semiconductors and it is experimentally verified recehfly. 21H,23H-porphyrin platinuiiil) (PtOER and fac tris(2-
The ratio in -conjugated polymers has been investigatedohenylpyriding iridium [Ir(ppy)s] have attracted attention
during the last couple of years and recent studies revealdgecause of the short triplet lifetime to minimize the triplet—
that singlet formation rate can be as high as 50% or evetfriplet annihilation®’” High quantum efficiencies were ob-
higher?=° The high ratio was attributed to the larger forma-tained by doping Ir(ppy) or PtOEP in organic
tion cross section of singlet than triplet exciton due to delomoleculed*~*®and in polymers’ -2
calization nature of charged particles #aconjugated poly- Even though high emission efficiencies and many phos-
mers. Even though the singlet ratio im-conjugated phorescent dyes have been reported during the last couple of
polymers might be higher than the prediction by spin statisyears, less attention has been paid on the energy transfers,
tics, utilization of trlplet excitons will increase the ||ght especia”y, in po]ymer LEDs. Baldcet al. investigated
emission efficiency significantly in polymer LEDs. triplet—triplet energy transfer in phosphorescent organic
One way to harvest light from triplet excitons is to use | Eps by comparing transient electroluminescence with and
without reverse bias after a short electrical excitation pulse
dElectronic mail: jik@Kkiist.ac.kr and found the evidences of triplet—triplet energy transfer for

Operation of polymer light emitting diode$LEDs)
brings electrons and holes from opposite electrodes and ge
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F~ci—F absorption spectrum of Ir(ppy)and Q and B absorption
CIH n bands of PtOEP so that efficientiSter energy transfers are
expected. IfT, of the polymers has the similar separation

from S; as estimated by the reported resultsstonjugated

N
polymers?®

PVK PFHP T,=(1.135,-1.43 =0.25 eV, (1)

we can expect good spectral overlaps between the triplet
emission spectrum of the hosts and the singlet ground state
to first triplet excited state absorption of the guest, Ir(gpy)
Therefore, efficient Dexter transfer is expected from the
polymers to the guest.
We employed two methods to investigate the triplet en-
T ergy transfer(l) comparing the dynamics of the lowest ex-
’ cited triplet state of the host polymer between the doped and
~~ |3 undoped film$? and (2) comparing the transient electrolu-
minescence response between the doped and undoped poly-
mer LEDs!"?*The first method is valuable to directly probe
the triplet energy transfer for the system in whi€h of a
PtOEP Ir(ppy)s host material has much longer lifetime than that of a guest.
This is the case for our system. The lifetime of the triplet
_FIG.'l. Chemical structures of host polymers and phosphorescent dyes usgdate of the guest is shorter than 106 for PtOEP and Js
in this work. . e . .
for Ir(ppy)s, whereas triplet lifetimes ofr-conjugated poly-
mers are generally in the range of 1Q0s to a few
some combination of guests and hdé<Cleaveet al. ob- milliseconds?025:26}¢ triplet energy transfer takes place from
served the existence of triplet—triplet energy transfer fromfh€ host to the guest in the system, the triplet lifetime of the
poly[ 4- (N-4-vinylbenzyloxyetyl N-methylamino) N-(2,5- host will be shortened by doping because of the opening of
di-tert-butyl phenylnaphthalimide)[PNP to PtOEP by a the fast decay chann#l.For _the purpose, th&, level of the
time-resolved electroluminescend&L) experiment” On host.polymers was determined first, and then the decay dy-
the other hand, Lanet al. could not observe the triplet- nNamics of the phosphorescence of the host polymers was
triplet energy transfer from pol{9,9-dioctylfluoreng (PFO compared between the neat and phosphorescent dye doped
to PtOEP by investigating modulation frequency dependencBOlYmers. The second method was employed to probe the
of photoinduced absorptiofPA) signal?® triplet energy transfer in I_'EDs.as'a complegnentary method.
An efficient polymer based LED necessitates the devel] € method is well described in Ilte_raturj_éﬁ _
opment of suitable polymeric materials that can achieve an | € description of our investigations includes the experi-
effective energy transfer via Fster or Dexter mechanism mental methods in Sec. Il, the identification the phpsphores-
between the polymer host and the phosphorescent guest. TRENCE from the delayed fluorescence of the hosts in Sec. lll,
hole and electron trapping by the dopant and the subsequeﬂ'ﬂd the triplet—triplet and singlet energy transfer in the phos-
dopant/matrix carrier recombination is also a significant Conphorgscent dye doped polymer ITEDS in Secs.. IV.and V, re-
tributor to the overall EL emission from polymer based spectively. Th? reason for the different behawor O_f the en-
LEDs"2%The above examples indicate that the singlet andEray transfer in d|fferent_ hos} polymers will be discussed
triplet energy transfer are not automatically guaranteed evefi@Sed on the morphological investigation of the dye doped
though the conventional requirements for the energy trand2lymer systems in Sec. V1. The effect of different polymer
fers are satisfied in phosphorescent dye doped polymer Sygystems on devices performance is finally described in Sec.
tems from a certain host polymer to a phosphorescent dye&!! followed by a summary in Sec. VIil.
In this paper, we elucidate the triplet—triplet and singlet—
singlet energy transfer between polymer hosts and phOSphJ)I-' EXPERIMENTAL METHODS
rescent dyes by investigating the triplet exciton dynamics for  Ir(ppy); was synthesized according to the literatiire
different host—guest luminescence systems. We selecteahd PFHP was synthesized by Suzuki coupling process in
poly(N-vinylcarbazol) (PVK) and poly9.9'-di-n-hexyl-  KIST (Korean Institute of Science and Technolpg@ther
2,7-fluorene-alt-1,4-(2,5-di-hexyloxy) phenyleng (PFHP chemicals were purchased from KanBVK), Porphyrin
as donor polymers and two phosphorescent dyes, Irgopy)Products Inc.(PtOEB, Bayer [PEDOT (poly(3,4-ethylene
and PtOEP, as acceptor molecules. Figure 1 shows the mdioxythiopheng], and Synte¢TAZ and Algg). The films for
lecular structure of polymers and phosphorescent dyes usedom and low temperature photoluminescerileg) experi-
in this study. PVK is a polymer with luminescent side chainments were formed on pre-cleaned quartz platellma) at
chromophore and PFHP is7aconjugated polymer, respec- air atmosphere. PVK and PFHP were dissolved in 1.2-
tively. The polymers were selected as the host materials bedichloroethane ang-xylene, respectively, at a concentration
cause emission spectra of both polymers have the good speaf 10 mg/1 g. Room temperature photoluminescence spectra
tral overlap with the metal-ligand-charge-transt®LCT)  were detected by an ACTON spectromei®pectraPro-300i

A
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connected with a photomultiplier tuljécton Research, PD-
438. A xenon lamp was used as the excitation source con-
nected with other monochrometéSpectraPro-150i Ab-
sorption spectra were recorded on a Hewlett-Packard
HP8452A UV-visible diode array spectrophotometer.

Low temperature PL spectra were obtained by the fourth
harmonic of a Q-switched Nd-YAG laser using the upper
excite state energy transféwith a pulse duration of 6 ns
and a repetition rate of 10 Hz. The laser beam had a diameter
of 5 mm and an optical power of50 mJ. The emission r
from the film in a cryostat flowing condensed helium gas
was recorded by a gated intensified diode array detector
through a monochromator. The system allows for an integra-
tion time (gate width of detection from 100 ns to 10 ms and
a variable delay after excitation.

The LEDs have the structure of ITO/ PEDQ40 nm)/ s 423nm
Host-Ir(ppy); (30 nm/TAZ (30 nm)/Alg; (20 nm)/LiF (0.5 o 508nm
nm)/Al (200 nm). Current—voltage—luminescence character-
istics of the devices were obtained using a Keithley 237 * 540nm
Source Measurement Unit and a calibrated silicon photodi-
ode connected with an optical power metiiewport 1835-

C). For the time resolved EL measurements, a current pulse
from a function generatofHP 8116A triggered with a

storage-sampling oscilloscop@ektronics TDS520B was

applied to the LEDs. The pulses had the width of 100-200
ns and the repetition rate of 100 Hz. The decay signals were , .
monitored by the two-channel oscilloscope and averaged . . . 5
more than 1000 times to reduce the noise. The emitted light 1 10 100
from the EL device was collected by a fast response photo- Delay time (us)

muItlpller tube (2 ns. ,The, RC tlm? _ConStam of the device FIG. 2. (a) The photoluminescence spectra of PFHP with different gate

was about 45 ns, which is a sufficiently small value not towidth (1, 50, and 5us from top to bottoand delay time(5, 20, and 40

distort the transient measuremefft$>-* us from top to bottomat low temperaturés.5 K). Inset: the prompt pho-
Microstructures of dye doped polymer films were inves_toluminescence spectra of PFHB) Decay curves of delayed fluorescence

. . L . at 423 nm (filled squares, integration timel00 ns), 508 nm(opened
tlgated using a transmission electron mlcroscc(ﬂt'EM, circles, integration time 10 ms) and phosphorescence at 540 (fited

Carl-Zeiss LEO EM-912 equipped with an Omega-type eN<jrcles, integration time 10 ms) of PFHP on the double logarithmic scale.
ergy filter at an accelerating voltage of 120 )k\an atomic

force microscop€AFM, NanoScope lll, Digital Instrument,
Inc.), and a fluorescence microscoffeM, Olympus BX-51
V.V'th a 100 W mercury lamp Specimens for TEM pbserva- utions. The high-energy portiofi) appears in the same
tion were prepared as follows: The polymer solutions dope

: . : "~ Wavelength region as the prompt fluorescefinset of Fig.
with Ir(ppy) were cast on an air-cleaved potassium chloridey ) \ith a maximum near 430 nm. It is therefore ascribed

(KC) gurface r?md then .relnforced. bY the plasma-to delayed fluorescencd®F). The second contributiofll)
polymer!zed osmium tetraoxide. The thin film on KCI was centered at 508 nm appears also in the same wavelength
then stripped from the substrate and then transferred to raange of the excimerlike band in the prompt fluorescence.
copieFrMmesh. ; din ai The third contribution(lll) centered at 540 nm is resolved
measurements were performed in air at room tem'onIy in the delayed luminescence at low temperature and at
perature. A SN, cantilever with a spring constant of 0.12 e integration times larger than 26. It overlaps with the

N/m was usgq a_lt a scanning rate Of. 2_3. Hz. The.appl'e{izlatively strong excimerlike bandl) and is masked by the
forc? was ’.“'”'m'zed fiurlng the AFM imaging by adjusting band at short delay time of as. The emission peak of 540
the “set-point voltage” to the lower limit. nm (2.3 eV) agrees with a value obtained using a pulsed
radiolysis method for the triplet energy of polyfluorétie.
Therefore we assign the emission centered at 540 nm to be
the phosphorescenc¢Bh) from the spin forbiddersy«—T; .

Low temperature, time resolved spectroscopy technique Decay kinetics of the DF, excimer emissi¢BE), and
was employed to determine the triplet energy levels anghosphorescencéPh) has been investigated. For this pur-
thereby to investigate the dynamics of the triplet excitons ofpose, we separately integrated the spectral contributions after
host polymers. Figure(2) shows the delayed luminescence recoding the luminescence at various delay times and gate
spectra of PFHP at 5.5 K recorded with delay times of 5, 20widths. The results are shown in Figh2 on a double loga-
and 40us, respectively. The spectra consist of three contri+ithmic scale. All the emissions decay in power law fashions
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Delay Time (“S) FIG. 4. (a) Decay profiles of thel; state of PFHRopened circlesand

PtOEP doped PFHHilled circles films at 540 nm measured at 5.5 )

FIG. 3. (a) The photoluminescence spectra of PVK with different gate width EL response of PtOEP doped PFHP device after a short rectangular pulse
(1, 50, and 5Qus from top to bottorhand delay time5, 20, and 4Qus from (15 V, 200 n3 followed by a reverse bias<(15 V)
top to bottom at low temperaturé5.5 K). Inset: the prompt photolumines- ' ’

cence spectra of PVKb) Decay curves of delayed fluorescence at 423 nm
(opened circles, integration timel00 ns), and phosphorescence at 502 nm

filled circles, integration time 10 ms) of PVK on the double logarithmic . . . .
écale. ’ ) 9 and DF, respectively, since the annihilation of two triplets

generates only one singlet exciton. The origin of the power

law dependence of DF, EE, and Ph in PFHP is under study
with slopes of—1.6, — 1.7, and—0.8 for DF, EE, and Ph, now.
respectively. It is important to note that decays of EE and Ph  Similar experiments were performed for PVK. Figure
are the integrated kinetics as we used the integration time @&(a) shows the delayed luminescence spectra of PVK re-
10 ms. In this case the true kinetics is a derivative of thecorded with various integration times and delay times at 5.5
integrated kinetics and obeys power laws with thé >’ K. The spectra consist of two contributions. The high-energy
decay for the EE and-t~ 8 for the Ph, respectively. In portion (I) appears in the same wavelength range as the
contrast, the decay for DF is the real kinetics withi~*®  prompt fluorescencgnset of Fig. 3a)] so that we ascribe it
because the integration time was 100 ns that is much shortéo the delayed fluorescence. The second spectral contribution
than delay times. (Il peaked at 502 nr2.46 eVj is only observed in delayed

Origin of the power law dependence of the DF and Phluminescence and has a similar shape to the fluorescence, but

decay in PFHP is not clearly understood yet. However, thes offset from the latter by about 90 nm. Therefore we assign
power law dependence of DF and Ph decay seems to ke contribution to phosphorescence. DF and Ph of PVK de-
general in conducting polymers. A few groups recently re-cay in power law fashions as shown in FighB Again the
ported the same behavior for DF and Ph in different conductmeasured decay of Ph corresponds to the integration kinetics.
ing polymers of MeLPPP, PMOT, and PhZf8}%2 They  The real decay kinetics obeys power law et 28 for Ph
suggested that the origin of the DF is delayed germinate paind ~t~ 37 for DF, respectively.
recombination rather than triplet—triplet annihilation. If the The location of triplet state of PFHR.3 eV) and PVK
latter mechanism described the reality then linear and qua2.46 e\j are relatively well matched witfi; calculated by
dratic slopes in a semilogarithmic plot are expected for PHEQ. (1) and both decay profiles of; show much longer
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(b) FIG. 6. Decay profiles of th&, state of PVK(opened circlesand PtOEP
doped PVK(filled circles films at 502 nm measured at 5.5 K. The triplet

- PFHP+Ir(ppy)3 (8Wt.%) lifetime of PVK at 502 nm was shortened by doping of PtOEP.

triplet—triplet energy transfer does not occur from of
PFHP toT, of PtOEP even at the high doping concentration.
This consequence is consistent with the result of transient EL
response of the LED having the PtOEP doped PFHP as the
emitting layer. In the experiments, we applied the reverse
bias of —15 V as soon as the voltage pulse is off in order to
remove residual charge carriers injected by the electrical
pulse, thereby to prevent a recombination directly on the
dopantt”?*Figure 4b) shows the time resolved EL response
Time (us) of PtOEP doped PFHP at the concentration of 0.5 wt. %. At
this concentration, both blue emission from PFHP and red
::lG- 5. (da) DZCSEHPF?}‘PG; of IthETf:yI Statet SLOPFHF’(OpeneddCiftCLe)Zand emission from PtOEP are observed at the same time. The fast
Erf_plgeys)[ior?speeof Ir(psygl)deop(;(rjcngledsez\jice aftr:errnamsehaosrltj:thzng.ula:?)pulsemmal peal§ in Fig. 4b) I.S |_nduced by blue emission .from
(13 V, 200 n following by a reverse bias{13 V). PFHP, which has the lifetime of several hundred picosec-
onds. However, the delayed phosphorescence, an evidence of
Dexter energy from triplet of PFHP to PtOEP, was not ob-

lifetime than 100us. This result indicates that a polymer served. Therefore, we conclude that the triplet energy trans-
with emissive side chain chromophore such as PVK showéer is absent in PtOEP:PFHP system even thouglT {hetate

the large splitting betwee®, andT; similar to-conjugated  ©f PFHP is located higher than that of PtOEP.

polymers. It is not conclusive yet whether the large differ-  Figure §a) compares the decay profiles of the phos-
ence is a general character of the side chain polymers. Howhorescence peak from neat PFHP and Ir(ppgpped
ever, we can conjecture at least, that the electron—electroRFHP films. The features of two decays rarely show any
interaction can be large because of the localized exciteélifference. Moreover, as shown in Fighj, the transient EL

states in the polymer that leads to a large gap bet@emd  response did not show the delayed phosphorescence similar
T, of PVK 2526 to the device of PtOEP doped PFHP. In case of the film

of Ir(ppy); doped PFHP, them-conjugated polymer has

lower T, energy level2.3 eV) than that of Ir(ppy)} (2.4 eV).

This condition is a little unfavorable for triplet energy
Figure 4a) shows the decay profiles of the phosphores.tranSfer. However, Dexter energy transfer can still be pos-

cence peaks from the films of neat PFHP and PFHP dopegible in the systemAG~ +0.1 eV). Adachiet al. reported

with PtOEP(8 wt. % of PFHP. Each point was detected with efficient triplet—triplet energy transfer in the system

the same gate widtfintegration time to avoid a deformation (AG~ +0.06 eV), where host CBP has a loviler state than

of decay pattern by the change of experimental condition. Aguest Iridiunglll )bis[4,6—di—fIuorophenyl—pyridinato—N,%':]

shown in Fig. 4a), two films show almost the same decay Picolinate(Flrpic) via an endothermic energy transter.

rate except the initial fast decreasing band, which is due to The same measurements were conducted for PVK as

the fast quenching through triplet—triplet annihilatddn. host and Ir(ppy) and PtOEP as guests. Figure 6 shows the

Thus, we found that the doping of PtOEP had little influencedecay profiles of the phosphorescence spect&02 nm) of

on the lifetime of T; of PFHP and it indicates that the the neat PVK film and a PtOEP:PVK system. The decay of

EL intensity (arb.units)

IV. TRIPLET-TRIPLET ENERGY TRANSFER
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1F films made of 8 wt. % of Ir(ppy) in PVK (solid line) and in
[ PVK+|r(ppy)3 (0.5wt.%) PFHP (dashed ling The excitation wavelength for the PL
measurements was 318 nm, where the absorption by Irgppy)
is minimal so that most of the excitation light is absorbed by
the hosts. The luminescence spectrum from Ir(gpyVK
system is the same as that of Ir(ppy)ndicating an efficient
singlet energy transfer in the system. In contrast, most of the
emission comes from the ho$PFHP in Ir(ppy)s;:PFHP
system, implying that the singlet energy transfer does not
take place from PFHP to Ir(ppy)even though the Feter
radius is almost the same as the Ir(ppPVK system. Fig-
ure §c) shows the absorption spectrum of PtOEP and emis-
. sion spectra of PVK and PFHP and FigdBshows the emis-
1 2 3 4 5 sion spectra of the PtOER wt. %): PVK and PtOEP(8
Time (us) wt. %): PFHP systems, respectively. Excitation wavelength

_ of 350 nm was used for the systems. Similar to the Ir(ppy)
FIG. 7. EL response of Ir(ppy)doped PVK device after a rectangular pulse d d inal fer is effici if PtOEP
(16 V, 200 ng followed by a reverse bias{(16 V). The operation of Dexter ope Sys_tems’ singlet energ_y 'tl’al'ﬁS er I_S € _ICIent' It Pt
energy transfer was confirmed by the initial rise. is doped in PVK. However, it is inefficient in PFHP. We
conclude from the results that FEter and Dexter energy
. . transfer take place efficiently in Ir(ppy)PVK and PtOEP:
pho;phorescen_ce |nte_n5|ty of PVK begomes muph _faster b%VK systems, but Ir(ppy): PFHP and PtOEP:PFHP systems
doping PtOEP in the film. The shortening of thg lifetime o .
. . show very weak energy transfersThis is a rather surprising
of the host by doping PtOEP suggests the opening of a new It b PVK and PEHP h | t th .
fast decay channel of thg; state of PVK. It is a clear evi- result because an ave aimost e same emis-
dence on the existence of the triplet—triplet energy transfeplOn SPectrum and both of them have largesker radius
from PVK to PtOEP. In the Ir(ppy) PVK system, however, With Ir(Ppy)s. . o _
we could not separate the phosphorescence spectrum of PvK Polyfluorene and its derivatives are known as materials
from the phosphorescence emission of |r(@9)§cause of formlng gggregates which pr0h|b|t a sufficient close contact
their spectral overlap. So, we could only examine the triplefor exciton transfers between the host and guest
energy transfer by the transient EL measurement with revers@olecules®®’ In an analogous way, if the aggregation in
bias. Figure 7 shows the EL decay pattern after the sho®FHP is the reason of preventing the energy traf®felue
electrical puls€200 ng followed by a reverse bias. It clearly to the chain-packing effect, the energy tran&feshould be
shows the intensity increment after the fast decay within abserved in the nonaggregated form of the host. We em-
few hundred nanoseconds. The increment of EL intensitployed two methods to untangle the aggregation of PFHP:
should be originated from the excitation transferred by both1) plending of PFHP with an inert polymer PMMgoly-
Forster and Dexter mechanism. The possibility of chargemnethyl methacrylateand (2) preparing solution with good
trapping _Of remaining Chafge carriers on dopgnt S't‘? is disgolvent such ap-xylene. The lifetime of the film of PFHP
c?trdetc:] S'g%e\;hfe reve(;ste)z. blanl)tLGtV was appltlﬁd qwck'ly. was found to increase when PFHP was blended with PMMA.
2h§: eiarrier?o'rl'vr\:?sr reslils'z 23 seor?s rfhrzogf?icieemr???g'_n%hus it is pertinent that an aggregation is minimized when
9 ) bp P the doped system is blended with PMMA. Figut@%hows

triplet energy transfer fronT,; of PVK to T, of Ir(ppy)s. . : i .
Thus the study of triplet exciton dynamics provides experi—norm""l'ze(_j PL, spectra of films made Of_ PMMA: PFHP:
Ir(ppy); with different PMMA to PFHP ratios. Ir(ppy)to

mental evidences of the efficient triplet energy transfer in : o |
PtOEP:PVK and Ir(ppy): PVK systems in contrast to PFHP PFHP ratio was maintained at 6 wt. % for all the films. The

EL intensity (arb.units)

o
—-—
O

systems. green emission from Ir(ppy) was observed from the
blended films. The green emission must be induced by the
V. SINGLET ENERGY TRANSFER energy transfer probably as a consequence of the reduction

of aggregation of PFHP. It is not induced by the self-
excitation of Ir(ppy} because its concentration in the
blended films is lower than the unblended films. Figufe) 9

Figure 8a) shows the absorption spectrum of a film of
Ir(ppy); (solid ling), and emission spectra of PVilashed
line), and PFHRdotted ling. Both PFHP and PVK showed .
the large spectral overlap with the absorption'®iLCT of shows that the PL spgctra of the solution PFHP and Ir(ppy)
Ir(ppy)s. We calculated the Feter transfer radius from Fig. (8 Wt. % of the hostdissolved inp-xylene(10.8 mg of /1 g
8(a).%%t is defined as the characteristic distance between &f Solven). The green emission from Ir(ppy}gain substan-
host and a guest at which the efficiency of energy transfer ifates the fact that energy can be transferred from a much less
50%. The Foster radii were 31.7 and 30.7 A for aggregated PFHP in solution to the phosphor. Since the
Ir(ppy)s:PVK and Ir(ppy):PFHP systems, respectively. blending and the solution untangle the aggregation of the
Thus, efficient singlet energy transfers are expected for bothost, the apparent absence of energy transfer in PFHP is
the systems. Figure(B) shows normalized PL spectra of likely to be related to the aggregation of PFHP in question.
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FIG. 8. (a) Absorption spectrum of the film of Ir(ppy)(solid line) and emission spectra of PVilashed line\.,.=350 nm) and PFHRdotted ling,\ ¢
=380 nm) films.(b) Normalized PL spectra from 8 wt. % Ir(ppy¥loped PVK(solid line) and PFHRdashed lingfilms, respectively. The films were excited
with 318 nm light where the absorbance of Ir(ppig minimum.(c) Absorption spectrum of PtOEPfilgsolid line) and emission spectra of PVidashed line,
Nexc= 350 nm) and PFHP filmg&otted line \ .,.= 380 nm), respectivelyd) PL spectra from PtOEP dopé@ wt. %) PVK (solid line) and PFHRdashed ling
films, respectively. The films were excited with 350 nm light so that most of the excitation light is absorbed by the hosts.

VI. MICROSTRUCTURE OF Ir(ppy); DOPED POLYMER
FILMS

nm as shown in Fig. ib), suggesting that the film is homo-
geneous with no phase separation or aggregates.

More direct evidences of aggregate formation in Large .scale i.mages of Ir(pp;y)doped polymer films
Ir(ppy)s doped PFHP films were obtained from TEM, AFM, Were obtained using a fluorescence microsc@pd). In or-
and fluorescence microscofféM) images. Figures 18) and ~ der to observe images by the FM, doping concentration of
10(b) show TEM images of freestanding filmghickness Ir(ppy)s in PVK and PFHP films was increased to 15 wt. %
~20 nm) of PFHP and PVK doped with Ir(ppy)8 wt. % of  to enlarge the aggregates it there are. Figuréa) Ehd 12b)
the hosty respectively. The PFHP:Ir(ppy)film shows the display the images of Ir(ppy)PFHP, and Figs. 12) and
aggregate domains on length scales of 50-200[Rig.  12(d) the image of Ir(ppy):PVK, respectively. Figures
10(a)]. Since the iridium atom has a larger electron scattering 2(a) and 12c) were obtained under the excitation light of
cross section than the carbon atom, the dark spots are likefhe spectral range of 330—-385 nm with 420 nm barrier filter
to be Ir(ppy); aggregates, even though the chemical compoy, ay0id direct detection of the excitation light and Figs.

sition of the aggregated domains has not yet been clarifiedlz(b) and 12d) and under the excitation of spectral range of

ggst?;;t:[iri haln(cxit,))t]hesfvI;gtri(nppgt/r)]‘;;nt;:?i\;vns] gfﬁsgéeé_ 460—-490 nm with 520 nm batrrier filter for the same purpose,
g&rg. » SUgY 9 9 respectively. Both Ir(ppy and the hosts PVK and PFHP

neous with no phase separation or aggregates. i _ ’
The surface topographies of the films were investigatedVlll P excited by the light of 330-385 nm because they

by AFM and are displayed in Fig. 11. The PFHP:Ir(ppy) Nave strong absorption in the range. In contrast, only
film shows an aggregated domain with a horizontal size off(PPY)s will absorb light in the range of 460—490 nm be-
~250 nm and a vertical roughness in the range-@5 nm  cause there is no absorption by the hosts in the range.

as shown in Fig. 1(B). In contrast, the PVK:Ir(ppy film is Figure 12a) shows green emissive needlelike images in
smooth with the height variation in the range of less than ~ blue background. The blue background corresponds to the
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FIG. 9. (a) Normalized photoluminescence spectra of films made of PMMA
(1): PFHP: (1): Ir(ppy); (0.06 (solid line), PMMA (1): PFHP (0.9):
Ir(ppy); (0.03 (dashed ling and PMMA (1): PFHP (0.025: Ir(ppy)s;
(0.015 (dotted ling. All films were excited with light at 318 nm where the
absorbance of Ir(ppy)is minimum(b) Photoluminescence spectrum of
PFHP and Ir(ppy) (8 wt. % of hos} solution dissolved irp-xylene[10.8

mg of PFHP and Ir(ppy1 g of solvent.

PO éhe]

fluorescence from PFHP. When the film is excited with the

light of 460—490 nm, the needle shapes emit bright green iff'G- 10- TEM image of films of@ Ir(ppy); (8 wi. %) doped in PFHP
dark background which indicates that the needle shapes afao"'s 299regates uniike the) Ir(ppy)s film (8 wt. 9 doped in PVK.
composed of Ir(ppy) and the background contains a little

amount of Ir(ppy}. Figures 12a) and 12b) clearly demon- Ir(ppy)s. In summary, all the TEM, AFM and FM images

strate that Ir(ppy) forms aggregates in PFHP. It !S qUit‘? clearly show that Ir(ppy) is homogeneously dispersed in
common that morphology of aggregates changes with doplngVK but it forms aggregates in PFHP,

concentration. Generally, the aggregates have spherical shape

gt low doping concentration. As the dopm_g concgntratlor\/”_ DEVICE PERFORMANCE

increases, the aggregates coalesce to grow into various forms

like dendrite or needle shapes. Therefore, it is not surprising EL spectra of PFHP:Ir(ppy) are compared with PL

to observe that the aggregates have spherical shape at the Ispectra for different doping concentrations in Fig. 13. PL

concentration of 8 wt. hTEM image$ and needle shape at spectra of PFHP:Ir(ppy)films show only a blue emission

high concentration of 15 wt. %. from PFHP even at high doping concentrations as shown in
In contrast, Ir(ppyy:PVK films exhibit homogeneous, Fig. 13a) since singlet energy transfer does not take place

featureless green images independent of excitation wavdrom PFHP to Ir(ppy}. The EL spectrum changes with dop-

length[Fig. 12c)]. The green emission without blue emis- ing concentration as shown in Fig. (b3 and the applied

sion from the film when excited with the light of 330—-385 voltage at the same doping concentrationt shown. Most

nm results from the energy transfer from PVK to Ir(ppy) of the light was emitted from PFHP in the EL devices when

The images of Figs. 12) and 12d) demonstrate homoge- the doping concentration was lower than 2%. In contrast,

neous dispersion of Ir(ppy)in PFHP within the resolution light was mostly emitted from Ir(ppy) if the doping is

of the FM and efficient energy transfer from PVK to higher than 8%. This fact indicates that the light was emitted
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FIG. 11. AFM images of the surfaces ofa)
PFHP:Ir(ppy} (8 wt. %), (b) PVK:Ir(ppy)s (8 wt. %).
The corresponding cross sections of the surface heights
of the thin films were taken horizontally from the point
mn . .
indicated by an arrow.

o 200 300 00 T= - - |
10 Lenath (:f] ¢ 100 200 200 400 500
i Length Crial

by direct charge trapping and recombination on the dye molbital) and LUMO (lowest unoccupied molecular orbitdév-
ecules at the high doping concentrations since the singlet argls of the PFHP and Ir(ppy)are aligned favorably for the
triplet energy transfer did not take place in thecharge confinement. The HOMO levels of PFHP and
PFHP:Ir(ppy} film. HOMO (highest occupied molecular or- Ir(ppy); are 5.7 and 5.5 eV and LUMO levels are 2.7 and 3.0

100pum
100pum

FIG. 12. Fluorescence micrographs of PFHP:Ir(pdy®), (b)] and PVK:Ir(ppy) [(c), (d)] films with the doping concentration of 15 wt. &) and(c) were
taken under the excitation light of the spectral range of 330—385 nm with 420 nm barrier filtéb)aadd (d) were taken under the excitation light of
460-490 nm with 520 nm barrier filter.
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FIG. 13. (&) PL and(b) EL spectra of PFHP: Ir(ppy)films with different \Navelength (nm)
doping concentration), 0.5, 1, 2, 4, and 8 wt. %

FIG. 14. (a) PL and(b) EL spectra of PVK: Ir(ppy) films with different
doping concentration, 0.5, 1, 2, 6, and 8 wt. %

eV, respectively, which were measured by ultraviolet photo- . . )
electron spectroscopy. traps to increase the driving voltage. However, at high dop-

The PL and EL spectra of PVK:Ir(ppyshow the green ing concentration, the dopants form another channel to trans-
emission from Ir(ppy) even at the low doping concentration port carriers by hopping between the dopant molecules,
of 1 wt. %, indicating that the singlet energy transfer is al-thereby reducing the driving voltage. Thus, the various
most complete at the doping concentratidfig. 14. The  mechanismgsinglet, triplet energy transfer, and charge re-
results are consistent with the homogeneous dispersion of tltmbination on dopant sitenay contribute to the emission
dopant with large Feter radius. Figure 15 shows the current process of PVK:Ir(ppy) OLEDs.
density versus voltage characteristics of OLEDs with  Figure 16 shows the external quantum efficiencigs§
PFHP:Ir(ppy} and PVK:Ir(ppy) film as emissive layers. In  of OLEDs using PVK:Ir(ppy} and PFHP:Ir(ppyj as the
the case of PFHP device, the turn-on voltage increased witluminescent layers. The device with the emissive layer of
increasing doping concentration as shown in Figal5rhis  PVK:Ir(ppy); showed,,, of 0.3% even at the low doping
result indicates the dopant molecules works as carrier trapsoncentration of 0.1 wt.%. In contrast thg,,, of the
in the device, which is consistent with the results of Fig.lr(ppy);:PFHP device was 0.1% and it was reduced as the
13(b). Light emission from the recombination of the trappedcurrent density increased. It is noteworthy that the light emit-
charges on the dopant sites may be the major mechanism feed from the Ir(ppy):PFHP is mainly from PFHP not from
PFHP:Ir(ppy) devices. On the other hands, the PVK hostlIr(ppy); [Fig. 13b)]. The difference in the quantum effi-
devices show different behaviors from the PFHP host deeiency is even larger at the high doping concentration of 8
vices. The turn-on voltage increases with increasing dopingvt. %. The maximum external quantum efficiency-e6%
concentration of Ir(ppy) up to 1 wt. % but decreases when was obtained for PVK:Ir(ppy) device at the current density
the doping concentration increased further to 8 wt.% a®f 7.4 mA/cnt, which is 15 times higher value than that
shown in Fig. 18b). The results can be interpreted as fol- ~0.4% of PFHP:Ir(ppy) at the current density of
lows. At low concentration, the dopant molecules behave a8.8 mA/cnf. These results clearly indicate that the formation
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FIG. 15. Current density—voltage characteristics of Ir(gmoped polymer
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(filled circles, and 8 wt. %(filled triangles Ir(ppy); in PFHP(a) and in
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VIIl. CONCLUSIONS

Singlet and triplet—triplet energy transfer in phosphores-
cent dye doped polymer light emitting devices were investi-
gated. Energy levels and dynamics of triplet-excited state in
a mr-conjugated polymer and a polymer with luminescent
side chain chromophore were determined from low tempera-
ture luminescence studies. Singlet and triplet energy transfers
are efficient in PVK doped with Ir(ppy)or PtOEP as ex-
pected. They havél) the large Foster radius(2) high host
T, energy level(2.46 eV}, and(3) long lifetime of hostT,
state. However, the conditions do not represent the complete
criteria for energy transfers for other systems as is evident
from the absence of energy transfer from PFHP to the phos-
phorescent dyes. It was found that the absence of the energy
transfers is originated from the formation of aggregates. The
TEM, AFM, and fluorescence microscope images of Ir(gpy)
doped PFHP films showed the formation of aggregates,
whereas PVK:Ir(ppyy films showed homogeneous and
smooth images. The formation of aggregates prevents dopant
molecules from being in close proximity with host molecules
thereby inhibiting energy transfer processes. It also explains
the low efficiency from the PFHP:Ir(ppy)LEDs. Therefore,
homogeneous dispersion and chemical compatibility of dop-
ant with host polymers along with the usual requirements of
Forster and Dexter energy transfer must be considered in
order to successfully prepare efficient phosphorescent dye
doped polymer LEDs.

It is worthwhile to note that PVK, a polymer with emis-
sive side chain chromophore, showed the large singlet—
triplet splitting of 1.04 eV (8000 cm') similar to
g-conjugated polymers. It is not conclusive yet whether the
large difference is a general character of the side chain poly-
mers. However, we can conjecture at least, that the electron—
electron interaction can be large because of the localized

of aggregates in the phosphorescent dye doped devices réxcited states in the polymer that leads to a large gap be-
sults in lower efficiency for the phosphorescent dye dopedweenS; and T, of PVK.?>? This result implies that it is
devices. Therefore, the homogeneous dispersion of a dopaiifficult to find proper host polymers for efficient blue phos-
in a host material must be addressed when doping systeniorescent dyes fromr-conjugated polymers or polymers
for polymer LEDs are selected to utilize energy transfers tovith emissive side chain polymers, since the highstate of
fabricate efficient devices.
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L e® o sesoocsce ]
) 080000, i
< ] PVK+Ir(ppy), (8 wt.%) *4
g
5 ] PVK+r(ppy), (0.1 wt.%)
(5]
% Oooofo.o(:o.ogcm -..-.....--I------l----“"-
£ o u® %%
= 01F 0 nan O o 4
% g D&E S moec P00 00000 Ry
& |s /

0.01 || PFHP+Ir(ppy), (0.1 wt.%) | PFHP+Ir(ppy), (8 wt.%)

1

FIG. 16. The external quantum efficiency of Ir(pgpyoped PVK and PFHP
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LEDs as a function of the current density.

the host is indispensable for efficient triplet—triplet energy
transfer to blue phosphorescent dyes.
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