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Origin of efficient light emission from a phosphorescent polymerÕorganometallic guest-host system

Raluca A. Negres, Xiong Gong, Jacek C. Ostrowski, Guillermo C. Bazan, Daniel Moses,
and Alan J. Heeger*

Center for Polymers and Organic Solids, University of California, Santa Barbara, California 93106-5090, USA
~Received 5 February 2003; revised manuscript received 20 May 2003; published 29 September 2003!

Time-resolved photoinduced absorption measurements were performed at 77 K and room temperature on
thin films of tris@9,9-dihexyl-2-~phenyl-48-~-pyridin-29-yl!fluorene#iridium~III ! @ Ir(DPPF)3# doped into a
blend of poly(N-vinylcarbazole! ~PVK! with 2-~4-biphenylyl!-5-~4-tert-butylphenyl!-1,3,4-oxadiazole~PBD!.
We observe that in the PVK-PBD host blend, charge trapping~CT! plays an important role in the excited-state
dynamics, in addition to exciplex formation and intensity-dependent decay of primary excitations. We develop
a physical model which includes all interactions and which is in excellent agreement with the data. We find that
35% of the initial photoexcitation channels into CT states and that exciplexes are formed at a rate of 1/10 ps21.
For the Ir(DPPF)3 doped host composite, we write the rate equations for all population densities~which
include the above excited-state species! and include energy-transfer rates from the host to the guest molecules.
In both 0.2% and 2% Ir(DPPF)3 :(PVK-PBD) blends, Fo¨rster energy-transfer rates drop to half their low-
temperature values at room temperature. We attribute this difference to a limited availability of guest molecules
ready for energy transfer following charge trapping and insufficient spectral overlap due to shifts in the highest
occupied and lowest unoccupied molecular orbital levels of the guest upon hole trapping. We conclude that the
overall host-guest energy transfer is almost complete at room temperature in the 2% phosphorescent blend,
with a large contribution~35%! from CT states which exhibit emission at all probe wavelengths.

DOI: 10.1103/PhysRevB.68.115209 PACS number~s!: 78.66.Qn, 78.47.1p, 33.50.2j
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I. INTRODUCTION

Phosphorescent dopants have been successfully us
organic light-emitting diodes~OLED’s! to improve the
device performance by breaking the spin conserva
rule. The resulting harvesting of both singlet and trip
excitons has led to very high-efficiency OLED’s.1–13

One of the most promising guest-host syste
uses the phosphorescent-guest tris@9,9-dihexyl-2-~phenyl-
48-~-pyridin-29-yl!fluorene#iridium~III ! @ Ir(DPPF)3, Fig.
1~a!# into a host blend comprising poly(N-vinylcarbazole!
@PVK, Fig. 1~b!# with 2-~4-biphenylyl!-5-~4-tert-
butylphenyl!-1,3,4-oxadiazole@PBD, Fig. 1~c!#. Because of
the strong spin-orbit coupling of the heavy metal center
complexes have efficient phosphorescence and short
times, which typically range from 1 to 14ms. In this study,
we investigate in detail the physical processes involved
the high performance of Ir(DPPF)3-doped OLED’s. On a
sub-nanosecond time scale, ultrafast pump-probe spec
copy offers key information on how the photoexcitation
transferred from the polymer host to the organometa
phosphor guest.

When designing a host-guest system, one has to care
analyze its ability to transfer the initial excitation~optical or
electrical pumping! from the host material~‘‘blue emitter’’!
to the dilute guest species which emit at longer waveleng
The emission of the blend will be redshifted, with a twofo
benefit: minimum reabsorption losses and tunable emis
color with the use of various dopant chromophores. Oft
the mechanism behind the observed photoluminescence~PL!
spectra of polymer blends is the transfer of energy from h
to guest via the long-range dipole-dipole interaction, kno
as Förster energy transfer.14–16 As a result, complete, rapid
energy transfer can occur even at dilute concentrations o
0163-1829/2003/68~11!/115209~8!/$20.00 68 1152
in

n
t

s

r
e-

n

os-

c

lly

s.

n
,

st
n

he

guest.17,18 In electroluminescence~EL!, following injection
of the carriers, direct electron and hole trapping plays a r
and an excited dopant molecule is formed by the sequen
trapping of a hole and then an electron onto the guest o
nometallic complex.

FIG. 1. Chemical structures of~a! Ir(DPPF)3, ~b! PVK, and~c!
PBD.
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Following ultraviolet ~UV! optical pumping of the
Ir(DPPF)3 :(PVK-PBD) blend, the observation of gree
phosphorescence at guest concentrations exceeding
proves that energy is indeed transferred from the host to
guest. For future device development based on such syst
techniques are required that go beyond steady-state ex
ments to quantify the rate and/or time scale of the ene
transfer, and identify the mechanisms involved. By using
well-established sub-picosecond pump-probe method, it
been illustrated in the case of polymer blends17 that during
Förster energy transfer, the density of excited guest m
ecules increases as the concentration of excited host
ecules decreases. Although the transfer mechanism is m
complex, a similar picture can be presented for
Ir(DPPF)3 system~Fig. 2!. The details are described in Se
III. A quick look at the dynamics of the phosphoresce
blend, compared to that in fluorescent polymer blends, sh
that the transfer proceeds somewhat more slo
(;200–300 ps) and the guest excitation reaches only a
70% of the initial host excitation.

II. EXPERIMENT

A. Sample preparation

The synthesis and characteristics of the phosphores
Ir(DPPF)3 have been reported elsewhere.19 PVK and PBD
were obtained from Aldrich and used without further puri
cation. The organic thin films were spin cast at;1500 rpm
from 3% solid solution in 1,2-dichloroethane onto UV gra
fused silica substrates. In addition to PVK and PBD prist
films, and the PVK-PBD host~40 wt %!, blends incorporat-
ing two concentrations of the guest molecule were prepa
0.2 wt % and 2 wt %. Film thicknesses ranged from 200
to 300 nm~measured with Dektak profilometer!. Visual ex-
amination showed that the films were of good optical qua
~with the exception of PBD neat film where scattering ce
ters form as a result of poor solubility!.

B. Pump-probe instrumentation

The source for the ultrafast nonlinear spectroscopic m
surements was a Spectra-Physics amplified Ti:sapphire

FIG. 2. Host ~dashed line! and guest~solid line! normalized
excited-state populations as function of probe time delay, aT
577 K and 2% doping concentration. Probe wavelength is 500
while pump is set at 328 nm~see the details in Sec. III C!.
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tem followed by an optical parametric amplifier, providin
;120 fs @full width at half maximum~FWHM!# pulses at a
repetition rate of 1 kHz with tunable wavelength. The pum
wavelength was set at 328 nm~3.8 eV!, close to the peak
absorption of both PVK and PBD. The two host compone
absorb strongly, while the absorption from Ir(DPPF)3 is
much weaker. Although the extinction coefficients of t
guest and that of the host at the pump wavelength have c
parable values, the guest molecules are very dilute in the
composite (;1:350 molar ratio!. Thus, the probability that
an incident UV photon will be absorbed in the Ir(DPPF3

blend by either PVK or PBD is much higher. Transient a
sorption experiments were also performed in 2 wt
Ir(DPPF)3 :PMMA blends ~PMMA is polymethylmethacry-
late, a neutral polymer host with negligible absorption at 3
nm! in order to asses any possible contribution to the pho
induced absorption~PA! signal from directly excited gues
molecules, in the absence of energy transfer from the h
Due to the dilute concentration of guest molecules in PMM
and despite their fairly large molar absorptivity at the pum
wavelength (1.23105 cm21 M21), no PA signal was de-
tected~2–3 % of pump absorption in the sample is a min
mum requirement for a pump-probe experiment!. Therefore,
the number of guest molecules directly excited by the pu
can be safely neglected throughout the paper. The pump
ergy was approximately 0.3mJ per pulse with a spatial ex
tent of 120mm (HW1/eM) at the sample plane.

In order to probe the photogenerated excited state,
transmission of a femtosecond white-light continuum pu
~obtained by focusing 1mJ of 800 nm into a 1-mm-thick
sapphire window! was monitored. Wavelengths were s
lected from the continuum beam by using interference filte
We have performed measurements of the probe differen
transmission at four different wavelengths, 480 nm, 500 n
532 nm, and 580 nm, in all thin-film samples throughout t
work. The time delay of these single-wavelength pro
beams, with respect to the pump pulse, was achieved wi
computer controlled translation stage that is inserted into
pump beam path before the beam reaches the sample.
data presented in this work are expressed in terms of
differential change in transmission of the probe,dT/T,
which is directly proportional to the change in absorptio
Da, where Da5sN, with s the excited-state absorptio
cross section andN the excited-state population density. Th
328-nm pump pulse caused a reduction in the transmi
intensity of the probe pulse~photoinduced absorption! at all
wavelengths. In general, the PA signal decreases with tim
a consequence of the decay of the excited-state popula
The pump beam was mechanically chopped and phase
sitive ~lock-in! detection was utilized to detect signa
smaller than 1022. The samples were kept under dynam
vacuum to avoid photo-oxidation. Liquid-nitrogen cooling
the sample holder allowed us to perform experiments w
the sample atT577 K, in addition to room temperature
Experiments were performed within two days of spin cast
the films to avoid phase separation~as observed in device
studies!.

,
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III. RESULTS AND DISCUSSION

As briefly noted in Sec. I, the energy-transfer mechan
in Ir(DPPF)3 :(PVK-PBD) blends is more complex than i
the case of two-component polymer blends.17,18 In order to
maximize the spectral overlap of the host emission and
guest absorption for the desired Fo¨rster energy transfer, PVK
was selected as the host because it is a blue emitter
emission spectrum that overlaps the absorption spectrum
the Ir(DPPF)3. The UV-visible absorption and PL spectra
thin films PVK-PBD ~40 wt %! and pristine Ir(DPPF)3 are
illustrated in Fig. 3. The requirement to have balanced cha
injection in electroluminescent devices led to the addition
PBD into the host polymer since PVK is a hole-transp
material while PBD is an electron-transport material.

The photoinduced absorption results obtained from
PVK-PBD host alone proved somewhat cumbersome
simple model of single excited-state species with intens
dependent dynamics~bimolecular annihilation!, as is the
case for poly~p-phenylene vinylene! ~PPV! derivatives,20–24

is not sufficient to account for the data obtained from
host material. The initial decay of the excited-state popu
tion at room temperature (T5300 K) seems to be too fas
an attempt to fit the data leads to an overestimated bimol
lar decay rate, and the overall fitting curve is not in agr
ment with the data at longer time delays~the population has
been depleted after the first 10 ps!. This behavior suggest
that only a fraction of the initial photoexcited species u
dergo bimolecular decay followed by natural decay dyna
ics, while the rest of the population lingers for a longer tim
Considering the intrinsic properties of PVK25 and PBD and
previous work on charge-trapping~CT! states in conjugated
polymer/fullerene blends,21 we designed our experiments a
follows: at a low enough temperature (T577 K) the mobil-
ity of any carrier created upon excitation is zero, the carri
are frozen; we thus eliminate one mechanism that could c
tribute to the time evolution of the excited population in t
host blend. This argument is well justified in amorpho
polymers, such as PVK, where trap-controlled and disper
hopping as transport mechanisms require an activation
ergy in excess of 0.1 eV.25 Once we obtain all the paramete

FIG. 3. Normalized absorption (d and s) and photolumines-
cence (m andn) spectra of thin films of PVK-PBD~40 wt %! and
Ir(DPPF)3, respectively.
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of the problem at this low temperature, we can later add
the CT contribution to the PA to explain the more compl
behavior at room temperature.

A. PVK-PBD host at TÄ77 K

Interesting characteristics of the PL spectra from this h
system have been recently discussed26 in relation to the ef-
fect of carbazole-oxadiazole excited-state complexes on
efficiency of OLED’s. While the PL maxima for PBD an
PVK occur at 380 nm and 410 nm, respectively, the PL sp
tra of PVK-PBD blends~weight ratios from 95:5 to 40:60!
show maxima at systematically longer wavelengths, near
nm ~see Fig. 3!. The redshift is essentially independent
composition and indicates the formation of an excited-st
complex.

Two different classes of excited-state complexes, both
portant for polymer light-emitting diodes~PLED’s!, have
been documented in the literature:exciplexesand elec-
troplexes. Photoexcitation generates free carriers either
rectly(;10% in conjugated polymers!, when the electronic
wave functions are delocalized or when dissociation of n
tral excited states is facile, i.e., when the exciton bind
energy is small. Thereby, the emission signature of e
troplexes is visible in the EL spectrum but not typically
the PL spectrum. Conversely, exciplexes are genera
through photoexcitation, so their emission is visible in bo
EL and PL spectra. The presence of excited-state comple
in the host matrix alters the energy levels present, and m
very well impact the efficiency with which energy can b
transferred to the guest molecules.

Based on our observations, we propose a simple mode
describe the time evolution of excited-state population in
PVK-PBD blends atT577 K; the model incorporates th
following species:~i! primary excitations with effective new
parameters for both the bimolecular and the natural de
rates~independent from those in pristine films! and~ii ! exci-
plexes with formation rate and lifetime yet to be determine
which exhibit PA~or stimulated emission! at longer probe
wavelengths~redshifted with respect to pristine films of PVK
and PBD!.

The use of effective parameters for the primary exci
tions is a simplified approach to evaluating the compos
host, as opposed to studying the individual components
including interactions between different molecular species
the blend. We made a quantitative attempt to follow the la
route where the ratio of PVK to PBD species along with th
excited-state absorption cross sections need to be prec
determined. The quality of pristine PBD films~with a ten-
dency toward crystallization! and other experimental error
prevented consistent results. Our data indicate that the bi
lecular decay rate of PBD is greater than that in PVK~one
order of magnitude! and the lifetime is shorter, 50610 ps~vs
15006100 ps in PVK!.

Following the intensity-dependent dynamics of t
excited-state absorption in PPV oligomers, we write a r
equation of the form20–22

dN1

dt
52

N1

t1
2

b0

At
N1

2 , ~1!
9-3
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where the first term represents the natural lifetime decayt1
and the second term describes the bimolecular decayb0 aris-
ing from the interaction between excitations. The excitat
densities and the mean separation between excitations
countered in our experiment~see Ref. 20! fall within the
regime where Eq.~1! applies well.

The excited-state dynamics in the PVK-PBD blend
480-nm probe are presented in Fig. 4~open triangles!. The
best-fit parameters in the numerical integration of Eq.~1!
~solid line! are the natural lifetimet151500 ps and the bi-
molecular coefficient,b0(480 nm)56.9310222 cm3 ps21/2.
The excitation density at the front surface,N05a F/\ v,
whereF is the input fluence anda is the linear absorption
coefficient at frequencyv, was 731019 cm23610%. The
simple model of single excited-state species~primary excita-
tions! undergoing intensity-dependent recombination dyna
ics @Eq. ~1!# agrees quite well with the data at both 480 n
and 500 nm. Similar parameter values were inferred from
experiments in pristine PVK films. The results indicate th
addition of PBD to the host material does not significan
influence the dynamics, at least at these particular wa
lengths.

The situation is quite different at longer probe wav
lengths, e.g., at 532 nm and 580 nm. The data sugges
presence of an additional excited species. From the PL s
tra, we know that exciplexes are formed. PBD must pla
role in the exciplex formation. IfN2 is the exciplex popula-
tion, its dynamics can be described by

dN2

dt
51

N1

texc
2

N2

t2
, ~2!

where (texc)
21 andt2 are the rate of exciplex formation an

lifetime, respectively. Equations~1! and~2! provide the cor-
rect model for fitting our data. Figure 4 also includes t
more interesting dynamics of the blend atT577 K and
532-nm probe~closed triangles!. The bimolecular decay
coefficient is found to be b0(532 nm)55.8
310221 cm3 ps21/2, while texc510 ps andt25100 ps. The
large value for bimolecular decay points to the domin

FIG. 4. The excited-state dynamics of PVK-PBD blend at 4
nm (n) and 532 nm (m) (T577 K). Fitting parameters in Eqs.~1!
and ~2! are given in the text.
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signature of PBD at early times. After approximately 50 p
excited PBD entities have already decayed, leaving beh
longer-lived excited PVK species and exciplexes.

B. PVK-PBD host at TÄ300 K

We noted in the beginning of Sec. III that the behavior
the host blend at room temperature suggests the presen
longer-lived ~up to milliseconds27,28! excited-state species
The upper limit on the time delay in our experiment was 0
ns, thus the contribution of metastable CT states will app
approximately constant over this time interval.

At this point, we have used a simple model, includi
primary excitations and exciplexes, to show the basic ph
cal features that contribute to the population decay in
samples atT577 K. In order to account for a constant ter
in the transient signal in the sub-nanosecond regime, we c
sider the excited-state absorptionDa to arise from a super-
position of the remaining primary excitationsN1 and the
newly formed CT statesNCT:

Da~ t,l!5N1~ t !s1~l!1NCT~ t !sCT~l!. ~3!

The spectral dependence of each excited speciesi is deter-
mined by its cross sections i . The functional form of Eq.~3!
is based on a physical model with the following features:~i!
NCT is formed at times within the experimental resolutio
(;200 fs);28,29~ii ! the contribution ofNCT to Da is approxi-
mately constant in the picosecond regime, i.e.,NCT(t)
[NCT. The possibility of having CT states in the PVK-PB
host system is justified if we take a look at the highest oc
pied molecular orbital~HOMO! and lowest unoccupied mo
lecular orbital~LUMO! levels of PVK and PBD30 and their
position with respect to each other@see Figs. 5~a! and 5~b!#.
Both electron and hole trapping are favorable and we do
distinguish between them when we refer to the char
trapping populationNCT.

Following closely the analytical treatment applied to co
jugated polymer/fullerene bilayers and blends,21 we first nor-
malize the measureddT/T curve in the PVK-PBD blend a
room temperature to the zero-delay value in the thin film
T577 K ~i.e., where CT states have been frozen! and rewrite
Eq. ~3! in the form

FIG. 5. HOMO and LUMO levels of~a! PVK, ~b! PBD, and~c!
Ir(DPPF)3.
9-4
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dT/Tnorm~ t !5~12j!g~ t,j!1j
sCT

s1
. ~4!

The decay functiong(t,j) in the first term of Eq.~4! is
simply the nonlinear decay obtained by integrating Eq.~1!
with the same parameterst1 andb0 used to fit the dynamics
of the excited-statesN1 in the previous case~Sec. III A!. In
the case of exciplex formation~observed at longer
wavelength probes!, this term also includes the integration
Eq. ~2!. The dependence of this decay function onj, the
charge-trapping probability, is included explicitly to indica
the sensitivity of the bimolecular decay to the fraction
excited states undergoing CT. The second term is time in
pendent and contains the relative excited-state cross se
of the CT states,sCT/s1.

As shown in Fig. 6, this revised model yields good fits
the data at delay times beyond 1 ps. The two fitting para
eters extracted from the fit are the fraction of CT statesj
50.3569%, and the relative cross sections,sCT/s1
520.081610% and 0.092610% ~for 480-nm and 532-nm
probes, respectively!. We note that CT states have an em
sive character at 480 nm while absorptive at 532 nm. All
other parameters, i.e., lifetimes and bimolecular rates,
fixed at their values determined in the preceding section

C. Ir „DPPF…3 : „PVK-PBD… blend

At this point, we have developed a physical model wh
explains all the decay features observed in the PVK-P
host, including the wavelength-dependent bimolecular de
exciplex formation, and charge related phenomena~electron
or hole trapping!. Knowledge of the host dynamics is esse
tial for subsequent modeling of the energy transfer to
guest molecules in the Ir(DPPF)3 blend, the ultimate goal o
this work.

Samples with two doping concentrations, 0.2% and 2
were measured within two days of their preparation, un
dynamic vacuum at liquid nitrogen and at room tempe

FIG. 6. Decay dynamics in PVK-PBD blend (T5300 K) for
480-nm (n) and 532-nm (m) probes. The solid lines represe
numerical fits from the model involving bimolecular decay of p
mary excitations, exciplex formation~at 532 nm!, and a constant
contribution from long-lived CT states~see the text!. The dashed
lines exclude the latter mechanism, analogous to the behavior
served atT577 K.
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tures. The energy transfer is evident in the PL spectra~green
emission from the guest molecules! at even lower doping
levels.12 Here we present results obtained with the 2% ble
at both temperatures.

The HOMO and LUMO levels~solid boxes! of Ir(DPPF)3
are shown in Fig. 5~c!. The HOMO level was measured b
cyclic voltammetry, the basic principle of which is to me
sure the oxidation potential of the compound. The LUM
level was calculated from the optical absorption assum
that the optical gap is equal to the energy gap~the HOMO-
LUMO gap!. A close look at these levels suggests the f
lowing scenario:~i! after initial excitation of PVK-PBD
blend, a hole is trapped onto the guest organometallic c
plex ~with the highest oxidation potential out of the thre
components!, ~ii ! the presence of a positive charge on t
metal center lowers the LUMO level~dashed line!, and~iii !
electron trapping by the cationic guest molecule is now f
sible ~it can be reduced more easily than the electron tra
port material! and energy transfer by Fo¨rster mechanism is
affected as well~different overlap between the host emissi
and guest absorption!. In other words, free carriers create
by photoexcitation of the PVK-PBD blend end up bein
trapped on the iridium complex where they recombine with
their lifetime (;ms).

The previous route, used in the host composite, to iso
different physical processes seems to be the logical rout
follow in the Ir(DPPF)3 blend as well. Namely, experiment
conducted atT577 K should solely reveal the dynamics o
the energy transfer in the absence of mediated charge e
tation. After the rate of transfer is determined, adding in C
states precisely follows the treatment from Sec. III B.

The coupled rate equations to model the Fo¨rster energy
transfer between the host and the guest~subscripts H and G,
respectively! are obtained from Eqs.~1! and ~2! with the
addition of one term:

dN1H

dt
52

N1H

t1H
2

b0

At
N1H

2 2
b1

At
N1H , ~5a!

dN2H

dt
51

N1H

texc
2

N2H

t2H
2

b2

At
N2H , ~5b!

dN3G

dt
51

b1

At
N1H1

b2

At
N2H2

N3G

t3G
. ~5c!

The coefficientsb1 andb2 measure the strength of the Fo¨r-
ster transfer whileN3G denotes the guest population buildin
up as the energy transfer proceeds. From fitting to the d
we find that the lifetimet3G is greater than 10 ns, but a
accurate determination within the time frame of our expe
ment is difficult. This observation is consistent with the lo
triplet lifetime of iridium complexes, on the order of few
microseconds. The natural decay of the guest population
ing the first nanosecond will be neglected from here on.
other variables in Eqs.~5a!–~5c! have been defined in Sec
III A.

Equations~5a! and~5b! are valid for the host excited-stat
populations~primary excitations and exciplexes!. Depending

b-
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on the probe wavelength, one or both equations need t
used; i.e., at 480 nm and 500 nm, only Eqs.~5a! and ~5c!
apply, with the rate of energy transferb1. Subsequently, for
numerical integration of Eq.~5c!, only the first positive term
contributes, (b1 /At) N1H while N2H[0. At longer probe
wavelengths, the entire set of Eqs.~5a!–~5c! is required for
fitting the data. When all excited species are present,
differential change in transmission is obtained from the
merical integration of Eqs.~5a!–~5c! as follows:

dT/T~ t !5dT/T~0!FN1H~ t !1N2H~ t !
s2H

s1H
1N3G~ t !

s3G

s1H
G ,
~6!

where dT/T(0)5s1HN0L with L-film thickness, and
excited-state cross sections i ’s correspond toNi ’s and N0
5N1H1N2H1N3G ~initial excitation density!.

In Fig. 7, we present data from the 2% Ir(DPPF)3 blend at
T577 K, with 500-nm and 532-nm probes. The model p
vides excellent fits to the data. The energy transfer proce

FIG. 7. Time-resolved Fo¨rster energy transfer in
Ir(DPPF)3 :(PVK-PBD) blend~2 wt %,T577 K). The probe beam
was at 500 nm (n) and 532 nm (m). The pump wavelength is 328
nm. Solid lines~top graph! represent fits using the excitation de
sities from Figs. 2 and 7~bottom graph!, respectively. Host popu
lation at 532 nm has two components, primary excitations and
ciplexes ~dashed and dotted lines, respectively!, while the guest
population is shown in solid line.
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within a few hundreds of picoseconds. Note the slower tra
fer as compared to that in the earlier work on polym
blends, 300 ps vs 10 ps.17,18 We attribute this difference to
the strong mixing of ligand centered and metal-to-liga
charge transfer~MLCT! states due to spin-orbit coupling31

that leads to a fairly weak oscillator strength of the MLC
state. The ability of the guest molecules to efficiently abs
the host emission in the dipole-dipole mediated energy tra
fer is diminished as well. For comparison, the rate of trans
in the 2% Ir(DPPF)3 blend is at least five times smaller tha
that measured in polymer blends with similar doping, as d
cussed in Ref. 17.

In this work, the guest excitation reaches about 70%
the initial host excitation at all probe wavelengths~see Figs.
2 and 7! andT577 K. This is expected since the number
excited guest molecules upon energy transfer depends o
pump pulse characteristics~in addition to other details such
as the spectral features of the blend components! and is in-
dependent of the photon energy of the probe. This latter
havior provides an additional criterion for the adequacy
our model and fitting procedure, especially for the case
532-nm probe where two species of the host population c
tribute to energy transfer, primary excitationsN1H ~dashed
line!, and exciplexesN2H ~dotted line!, respectively@see the
bottom graph in Fig. 7 and Eqs.~5!#. The only fitting param-
eters used are the energy-transfer ratesb1,2 and the relative
excited-state cross sections3G/s1H ~see Table I!.

Using the information and insights obtained from t
77-K data, we are finally ready to analyze the roo
temperature excitation dynamics of the blends. Visual
spection of the blend under UV pump irradiation shows
significant change in brightness when the temperature is
evated fromT577 K to room temperature. We recall that C
species play an important role in the dynamics of PVK-PB
host. We already noted that, considering the HOMO a
LUMO levels of the components, trapping of all the fre
carriers~following photoexcitation of the host! on the guest
molecules is expected (;35% of initial population!. It turns
out that CT states in the Ir complex have an emissive ch
acter at all probe wavelengths~see Table I! and thus en-
hancement of the steady-state phosphorescence from
blend is expected with increasing temperature~green emis-
sion!.

The physical model which takes the CT states into
count was presented in the preceding section. We have

x-
TABLE I. Fitting parameters for numerical integration of Eqs.~1!–~6!.

PVK-PBD Ir(DPPF)3 T577 K T5300 K
l ~nm! s1H (10217 cm2) s2H /s1H s3G/s1H sCT /s1H sCT /s1H b1 (ps21/2) b2 (ps21/2) b1 (ps21/2) b2 (ps21/2)

480 2.78a 0.55 20.081 20.133
500 2.83a 0.45 0 0 0.08b ~0.04c! 0.04b ~0.02c!

532 4.99a 0.15 0.15 0.092 20.602 0.04b ~0.02c! 0.04b ~0.02c!

580 5.62a 0.10 0.40 0.140 20.535

a6 10% experimental errors.
bFor 2% Ir(DPPF)3 blend, at all wavelengths.
cFor 0.2% Ir(DPPF)3 blend, at all wavelengths.
9-6
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ORIGIN OF EFFICIENT LIGHT EMISSION FROM A . . . PHYSICAL REVIEW B68, 115209 ~2003!
plied it successfully to the Ir(DPPF)3 blend at room tempera
ture and the numerical fits are in good agreement with
data. Figure 8 shows the excited-state and population dyn
ics in the 2% blend at 532-nm probe andT5300 K. We note
a few important features:~i! change in sign of the differentia
transmission from absorption in the host to emission of
guest, after;100 ps,~ii ! trapped charges on the dopant mo
ecules largely contribute to the emission of the blend at e
times ~top graph, downward shift of the dotted line!, ~iii !
35% of the initial photoexcitation in the host being tran
ferred to the guest is included in the population dynam
~bottom graph!, i.e., normalizedN1H ~dashed line! starts at
0.65 ~zero time delay is not visible due to the logarithm
scale and fast initial decay of the population! while N3G
~solid line! begins at 0.35, and~iv! most noticeably, the gues
excited population reaches close to 100% of the initial ex
tation in the host material at room temperature.

Experiments at all four probe wavelengths were also p
formed using the 0.2% Ir(DPPF)3 blend ~data not shown
here!. The results are consistent with those presented ab
With the exception of the energy-transfer rate, which d
pends upon guest molecule concentration~i.e., mean distance
between host and guest molecules!, the same relative
excited-state cross-section values were successfully use
fitting the data from both 0.2% and 2% blends.

All the fitting parameters for the various experimen
conditions presented in this section are summarized in T
I. Two facts are worth noting from the table:~i! different
excited-state species may be responsible for the dyna
observed at 480 nm and 500 nm vs 532 nm and 580 nm,
spectral dependence of the relative cross sections seem
have an inflexion point at 500 nm, and~ii ! the energy-

FIG. 8. Top: the excited-state dynamics of the 2% Ir(DPPF)3 in
PVK-PBD blend atT5300 K, probed at 532 nm (s). The solid
and dashed lines are the fits obtained from numerical integratio
Eqs.~5!, with and without CT states, as explained in the text. B
tom: normalized host population densities,N1H ~dashed line! and
N2H ~dotted line!. Solid line shows the number of guest molecul
excited by energy transfer and charge trapping.
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transfer ratesb1,2 drop to half their values in going fromT
577 K to 300 K ~at both doping concentrations!. One pos-
sible reason for the latter behavior is the proposed downw
shift in energy of the LUMO level in the Ir(DPPF)3 after a
hole is trapped. The spectral overlap of the host emission
guest absorption is thus changed. The energy-transfer
changes as well. A second reason is possible saturation o
Ir-complex sites available for energy transfer atT5300 K,
since 35% of the guest population is occupied throu
charge trapping within the first picosecond after excitatio

IV. SUMMARY AND CONCLUSIONS

Gong and co-workers have recently reported10–12,32high-
efficiency green electrophosphorescent light-emitting dio
~LED’s! upon doping the PVK-PBD or conjugated copol
mer hosts with Ir(DPPF)3 or similar organometallic com-
pounds. The devices exhibited no emission from PVK
PBD even at the lowest doping concentration of 0.1 wt
These results indicate that Fo¨rster energy transfer plays m
nor role in achieving high efficiency in these devices, a
that direct charge trapping is the dominant mechanism
electrophosphorescence. In the case of optical pumping
situation is quite different. The PL spectra show that t
emission of the host system is largely quenched only bey
1 wt % doping of Ir(DPPF)3. This behavior points to the
long-range~dipole-dipole! Förster coupling as one of the ma
jor mechanisms responsible for energy transfer follow
photoexcitation in the phosphorescent blend.

We followed the leads from previous device work a
approached this host/guest system with ultrafast spect
copy technique. Determination of the sub-nanosecond
namics of the excited-state populations in the blend is
key to quantify the rate and time scale of the energy trans

Time-resolved photoinduced absorption experiments
PVK-PBD blends~40 wt %! showed intriguing excited-stat
dynamics relative to the pristine PVK and PBD films. E
amination of the host behavior~a blue emitter! at various
probe wavelengths was essential for determining and su
quently modeling the energy-transfer mechanisms in
doped systems with small concentrations of Ir(DPPF3,
which result in strong green phosphorescence.

We developed a model for the host system in which sin
excited-state species~primary excitations! and exciplexes
contribute to the observed dynamics at low temperatureT
577 K). For short-wavelength probes, PVK excited spec
dominate the behavior observed in composites and thus
fitting parameters involved in data analysis, i.e., bimolecu
decay rate and lifetime, resemble those obtained in pris
PVK films. The studies with longer-wavelength probes in
cate an additional excited-state~exciplex! and that the over-
all decay is faster. The features of PBD excited species,
fast bimolecular decay and short lifetime, as well as tho
from longer-lived PVK excited states were incorporated
modeling the composite host. Using the concerted effec
PVK and PBD primary excitations at these wavelengths,
defined new effective parameters, namely, the bimolec
decay rate and the natural lifetime. Simultaneously, as s
gested by redshifted PL spectra from PVK-PBD blends,

of
-
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NEGRES, GONG, OSTROWSKI, BAZAN, MOSES, AND HEEGER PHYSICAL REVIEW B68, 115209 ~2003!
ciplexes are present. From fitting the data, we obtained
exciplex formation rate of 1/10 ps21 and a lifetime of
;100 ps.

At room temperature, an additional time-independ
term in the differential transmission curve was introduced
explain the time evolution of the excited population in t
host. We have successfully applied the model of char
trapping states, developed for conjugated polymer/fuller
blends,21 to the PVK-PBD blends. We found that 35% of th
primary photoexcitations evolve into CT states~either elec-
tron or hole trapping!. Their relative cross sections at diffe
ent wavelengths were inferred from fitting to the data. W
note that the CT states in the host composite have an e
sive character at 480 nm but become absorptive at lon
probe wavelengths.

Finally, we performed pump-probe experiments in 0.2
and 2% Ir(DPPF)3 blends, at liquid-nitrogen and room tem
peratures. The HOMO and LUMO levels of the three co
ponents suggest that, upon excitation of PVK-PBD host,
charge carriers~electrons and holes! are trapped on the iri-
dium complex where they eventually recombine. The
maining primary excitations undergo Fo¨rster-like energy
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