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Abstract:

Technical accomplishments include progress toward polymer lasers, successful
fabrication of field effect transistors (FETs) with two different metals as source and drain
electrodes, and experimental results on optically pumped Amplified Stimulated Emission

(ASE) threshold of polymer films incorporated in Semiconductor-Insulator-Metal
structures.

Semiconducting polymers can be characterized as laser materials by photopumping a
thin-film waveguide, which can be made by casting a film on a low-refractive-index
substrate. When the pump intensity is high enough for the polymer to have net gain, the
spontaneously emitted photons are exponentially amplified by stimulated emission as
they travel through the waveguide. Since the gain is maximal near the peak of the
spontaneous emission spectrum, the spectrum exhibits ‘gain narrowing’. Consequently,
an intense, spectrally narrow beam is emitted from the ends of the waveguide. Structures
that exhibit ASE are sometimes referred to as ‘mirrorless lasers’.

The Light Emitting FET (LEFET) is a promising route to the polymer injection
laser. The FET device configuration enables improvement in the carrier injection into
the semiconducting polymer and the reduction of both the absorptive losses due to the
injected carriers and the absorptive losses due to the metallic electrodes. We have
successfully developed the process steps required for deposition of two different
metals as the source and drain electrodes, as required for the fabrication of LEFETSs..

We have successfully measured the optically pumped ASE threshold of polymer
films incorporated in SIM structures; i.e. in FET structures but without the source and
drain electrodes. Note, however, that because the source and drain electrodes are
spatially removed from the recombination zone at the center of the channel, losses
from the source and drain will not be a problem. In this configuration, we have
demonstrated the following:

1. Losses from an ITO gate electrode are minimal; relatively low threshold ASE
has been demonstrated in the SIM structure with M = ITO as the gate electrode
material.

2. We have discovered a new mode that propagates at the interface between the
polymer and the’ gate dielectric in this asymmetric waveguide structure -~ the -
“cut-off” (i.e. in addition to the usual guided mode). The cutoff mode exhibits
gain at relatively low pump powers

If the cutoff mode propagates exactly in the recombination zone for electrons and holes in
the LEFET structuree, the optical confinement parameter should be close to unity. Based
upon these results and analyses, we expect that in an electrically pumped LEFET,
amplified spontaneous emission and lasing will be more easily achieved at the
wavelength of the cut-off mode.
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Principal Accomplishments

Polymer Lasers

Polymer light emitting materials are attractive gain media for use in semiconducting
lasers. Semiconducting polymers can be characterized as laser materials by
photopumping a thin-film waveguide, which can be made by casting a film on a low-
refractive-index substrate. When the pump intensity is high enough for the polymer to
have net gain, the spontaneously emitted photons are exponentially amplified by
stimulated emission as they travel through the waveguide. Since the gain is maximal near
the peak of the spontaneous emission spectrum, the spectrum exhibits ‘gain narrowing’
[F. Hide et al, Science 237, 1833 (1996)]. Consequently, an intense, spectrally narrow
beam is emitted from the ends of the waveguide. Structures that exhibit ASE are
sometimes referred to as ‘mirrorless lasers’. Most of the characterization of
semiconducting polymers for laser development has been done with mirrorless laser
structures with a clear understanding that the polymer gain medium can be incorporated
into a resonant structure once the materials have been optimized.

Optically pumped conjugated polymer lasers are characterized by a threshold for
lasing as small as 100W/cm® Assuming 10% internal quantum efficiency for the
electroluminescence, we have estimated that the current density required to achieve a
comparable excitation density to the one obtained with photo pumping intensity of
100W/cm? is about 100A/cm®. Current densities of this ma%nitude are attainable: Current
densities two- orders of magnitude greater than 100A/cm” have been demonstrated in
FETs fabricated from semiconducting polymers [G. Wang ef al, J. Appl. Phys. 95, 316
(2004)]. Moreover, when driving typical Polymer LEDs with pulsed bias, the transient
current can be increased by many orders of magnitude above the damage threshold of dc
current [D. Braun et al, Appl. Phys. Lett. 61, 3092 (1992)].

The Light Emitting FET (LEFET) is a promising route to the polymer injection
laser. The FET device configuration enables improvement in the carrier injection into
the semiconducting polymer and the reduction of both the absorptive losses due to the
injected carriers and the absorptive losses due to the metallic electrodes. The gate-
induced carrier injection into the FET channel leads to a high density of carriers near
the source and drain electrodes. Carrier accumulation at the polymer-metallic
electrode interfaces narrows the potential barrier widths and thereby facilitates the
carrier injection.

For operation of an FET as a LEFET, there are two criteria:

1. The semiconducting, luminescent polymer in the channel of the FET must be
capable of operation both n-channel operation (electron injection and transport)
and p-channel operation (hole injection and transport).

2. The LEFET device operation requires balanced injection --- electrons at the
source and holes at the drain (or vice versa). This requires the use of two
different metals with Fermi energies that match the n-band and n*-band of the
polymer, respectively. Thus, the source must be fabricated from.a low work
function metal such as Ba or Yb (to enable electron injection) while the drain
must be fabricated from a high work function metal such as Au (to enable hole
injection).

3. To exceed the ASE threshold in the LEFET will require relatively high current




density.

FETs with two different metals as source and drain electrodes:
As shown in the following diagram, we have developed the process steps
required for deposition of two different metals as the source and drain electrodes.
|
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Procedure for fabricating source and drain electrodes form different metals
in the top-contact configuration has also been developed. Top-contact
configuration may be better for LEFET.

Polymer FETS with high current density

. High current density devices have been demonstrated using high dielectric
constant insulators as the gate dielectric. Since the FET is in essence a capacitor in
which the induced charges within the semiconductor (near the semiconductor-
insulator interface) are mobile, the current density in the channel is proportional to the
density of carriers [G. M. Wang et al, J Appl. Phys. 93, 6137 (2003)]. In the linear
regime, the density of gate-induced carriers per unit area of the channel, N,, is given
by

N, = (g/ed) Vg

where e is the electron charge, d is the thickness of the gate dielectric, and Vg is the
gate voltage. Thus, one expects higher current densities when high dielectric constant |
materials such as TiO, (¢ = 41) as the gate insulator. As shown in the following
Figure, we have succeeded in demonstrating high performance polymer FETs with
TiO, as the gate insulator [G. M. Wang et a/, J. Appl. Phys. 95, 316 (2004)].




Note that for Vg =5V, the source drain current is 4 4A at a Vsp= 5V (Vsp = source
drain votage) with channel width of 0.01 cm and channel length of 5 pm. Since the

FET using TiO, (k=41) layer
as the gate insulator

s Ti0Q, (k=41) layer as the gate insulator.
RR-P3HT as the electronically active semiconductor
[Heeger group, J. Appl. Phys. 93 (2003)]
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current in the channel is confined to a few monolayers (approx 20 x 10 cm) the
current density is 2x10** A/cm® --- sufficiently high to exceed that estimated for
achieving ASE!.

Thus, our expertise in semiconducting polymer FETs will be utilized for the
design, fabrication, and characterization of the LEFETS.

Finally, in recent work we have measured the optically pumped ASE threshold of
polymer films incorporated in SIM structures; i.e. in FET structures but without the
source and drain electrodes [M. Pauchard et a/, Appl. Phys. Lett. 83, (2003)]. Note,
however, that because the source and drain electrodes are spatially removed from the
recombination zone at the center of the channel, losses from the source and drain will
not be a problem. In this configuration, we have demonstrated the following:
Losses from an ITO gate electrode are minimal; relatively low threshold ASE
has been demonstrated in the SIM structure with M = ITO as the gate electrode
material.
We have discovered a new mode that propagates at the interface between the
polymer and the gate dielectric in this asymmetric waveguide structure --- the
“cut-off” (i.e. in addition to the usual guided mode). The cutoff mode exhibits
gain at relatively low pump powers as shown in the following Figures:
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ASE wavelength of the guided mode (circles) and the wavelength of the cut-off mode (triangles), observed
below threshold power of the guided mode, vs. SiO, thickness. Calculated cut-off wavelength of the system
(dashed line) [9]. Inset: Edge emission spectra of a SIM structure with 250 nm thick SiO, gate insulator at
high (left) and low (right) pump powers and emission spectrum of BOP-PPV as reference (dotted line) [M.

Pauchard et al, Appl. Phys. Lett. 83, (2003)].
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Gain spectra obtained from a SIM structure with 250 nm thick gate insulator, measured
at a pump power of 12 kW/cm? (dotted), 30 kW/cm? (dash-dotted) and 41 kW/cm? (solid).
Insel: Net gain at the wavelength 545 nm (open circles) and 563 nm (squares).
The solid lines are a guide to the eye.

The net gain g(A) of the emitted light in this waveguiding structure is given by

| 8(A) =I(2)" 8pu(A) - 0,(1) (1)
with gna(A) being the material gain, I'(A) the optical confinement factor, and o(A) the
scattering losses of the waveguide, respectively. gm.(A) is related to the density of states,

DOS()A), as qualitatively represented by the emission spectrum of the polymer, and the
re-absorption losses introduced by the spectral overlap of the absorption and emission




spectrum. Note that I'(A) describes how well the material gain is coupled to the emission
region.

For luminescent semiconducting polymers, gm.f(A) is highest at the emission
maximum (for BOP-PPV at 545 nm). The scattering losses ai(A) can be considered
independent of the wavelength and the re-absorption does not play an important role in
the spectral region around 545 nm. The dominating wavelength is therefore determined
by the maximum of the product I'(A) x DOS(A).

A good description of the detected ASE intensity I(A,L) after propagating a length
L at an emission wavelength A can be derived by describing the system as an ideal one
dimensional amplifier. A certain fraction of the spontaneous emission I, which is
determined through the spontaneous emission factor B, is coupled into the guided
amplifier mode. These photons can induce stimulated emission along a single pass L
through the excited waveguide. The change of the intensity along z is given by

12D _p1,(a)+ gD, 2) @

If saturation effects can be neglected up to the stripe length L, the solution to Eq. (2) is
BI( ) s
I(A,L)=—""—= -1 3
(0= 222> ) ®
which corresponds to a nearly exponential increase of the ASE intensity with increasing
stripe length L (in case of positive optical gain g(1)).

If the cutoff mode propagates exactly in the recombination zone for electrons and
holes in the LEFET structuree, the optical confinement parameter should be close to
unity. Based upon these results and analyses, we expect that in an electrically pumped
LEFET, amplified spontaneous emission and lasing will be more easily achieved at the
wavelength of the cut-off mode. Mopeomep, Beyavoe Tne YLT-0¢P HODE TPAYKS Acur-
off, controlling the thickness of the gate insulator or the polymer film provides tuneability
of the wavelength, without any increase of the laser threshold [M. Pauchard et al, Appl.
Phys. Lett. 83, (2003)].
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Delayed emission from recombination of charge-separated pairs on polyfluorene chains
in dilute solution

Qing-Hua Xu, Daniel Moses, and Alan J. Heeger
Institute for Polymers and Organic Solids, University of California, Santa Barbara, Santa Barbara, California 93106, USA

(Received 7 August 2003; revised manuscript reccived 26 November 2003; published 26 March 2004)

We report the observation of delayed emission (approximately 400 ps with respect to the excitation pulse)
from polyfluorene in dilute solution at high excitation intensities. Photoinduced absorption (with initial ampli-
tude superlinearly dependent on the excitation intensity) is also observed with almost instantaneous onset and
subpicosecond initial decay, followed by a slow component that decays on the time scale of 200~400 ps.
The results are interpreted in terms of generation of charge-separated pairs via dissociation of a higher-energy
excited state (created by sequential absorption within thc pump pulse) and subsequent recombination of
the charged-separated pairs into neutral excitons, which arc responsible for the delayed emission. The
insensitivity of thesc features to the concentration and to the use of different solvents confirms their intrachain

origin,

DOI: 10.1103/PhysRevB.69.113314

Semiconducting polymers have emerged as materials with
interesting optical and electronic properties and promising
applications, including llght-emlttmg diodes, lasers, field ef-
fect transistors, and solar cells."”? Extensive research has
been carried out with the goal of understanding the photo-
physics of this class of materials, and a number of different
mechanisms have been proposed for the photogeneration of
charged, mobile carriers.® Studies of poly(phenylene vi-
nylene) (PPV) and its soluble derivatives showed that both
neutral excitons and charge-separated pairs (polaron pairs)
are generated within 100 fs following direct ar-7*
photoexcitation.*> Charge-separated pairs can also be
generated in polymer films via the dissociation of a higher-
energy excited state, prepared either by sequential absorption
within the pump pulse® ! or by exciton-exciton
annihilation.'®

Recent studies of semiconducting polymers have focused
on polyfluorene and its soluble derivatives—for example,
poly(9,9-dioctylfluorene) (PFO), a blue-emitting polymer
with high-efficiency photoluminescence.!®* Although studies
of the dynamical properties of polyfluorene films have been
frequently revisited,®~>!!-1>! little attention has been paid to
the ultrafast photophysics of PFO in solution.

Here we present the observation of delayed emission (ap-
proximately 400 ps with respect to the excitation pulse) from
macromolecular PFO chains in dilute solutions at high exci-
tation intensities by ultrafast pump-probe measurements. At
high excitation intensities, photoinduced absorption with ini-
tial amplitude superlinearly dependent on the excitation in-
tensity is also observed with almost instantaneous onset and
subpicosecond initial decay, followed by a slow component
that decays on the time scale of 200—-400 ps. This nonlinear
photoinduced absorption is observed within the wavelength
range where transient absorption associated with a higher-
energy excited state and charge-separated pairs were previ-
ously reported 6-9.1L13.14 These observations suggest that the
delayed emission likely arises from the recombination of
charge-separated pairs that are generated via the dissociation
of a higher-energy excited state created by sequential two-
photon absorption of the pump pulse.

0163-1829/2004/69(11)/113314(4)/$22.50

“at the
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PACS number(s): 78.47.+p, 71.35.—y, 82.53.Uv, 61.25.Hq

The instrumentation for ultrafast pump-probe measure-
ments has been described in detail elsewhere.!é The 400-nm
pump beam is focused onto the sample with a beam size of
300 pwm and overlaps the smaller-diameter (~ 100-um)
probe beam (continuum white light). In order to minimize
interchain interactions, the concentration of the polyfluorene/
toluene solution was kept low (0.d.~3 for | mm path length
wavelength of maximum absorption, ~3
X 1074 wt/wt). -

Ultrafast pump-probe experiments measure the transmis-
sion change of the probe pulse modulated by the pump
pulse—i.e., 8T/T. The 8T/T signal is positive for stimulated
emission (SE) and negative for photoinduced absorption
(PA). The photoinduced transient spectrum can be recon-
structed from single-wavelength measurements. The tran-
sient spectra observed from PFO in dilute solution [Fig. 1(a)]
are similar to those obtained from thin films of the same
material >16'® The pump-probe signal is dominated by
stimulated emission (i.e., the signal is positive) for probe
wavelengths on the red side of the absorption spectrum
(400—-490 nm), but the SE is overwhelmed by photoinduced
absorption beyond 490 nm (i.e., the signal becomes nega-
tive). However, the dynamical behavior of the photophysics
for PFO chains in dilute solution displays a different pump
intensity dependence from that in films.

In films, the initial decay of the SE signal becomes faster
as the pump intensity increases as a result of exciton-exciton
annihilation.&%!""13!7 In contrast, only a subtle change is ob-
served in the initial decay of the SE signal probed at 450 nm
in the PFO/toluene solution as the pump intensity increases
[Fig. 1{b); data are normalized at maximum intensities]. In-
stead, an additional feature appears at longer delay times (on
the time scale of several hundred picoseconds) at high exci-
tation intensities, indicating delayed emission from neutral
excitons. Fitting of the data obtained at low excitation
intensities gives an average exciton lifetime of ~250 ps.
However, at 036 uJ, significant delayed emission
is observed at 400-500 ps. At even higher excitation inten-
sities (0.50 pJ), the delayed emission becomes less
pronounced.

©2004 The American Physical Society
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In our opinion, the concept of fully vapor-deposited thin-
layer TiO, solar cells presented here opens a very promising
approach in the expanding field of solar cell research, to
achieve inexpensive and stable devices for large field of appli-
cation. This cell fabrication method enables a direct inte-
gration in the existing technology of vapor-deposited electro-
optic thin-layer devices. We believe that the performance of
TiO; cells under solar conditions can be further improved by
the use of narrow bandgap dyes, with the aims of expanding
the spectral absorption domain and to match the photon flux
spectrum of the Sun. Furthermore, by suitable device engi-
neering the interface area between TiO, and the dye responsi-
ble for charge separation can be increased, resulting in more
efficient devices. Moreover, the limitation caused by the very
small diffusion length of charge carriers, in the range of
10 nm, can be overcome by optimizing the individual layer
thicknesses in the device into the same range as the diffusion
length of charge carriers. The concepts of increased light har-
vesting as recently demonstrated in vapor-deposited thin-
layer cells by Forrest et al’! and the use of dopants®? to
decrease the series resistance in the device can also lead to
improved device performance.
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High-Efficiency Polymer-Based
Electrophosphorescent Devices**

By Xiong Gong, Matthew R. Robinson, Jacek C. Ostrowski,
Daniel Moses, Guillermo C. Bazan,* and Alan J. Heeger*

Organic light-emitting diodes (OLEDs) are under active
investigation because of their potential for application in flat
panel displays."? Research on OLEDs has focused on the
improvement of the emission efficiency by developing high-
efficiency fluorescent materials and on the use of novel device
architectures.

The existence of an upper limit for the electroluminescence
(EL) internal quantum efficiency (QE) has been widely dis-
cussed. Since charge carrier recombination in n-conjugated
systems can produce both emissive singlet and non-emissive
triplet excited states, a simple statistical argument leads to an
upper limit for the internal QE of 25 %.5 The 25 % upper
limit assumes similar cross sections for the formation of sin-
glets and triplets.) Experiments have recently shown, how-
ever, that in luminescent semiconducting polymers, the singlet
cross section is considerably larger than the triplet cross sec-
tion (by a factor of 3-4)1*) As a result, electroluminescent
quantum efficiencies as high as 50 % have been reported.m
Nevertheless, by utilizing a phosphorescent dye that captures
both singlet and triplet excited states, the OLED internal effi-
ciency can, in principle, be increased to 100 %.

Utilization of the triplet excitations in OLEDs was proposed
several years ago.[6'7] These devices incorporate a heavy metal
atom with strong spin-orbit coupling that enhances
intersystem crossing and mixes the singlet and triplet states. In
this way, the lowest triplet state is efficiently populated and can
produce light emission via phosphorescence. Recently, electro-
phosphorescent OLEDs based on small molecules as the trans-
port materials have achieved considerable success.®*!%"] For
example, an external quantum efficiency (QEey) of 13.7 % and
power efficiency of 38.3 Im/W at 0.215 mA cm™ were reported
using [Ir(ppy)s] as the phosphorescent dopant for green-light
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Ultrafast charge photogeneration in conjugated polymers

Paulo B. Miranda, Daniel Moses and Alan J. Heeger’

Institute for Polymers and Organic Solids, University of California, Santa Barbara, CA 93106, USA

Abstract

The mechanism for ultrafast charge generation in poly(paraphenylene-vinylene) — PPV and its soluble derivatives has been investigated
by pump-probe spectroscopy. The quantum yield for charge generation (¢.,) as a function of pump photon energy has been measured by
exciting the samples with ultrashort pulses (2.2 to 6.2 ¢V, ~ 100 fs pulsewidth) and probing the photoinduced absorption of infrared-active
vibrational modes (IRAV). The ultrafast nature of charge generation, the significant quantum yield observed (¢, ~ 0.1) and its weak
photon energy dependence suggest that polarons are primary photoexcitations of conjugated polymers.

Keywords: Time-resolved fast spectroscopy, Photoinduced absorption spectroscopy, Optical absorption and emission spectroscopy, Photoconductivity,

Poly(phenylene vinylene) and derivatives.

1. Introduction

Conjugated polymers have been extensively studied for
over twenty years since they are low-dimensional
molecular systems exhibiting interesting electronic and
optical properties with many potential applications in
electronics and optoelectronics [1]. Despite all the
advances, many fundamental issues continue to be highly
controversial, such as the exciton binding energy and the
nature of their primary photoexcitations [2].

In particular, the mechanism for charge generation in
conjugated polymers is still debatable. Many researchers
believe that excitons are primary photoexcitations and that
polarons result from exciton dissociation [3,4] or
bimolecular decay of excitons [5]. We have recently
observed ultrafast charge photogeneration with significant
quantum efficiency (., ~ 0.1), suggesting that polarons can
be produced directly by photoexcitation [6]. However, it
has been proposed that carriers can be generated in ultrafast
time-scales by a two-step optical excitation followed by
exciton dissociation [7]. In this paper we present the
wavelength dependence of the quantum efficiency for
ultrafast charge photogeneration. The results address the
key issues related to the charge generation mechanism and
exciton binding energy in conjugated polymers.

2. Experimental Technique

The ultrafast charge generation in conjugated polymers
was probed by pump-probe spectroscopy. The samples

* Corresponding author. Tel: +1-805-893-3184; fax: +1-805-893-4755;
E-mail: ajh@physics.ucsb.edu

were excited by ultrashort pulses tuneable from 2.2 to 6.2
eV and probed by mid-infrared pulses tuneable between
1000 and 3000 cm™, The photoinduced absorption in the
mid-infrared has spectral features due to infrared-active
vibrational modes (IRAV). The IRAV modes are well-
known probes of charged excitations in conjugated
polymers [8]; they become evident upon chemical doping
[9] and they are not sensitive to neutral excitons. The
intensity of the IRAV modes is therefore a unique probe for
carrier generation in semiconducting polymers.

Measurements were carried out on samples of
poly(paraphenylene-vinylene) -~ PPV  and poly(2-
methoxy,5-(2’-ethyl-hexyloxy) paraphenylene vinylene) —
MEH-PPV. The PPV samples were freestanding films of
stretch-aligned PPV (Vlp = 4, ~ 15 pm thick). The MEH-
PPV samples were also freestanding films obtained either
by dropcasting or multiple spin casting from aromatic
solvents and subsequent detachment from the substrate (1
to 40 pm thick).

3. Results and Discussion

The mid-infrared spectral dependence of the
photoinduced absorption was measured for pristine MEH-
PPV and for a blend of MEH-PPV and Cg (50% w/w Cq).
The Cg — MEH-PPV blend is known to undergo ultrafast
electron transfer from polymer to Cq and therefore produce
polarons with nearly 100% quantum efficiency [10]. In
both samples the spectral dependence obtained by the

0379-6779/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Red electrophosphorescence from polymer doped with iridium complex
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We demonstrate efficient, bright red electrophosphorescent light emitting diodes (LEDs) employing
tris (2,5-bis-2'-(9',9’-dihexylfluorene) pyridine) iridium (III), [Ir(HFP);], doped into a blend of
poly(vinylcarbazole) (PVK) with 2-tert-butylphenyl-5-biphenyl-1,3,4-oxadiazol (PBD). At a current
density of 2.35 mA/cm? (brightness of 169 cd/m?), the external quantum efficiency (QE,,,) and
luminous efficiency (LE) were 5% ph/el and 7.2 cd/A, respectively. Even at 50 mA/cm?,
QFE..=3.4% phlel and LE=52 cd/A. The electroluminescent emission is characteristic of
Ir(HFP);, with maximum at 600 nm. The devices exhibited no emission from either PVK or PBD,
even at the lowest concentration of Ir(HFP); (0.05 wt%). The results demonstrate that
electrophosphorescence with high brightness and efficiency can be achieved from polymer-based

LED:s fabricated by processing the active materials from solution.

Physics. [DOI: 10.1063/1.1511283]

Organic light emitting diodes (OLEDs) continue to be
actively investigated because of their potential for applica-
tions in flat panel displays, particularly for portable elec-
tronic devices."? Research on OLEDs has focused on the
improvement of the emission efficiency by developing high
efficiency fluorescent materials and the use of novel device
architectures. By utilizing triplet-based emitting centers in
OLEDs, and thereby capturing both singlet and triplet ex-
cited states, the mternal quantum efﬁcxency can, in principle,
be increased to 100%.>

The utilization of triplet emitters to improve OLED ef-
ficiency was proposed by several groups.>”’ Recently, con-
siderable progress has been demonstrated with electrophos-
phorescent OLEDs based on small molecules as the host
materials.3~'® For example, external quantum efficiency
(QE.,) of 13.7% and power efficiency of 38.3 Im/W at
0.215 mA/cm? were reported using Ir(ppy) as the phospho-
rescent dopant for green light emission.” Lamansky et al.
reported QF,,=123% in devices fabricated by
co-evaporating an iridium complex and 4,4'-N\N’-
dicarbazolebiphenyl in a multilayer structure.!!

Electrophosphorescent OLEDs based on polymers as the
host materials are important because they can be fabricated
at room temperature by processing the materials from solu-
tion; for instance, by spin-casting, screen-printing, or
inkjet-printing."1216 Lee et al.'? reported QE,,,=1.9% ph/el
and a brightness of 2500 cd/m? for Ir(ppy);-doped poly(vi-
nylcarbazole) (PVK) devices with 3-(4-biphenyl)-4-phenyl-
5-tert-butylphenyl-1,2,4-triazole as a hole-blocking layer.
O’Brien et al.'® reported PtOEP-doped polyfluorene devices
with maximum QE.,=3.5% ph/el. Zhu et al.'® reported
QE.,..=5.1% ph/el and luminous efficiency (LE) of 12 cd/A
obtained by incorporating the phosphorescent, dopant,

9Author to whom correspondence should be addressed; Department of
Chemistry and Materials, UCSB, Santa Barbara, CA 93106; electronic
mail: bazan@ipos.ucsb.edu; moses @ipos.ucsb.edu

PDepartment of Physics and Materials Department, UCSB, Santa Barbara,
CA 93106.
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Ir(Bu-ppy); doped into CN-PPP for green light emission. In
our previous work, QF,,, of 10% ph/el and LE of 36 cd/A
were achieved by doping tris [9,9-dihexyl-2-(pyridnyi-2')
fluorene)] iridium (IIT) ([Ir(DPF);]) into a blend of PVK
with 2-tert-butylphenyl-5-biphenyl-1,3,4-oxadiazol (PBD).'6

The quantum efficiency of electrophosphorescent LEDs
based on polymers is still relatively low compared to results
obtained from electrophosphorescent LEDs prepared by va-
por deposition of small molecules. Moreover, achieving red
electrophosphorescence from iridium cOmplexes"’”_ repre-
sents an important step toward full color applications.

In order to achieve red emission and improve the perfor-
mance of polymer based red electrophosphorescent LEDs,
we synthesized the iridium complex, tris (2,5-bis-2'-
(9',9'-dihexylfluorene) pyridine) iridium (III), [Ir(HFP),]
[Fig. 1(a) inset].'® By coupling two fluorene units at the
ortho position on the pyridine ring, solid-state quenching is
mlmmlzed and electron—hole trapping on the Ir complex is
improved.'® Using a blend of PVK~PBD’ [Flg 1(a) inset] as

LRI I B S B N S R B St S S S U S S R

&
ERR
PL intensity (a.u.)

e
(]

600 700
Wavelength (nm)

FIG. 1. Normalized spectra: Absorption spectra of thin films of PVK-PBD
(40 wt %) (W) and pure Ir(HFP), (®); photoluminescence spectra of thin
films of PVK-PBD (40 wt %) (A) and pure Ir(HFP); (V). Inset: the mo-
lecular structures of Ir(HFP),, PVK, and PBD. '

© 2002 American Institute of Physics




EAN. 2%

ELSEVIER

Synthetic Metals 119 (2001) 619-620

SYMTHETIC
METRLS

www.elsevier.com /locate /synmet

Ultrafast charge photogeneration in conjugated polymers
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Abstract

The mechanism for ultrafast charge generation in poly(paraphenylene-vinylene) — PPV and its soluble derivatives has been investigated
by pump-probe spectroscopy. The quantum yield for charge generation (¢.,) as a function of pump photon energy has been measured by
exciting the samples with ultrashort pulses (2.2 to 6.2 eV, ~ 100 fs pulsewidth) and probing the photoinduced absorption of infrared-active
vibrational modes (IRAV). The ultrafast nature of charge generation, the significant quantum yield observed (¢, ~ 0.1) and its weak
photon energy dependence suggest that polarons are primary photoexcitations of conjugated polymers.

Keywords: Time-resolved fast spectroscopy, Photoinduced absorption spectroscopy, Optical absorption and emission spectroscopy, Photoconductivity,

Poly(phenylene vinylene) and derivatives.

1. Introduction

Conjugated polymers have been extensively studied for
over twenty years since they are low-dimensional
molecular systems exhibiting interesting electronic and
optical properties with many potential applications in
electronics and optoelectronics [1]. Despite all the
advances, many fundamental issues continue to be highly
controversial, such as the exciton binding energy and the
nature of their primary photoexcitations [2].

In particular, the mechanism for charge generation in
conjugated polymers is still debatable. Many researchers
believe that excitons are primary photoexcitations and that
polarons result from exciton dissociation [3,4] or
bimolecular decay of excitons [5]. We have recently
observed ultrafast charge photogeneration with significant
quantum efficiency (., ~ 0.1), suggesting that polarons can
be produced directly by photoexcitation [6]. However, it
has been proposed that carriers can be generated in ultrafast
time-scales by a two-step optical excitation followed by
exciton dissociation [7]. In this paper we present the
wavelength dependence of the quantum efficiency for
ultrafast charge photogeneration. The results address the
key issues related to the charge generation mechanism and
exciton binding energy in conjugated polymers.

2. Experimental Technique

The ultrafast charge generation in conjugated polymers
was probed by pump-probe spectroscopy. The samples

* Corresponding author. Tel: +1-805-893-3184; fax: +1-805-893-4755;
E-mail: ajh@physics.ucsb.edu

were excited by ultrashort pulses tuneable from 2.2 to 6.2
eV and probed by mid-infrared pulses tuneable between
1000 and 3000 cm”. The photoinduced absorption in the
mid-infrared has spectral features due to infrared-active
vibrational modes (IRAV). The IRAV modes are well-
known probes of charged excitations in conjugated
polymers [8]; they become evident upon chemical doping
9] and they are not sensitive to neutral excitons. The
intensity of the IRAV modes is therefore a unique probe for
carrier generation in semiconducting polymers.

Measurements were carried out on samples of
poly(paraphenylene-vinylene) - PPV and poly(2-
methoxy,5-(2’-ethyl-hexyloxy) paraphenylene vinylene) —
MEH-PPV. The PPV samples were freestanding films of
stretch-aligned PPV (I/l, = 4, ~ 15 pm thick). The MEH-
PPV samples were also freestanding films obtained either
by dropcasting or multiple spin casting from aromatic
solvents and subsequent detachment from the substrate (1
to 40 um thick).

3. Results and Discussion

The mid-infrared spectral dependence of the
photoinduced absorption was measured for pristine MEH-
PPV and for a blend of MEH-PPV and Cg, (50% w/w Cg).
The Cgq — MEH-PPV blend is known to undergo ultrafast
electron transfer from polymer to Ce and therefore produce
polarons with nearly 100% quantum efficiency [10]. In
both samples the spectral dependence obtained by the

0379-6779/01/$ ~ see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Light amplification in polymer field effect transistor structures

Marc Pauchard,® James Swensen, Danie! Moses,” and Alan J. Heeger
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Santa Barbara, California 93106-5090

Erik Perzon and Mats R. Andersson
Department of Materials and Surface Chemistry, Chalmers University of Technology,
SE-412 96 Goteborg, Sweden

(Received 24 January 2003; accepted 16 June 2003)

The amplified spontaneous emission (ASE) of optically pumped films of
poly(2-(2',5'-bis(octyloxy)benzene)- 1,4-phenylenevinylene (BOP-PPV) was studied in structures
comprising a gate electrode, a thin film of gate insulator material (Si0;) and the polymer film as
luminescent semiconducting layer (i.e. a field effect transistor without the source and drain
electrodes). The influences of different gate electrodes on the threshold and the wavelength of the
amplified emission were measured for variable thickness of the gate insulator. An exponential
increase in ASE threshold (7,) with decreasing separation between electrode and polymer layer was
observed. In structures with 200 nm SiO, gate insulator, J,=300 kW/cm? with an n-Si gate
electrode and 200 kW/cm? with Au electrode (100 nm thick). Compared to the same polymer film
on pure Si0, (I,=2kW/cm?), this increase results from waveguide losses in the nearby gate
electrode. With an indium—tin—oxide (ITO) gate electrode (140 nm thick) on glass, again with a 200
nm SiO, gate insulator, I,=30 kW/cm?. The ITO electrode acts as a second waveguide, and the
light is distributed into two modes. The observed wavelength shift and the increasing I, with
decreasing SiO, thickness result from this mode structure. When the thickness of the ITO electrode
is less than 60 nm, the mode traveling mainly in the ITO is cutoff, and a single waveguide structure
is formed with an associated reduction in 7,. For an ITO thickness of 12 nm, I,=4 kW/cm?, only
two times bigger than that observed in a pure BOP-PPV film on fused silica. © 2003 American
Institute of Physics. [DOI: 10.1063/1.1597957]

INTRODUCTION

Organic light emitting materials are attractive gain media
for use in semiconductor lasers. Optically pumped laser ac-
tion has been demonstrated in a broad range of materials in
many different configurations.'™ Low threshold optically
pumped lasers have been fabricated from luminescent or-
ganic semiconductors with emission wavelengths ranging
over the entire visible spectrum. The realization of electri-
cally pumped injection lasers represents a greater challenge;
the complex interplay of optical and electronic properties
make great demands on the material properties and the de-
vice structure.® In analogy with organic light emitting diodes
one of the most obvious approaches to the injection laser is
to use a vertical cavity laser configuration in which the active
material is a thin film between two electrodes. However, the
presence of a metal electrode in direct contact with a laser
active polymer material leads to a significant increase of the
lasing threshold: 19 000 kW/cm? (MEH-PPV in a DFB struc-
ture with a Ag electrode)’ compared to 1 kW/cm? (BuEH-
PPV on Si0, in a DFB structure).?

Permanent address: ILFORD Imaging Switzerland GmbH, Case
Postale 160, CH-1723Marly 1, Switzerland; electronic mail:
marc.pauchard@ilford.com

YAuthor to whom correspondence should be addressed; electronic mail:
moses@ipos.ucsb.edu
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Although cladding layers can be used to separate the
electrode from the gain region, a cladding layer thickness of
300-500 nm would be required to sufficiently reduce the
losses introduced by the Ag electrodes.’® Because of the
rather low mobility of charge carriers in organic materials,
charge transport through such thick cladding layers is a huge
problem. In addition, the driving voltage will increase with
the overall device thickness. By using thin transparent
indium~tin—oxide (ITO) contact layers, the waveguide
losses were reduced significantly (<300 cm™!).® Very
high current densities were achieved in such devices. How-
ever, because of the high density of charge carriers in the
device, the charge-induced absorption (by polarons) in-
creased with increasing pump current and lasing was not
observed. Charge induced absorption will be a problem in
organic materials whenever the carriers are injected through
the “gain” medium and carrier-induced losses overlap the
spectral region of the emission.®

A different and promising device configuration is the
light emitting field effect transistor (FET). The FET approach
avoids the above mentioned problems by separating the elec-
trodes (source and drain) from the waveguiding gain material
and by arranging the charge injection and transport perpen-
dicular to the waveguide structure. In the FET, the only elec-
trode that can introduce losses into the waveguide is the gate
electrode which is separated from the gain region by the gate
insulator (e.g., Al,0; or Si0,).

3543 © 2003 American Institute of Physics
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Optical amplification of the cutoff mode in planar asymmetric

polymer waveguides
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Modes with low threshold for optical gain were observed at wavelengths close to the cutoff in
experiments probing the amplified spontaneous emission of light-emitting polymer thin films. The
polymer was the semiconductor layer in a multilayer semiconductor—insulator—metal structure that
simulates the one-dimensional waveguide characteristics in the channel of a field-effect transistor.
The “cutoff” mode propagates at the polymer/gate-insulator interface, has an optical gain threshold
of approximately 10 kW/cm?, and is not influenced by absorption of the gate electrode. The
wavelength of the amplified emission tracks the cutoff wavelength of the asymmetric
double-waveguide structure and the cutoff mode is, therefore, tunable in wavelength. Our results
suggest that the light-emitting field-effect transistor architecture is a promising route for the
construction of an injection laser. © 2003 American Institute of Physics.

[DOTI: 10.1063/1.1627477]

Since the discovery of laser action in conjugated poly-
mers in 1992,! remarkable progress has been made in imple-
menting semiconducting polymers into different resonant
structures for optically pumped lasers.>* In analogy with or-
ganic light-emitting diodes, one of the most obvious ap-
proaches to the electrical injection laser is to use a sandwich
configuration in which the active material is a thin film be-
tween two electrodes.*® Despite the fact that threshold cur-
rent densities estimated from the excitation density required
for optically pumped lasers have been exceeded in polymer
diode structures by an order of magnitude,®’ electrically
‘pumped laser emission has not been demonstrated. The
losses in the electrically pumped devices are higher than in
simple photopumped waveguides because of two additional
loss mechanisms: losses introduced by the metal electrodes
and charge-carrier (polaron)-induced absorption.? The light-
emitting field-effect transistor (LEFET) structure, proposed
in 2000, offers important advantages as a route to the organic
injection laser.® The electrode losses will be reduced by the
FET structure with gate-induced injection through the source
and drain. Since the transport of injected charge carriers is
perpendicular to the optical confinement, the reduced density
of charged polarons in the light propagation pathway leads to
a reduction in the carrier-induced absorption losses. Thus,
although the LEFET has not yet been demonstrated, the
LEFET architecture is a promising approach for realizing the
electrically pumped injection laser® For this reason, the
present study investigates the optical gain and threshold be-
havior of the optical modes appearing in special asymmetric
waveguide structure and demonstrates the discovery of opti-
cal amplification with a low threshold for the cutoff mode.

Ypermanent address: ILFORD Imaging Switzerland GmbH, Case Postale
160 1723 Marly; electronic mail: marc.pauchard@ilford.com
YElectronic mail: moses@ipos.ucsb.edu
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The samples investigated were semiconductor—
insulator—metal (SIM) multilayer structures; that is, FET
structures without source and drain electrodes, as schemati-
cally shown in Fig. 1. ITO was used for the gate electrode,
because a recent study has demonstrated that this material
introduces only small losses compared to other electrode ma-
terials (e.g., Au or n-Si).” Therefore, 140-nm-thick ITO elec-
trodes were sputtered onto BK7-glass substrates and subse-
quently covered by SiO, insulator films of different
thicknesses (d). On top of the Si0, insulating layer, a film
(150 nm thick) of the light-emitting polymer,
poly(2-(2',5' - bis( octyloxy) benzene) - 1,4-phenyleneviny-
lene) (BOP-PPV),!® was spin-cast from a 1% p-xylene solu-
tion. The refractive indices of the ITO (n4~1.99) and the
polymer (n,~1.77) are higher than that of air (n,~1.00),
the gate insulator SiQ, (n3~1.46), and the BK7-glass sub-
strate (n5=~1.52), respectively. Therefore, this SIM structure
forms an asymmetric double waveguide. The index profile of
the waveguide and the mode intensities of the two guided TE
modes propagating parallel to the substrate are shown on the
right-hand side of Fig. 1. The optical gain and the amplified
spontaneous emission (ASE) were measured using the vari-

pump baam X
435 nm

LU

polymer —» ?n.‘, o
Si0, = M d
ITO ~»
glass = Ns

=

FIG. 1. Cross section of the waveguide structure. d is the thickness of the
gate oxide SiO, and L is the length of thc pump stripe used for optical
excitation. On the right: Refractive index profile and modc intensities of the
two supported TE modes of the waveguide.

© 2003 American Institute of Physics
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Excitation spectrum for ultrafast photogeneration of charged solitons in polyacetylene
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Y. W. Park
School of Physics, Seoul National University, Seoul 151747, South Korea
(Received 22 April 2002; published 10 September 2002)

Ultrafast photoinduced absorption by infrared-active vibrational modes is used to detect charged solitons in
oriented trans-polyacetylene. Soliton pairs are photogenerated within ~250 fs with quantum efficiencies ()
approaching unity. The excitation spectrum of ¢, shows an onset at ~1.0 eV with a weak photon energy
dependence up to 4.7 eV. The results are consistent with the ultrafast soliton formation predicted by Su and
Schrieffer and with the Su-Scrieffer-Heeger threshold of 2/ for soliton pair production. The recombination
dynamics of charged solitons is very fast (initial decay<(1 ps) with a modest dependence on the pump photon

energy.

DOI: 10.1103/PhysRevB.66.125202

INTRODUCTION

The discovery of electrical conductivity in doped
polyacetylene! initiated the field of semiconducting and me-
tallic polymers. Motivated in part by their potential for use in
applications, this novel class of materials, which combine the
optical and electronic properties of semiconductors and met-
als with the mechanical properties and processability of
polymers, continues to be the focus of an active field of
research.?

Polyacetylene (CH), is the simplest semiconducting (con-
jugated) polymer. The theoretical description of the degener-
ate ground state, the electronic structure and the soliton ex-
citations of trans-(CH), has been generalized to the broader
class of semiconducting polymers in which the ground state
degeneracy has been lifted. The successful model of Su,

- Schrieffer, and Heeger (SSH) (Ref. 3) treats the polymer

chain as a tight-binding one-dimensional semiconductor in
the one-electron approximation and explicitly includes the
electron-phonon interaction, but neglects electron-electron
(el-el) interactions, assuming they are relatively weak due to
screening. The SSH model predicts that the lowest energy
fundamental excitations in polyacetylene are solitons, self-
localized by the electron-phonon interaction. The solitons in
trans-(CH), have a reversed spin-charge relationship; neu-
tral solitons (S%) have spin 3, and charged solitons (S*,87)
have spin 0. The minimum energy required for creation of a
soliton pair was calculated to be 2E,/7 within the SSH
model, where E, is the 7r-7* energy gap. Solitons in poly-
acetylenc have been studied experimentally by several
techniques.?

Calculations by Su and Schrieffer* described the process
of charged soliton pair formation subsequent to photoexcita-
tion via the - 7* interband transition in trans-(CH), with a
photon energy (hv) equal to E,. They showed that within
~100 fs, the lattice around a photoexcited electron-hole pair
relaxes to form a well separated S*-§~ pair. Other calcula-
tions have shown that this picture remains correct when
weak electron-electron interactions are included in the
model.> The predicted ultrafast photogeneration of solitons

0163-1829/2002/66(12)/125202(5)/$20.00
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in trans-(CH), has been confirmed with time-resolved
spectroscopy.®~ These early ultrafast experiments used pho-
toexcitation energies above the energy gap (hv=E,). How-
ever, direct photogeneration of soliton pairs can occur even
for 2E,/m<hv<E,, enabled by nonlinear zero-point mo-
tion of the lattice.!” The absorption coefficient for direct soli-
ton photoexcitation was predicted to be small near the
threshold 2E,/r, and to increase exponentially as the pho-
ton energy approaches E,,. 1 1f this is the dominant absorp-
tion process in the trans-(CH), samples below the energy
gap, one would expect that the quantum efficiency for
charged soliton pair photogeneration (¢y) to be unity for
2E,/m<hv<E, and, if the charged soliton pair is the low-
est energy photoexcitation, well above E,,.

This issue has been addressed experimentally by measure-
ments of steady-state photoinduced absorption (PIA) (Refs.
12 and 13) and photoconductivity,'* yielding the excitation
spectrum for charged soliton generation. The excitation spec-
trum drops exponentially from E, towards an onset at ~1.0
eV, and ¢, was estimated to be only about 1% for energies
above E,. These results have been interpreted both in sup-
port of (since the onset is consistent with 2E,/m)'? and
against the SSH model (since ¢4~1% at 2.0 eV and is
reduced to 0.1% at 1.4 eV).13 However, steady-state mea-
surements do not probe the early time intrinsic photoexcita-
tions, but only the long-lived solitons that are usually asso-
ciated with traps due to defects and impurities.>®
Measurements with femtosecond time resolution are needed
to obtain the excitation spectrum for intrinsic photogenera-
tion of soliton pairs.

Here we use ultrafast photoinduced absorption by
infrared-active vibrational (IRAV) modes,'>!¢ an all-optical
technique with subpicosecond time resolution carried out in
zero applied electric field, to investigate soliton photogenera-
tion and dynamics in oriented frans-polyacetylene. The
IRAV absorption results from Raman-active vibrational
modes that become infrared-active when the local symmetry
is broken by self-localization of charges with associated
changes in the bond lengths (e.g., soliton formation). The
TRAV modes have a one-to-one correspondence with the
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Time-resolved measurements of photoinduced electron trassfer from polyfluorene to Cq,

Qing-Mua Xu, Danicl Moses,” and Alan J. Hecgér
Institute for Polymers and Organic Solids, University of California, Sania Barbara, CA 93106
{Received 23 Deccmber 2003; revised manuscript received 8 April 2003: published 27 June 2003)

The excited state dynamics of polyfluorene and the dynamics of the photoinduced electron transfer from
polyfluorene to a Cyy denvative have been studied with time-resolved pump-probe measurements at low
cxcitation density, Using the stimulated emission and photoinduced sbsorption spectra, the decay of the aeutral
excited state and the growth of the ionic excited siate have been time resolved; the photoinduced charge
transfer reaction occurs with 3 characteristic time constant of approximately 3 ps.

DOI: 10.1103/PhysRevB.67.245417

L INTRODUCTION

Advances in ultrafast spectroscopic tcchniques ! have en-
abled the stady of photomduccd proccsws in semiconducting
(‘n'-conjugamd) polymers in rcal time.> Ultrafast studies, us-
ing laser pulses with wavelengths in the spectral range from
the ulraviolet-visible to the midinfrared, have contributed to
the understanding of the undcr!ymg photophysics of this
class of electronic polymers.>”

Ultrafast photoinduced clectron transfer from poly(phe-
aylene vinylene) (PPV) and its soluble derivatives to Cg, and
its derivatives has been reported.™® The ultrafast charge
transfer and thc associated high quantum efficiency for
charge separation provide a pathway for the development of
high efficiency photodetectors and ghotovoltalc cells fabri-
cated from m-conjugated polymers.” Morcover, sincc Cgq
and its derivatives stabilize the charge scparation by photo-
induced clectron transfer, the study of such polymer/Cgy mix-
tures creates an opportunity to probe the nawmre of the pho-
tocxcitations in semiconttucting polymers.

In this work, the excited state dynamics of polyfluorcne
(PFO) and the dynamics of the photoinduced electron wans-
fer from PFO to a Cgq derivative have been studied with
time-resolved pump-probe experiments carried out under
low excitation intensity. As high cfﬁciency bluc-cm\mng ma-
terials, the polyfluorenes arc promising for use in full-color
displays.'' Morcover, copolymers of PFO are the only family
of conjugated polymm that emit colors sparming the eatirc
visible spectrum. !

We report here ultrafast measurements of the photoin-
duced transicnt absoerption spectra of a biend of polyfluorene
with a Cgy derivative. Both the dceay of the neutral excited
statc and the growth of the ionic, charge-separated statc have
been time resolved. The photoinduced charge transfer reac-
tion occurs with a time constant of approximately 3 ps.

7. DETAJLS OF THE EXPERIMENT

The ultrafast pump-probe experiments were performed
using 8 Spectral-Physics amplified Ti:sapphire system to pro-
duce 150 fs (fall-width at half-maximum} pulses with a cen-
ter wavelength of 800 nm at a repetition mate of | kHz. The
800-nm beam was split into two parts. The stronger beam
was frequency-doubled through a nonlinear (BBO) crystal to
generate the 400-nm pump beam. The weaker beam was fo-
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cused onto a 1-mm sapphire plate to generate the white light
continuum which was also split, with one bcam serving as
the probe beam and the other serving as the reference beam.
The probe was delayed with respect to the pump by 2
computer-controlled translation stage. The 400-nm pump
was focused onto the sample with a beam size of ~500 pum.
The probe beam was focused onto the same spot but with a
smaller size to make certain that only the phoroexcited te-
gion was probed. The signal was detected vsing a silicon
photodiode and a lock-in amplifier afier passing through an
Oricl tunable bandpass filter (for 400-700 am) or an inter-
ference filter (for 750 and 850 nm) to select the detection
wavclength. Except for measurements of the pump ﬂucnce
dependence, the pump beam was attcnuated to ~10 wl/cm?,
well below the onset of bimolecular (fuence dependent) pro-
cesses which arc obscrved at fluence levels levels greater
than 25 pd/emé. For all experiments, consecutive measurc-
ments at the same spot were cartied out, and reproducible
results were obtained; there was no ohscrvable optical dam-
age duning the measurements.

The poly(9,9-dioctylfluorence) (PFO) samplec was pur-
chased from American Dye Source, Inc. (ADS129BE). Sev-
eral sources of PFO were examined. Care was taken to
choose material with no indication of undesired green fluo-
renone emission between 2.2 aod 2.4 eV."? The steady state
spectra of the PFO films used in this study {cast from chlo-
roform) are characteristic of the best available PFO.

The Cg denvative, [-(3-mcthoxycarbonyl)-propyl-
1-phenyl[6,6]Cs; (PCBM) was obtained from Professor
Fred Wudl (UCLA). All films (both pristine PFO and the
PFO/Cy blend) were prepared by spin-casting on quanz sub-
strutes from chloroform solution (10 mg/mi). with an optical
density of ~1.2 at the absorption maximum. To prevent ag-
gregstion, the solution was heated to 65 °C for 10 min and
then cooled 10 approximately room temperature before spin
casting. The spin-cast films were subscquently baked for | h
at 60°C to remove any residual solvent. Using a dry/glove
box filled with nitrogen, the sample was loaded into 2
vacuum chamber which was subsequently kept under a dy-
namic vacuum (<1075 mbar) duting the experiment.

In these initial experiments, a PFO/C60 blend containing
17% weight/weight Cg was chosen to study the clectron
transfer dynamics. At this concentration, the absorption at
400 nm is dominated by the PFO. Thus we can be confident
that we are pumping into the 7-7* transition of the PFO
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Direct observation of a time-delayed intermediate state generated via exciton-exciton annihilation
in polyfluorcne

Qing-Hua Xu, Danicl Moses,” and Alan J. Heeger «
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(Received 14 Febtuary 2003: published € November 2003)

Excilation-density- and probe-wavelength-dependent pump-probe measurements are used 1o characterize the
cxcited-state dynamics in pristine polyfluorene, At high excitation densities, 3 sceondary excitation is created
at times delayed from the mitial formation of excitons. The spectrum of the intermcdiate state has been
characterized by probe-wavelength-dependent measurcments. We interptet the resulls in terms of the peners-
tion of charge-separnted pairs via g lwo-step exciton~cxciton annihilation process.

DOl 10.1103/PhysRevB.6R.174303

L INTRODUCTION

Semicanducting polymers have emerged as materials with
intcresting optical and electrical properties and promising ap-
plications, including light-emitting diodes, lasers, field-cffect
transistors, solar cells, ctc.'? Although cxtensive rescarch has
been carried out with the goal of understanding the photo-
physics of this class of matenals, the nature of the clemen-
tary excitations in different semiconducting polymers re-
mains controversial: neutral excitons or charge scparated
pairs? Debate has focused on the charge peneration
mechanism:*  Arc charges gencrated as pnmary excitations
or vis a3 secondary process involving exciton dissociation?

For polymers with PPV backbone structure, transient pho-
toconductivity and ultrafast pump-probe measurements of
the photoinduced infrared-active vibrational (JRAV) madc
absorption®~? demonstrated that the exciton binding energy is
less than 0.1 ¢V. Because of the small exciton binding en-
crgy. both neumal cxcitons and charge-separated pairs are
within 100 fs following direct ar- 7* photacxcitation in the
PPV’s; e.g., thc branching ratio for charge generation was
determined to be ~10% in MEH-PPV.%’

The soluble polyfluorenc derivatives—for cxample,
poly(9,9-dioctylfluorenc) (PFO)—are high cfficiency blue-
emitting materials.® The polyfluorencs and related copoly-
mers are the only known family of conjugated polymers that
emit colors spanning the cntire range of visiblc wavelengths.
There is, however, limited information available on the pho-
tophysical gropcxtics of the polyfluorencs. In a previous
publication,” we reported the resuits of a time-resolved study
of the excited-state dynamics of pristine polyfluorcne and the
photoinduced electron transfer reaction from PFO to Cgy.
The results implicd that at fow excitation densitits ncutra)
cxcitons are the primary photogenerated species in PFO, We
rcport here that at high excitation densities, the pump-probe
signals show significantly different decay profiles and strik-
ing probe wavelength dependences. The generation of a sec-
ondary excitation (intermediate statc) via exciton-exciton an-
nihilation and its subscquent decay are dircctly observed.
The speetrum of the intermediate state has been character-
ized by probe-wavelength-dependent measurements, We in-
terpret the results in terms of the generation of charge-
scparated pairs via the following two-step exciton-cxciton
annihilation process:
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EXFE*—E** (1 =g E*+ Q)+ nlp~+p "), (1)

where Z* represents an excitan, E** represents a higher-
cnergy cxcited state, @ is the heat generated duning radiation-
less decay back 1o the single-exciton state, and 7 is the frac-
tion of the £*— E* annihilation cvents that yicld separated
charged polaren pairs (p~+p ™).

. EXPERIMENTS

The ultrafast pump-probe instrumentation has been de-
scribed in detail elsewhere,’® Bricfly, femtosecond pulses with
a repetition rate of | kHz were derived {rom a Spectra-
Physics amplificd Ti:sapphirc system. The 400-nm pump
beam (gencrated by frequency doubling of the 800-nm out-
put from the amplifier) was focused onto the sample with a
beam size of ~500 um. The probe beam, a white light con-
tinbum pencrared from self-phase modulation in a 1-mm sap-
phirc plate, was focused onto the same spot. but with 2
smaller size (~100 um) to make certain that only the pho-
tocxcited region was probed. The delay between the pump
and probe pulses was varied by a computer-controlled trans-
lation stage. The signal was detected using a silicon photo-
diode and a lock-in amplifier after passing through an Qriel
runable bandpass filter (400-700 nm) or intetference filters
to sclect the detection wavelength.

The poly(9,9-dioctylfluorence) sample was purchased from
American Dyc Source, Inc. and carcfully characterized for
purity. The films were prepared by spin-casting onto quartz
substrates from chioroform solution (10 mg/ml), with an op-
tical density of ~1.2 at the absorprion maximum (~384 nm).
The PFO cmission spectrum spans from 400 to 500 nm with
peaks at ~418 and ~435 nm. Thus the emission was that of
pure PFO with no sign of the encrgy-shifted peak often ob-
served in the potyfluorencs.'® The films were prepared and
handled in a controlled atmosphere glove box filled with
nitrogen and were loaded into a vacuum chamber which was
kept under dynamic vacium (<107° mbar) during the ex-
periment.

TI. RESULTS AND DISCUSSION
A. Excitation density dependence at 480 nm prohe wavelength
Excitation-density-dependent time-resolved cxperiments
have been reported for a number of semiconducting
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Origin of efficient light emission [rom a phosphorescent polymer/organometallic guest-host system

Raluca A. Negres, Xiong Gong, Jacek C. Ostrowski, Guillermo C. Bazan, Daniel Moses.
and Alan J, Hecger™®
Center for Polymers and Organic Solids, University of California, Sama Barbara, California 93106-5090, USA
(Roceived 5 February 2003: revised manuscript received 20 May 2003; published 29 September 2003)

Time-resolved photoinduced absorption mcasurcments were performed at 77 K and room iemperamre on
thin films of tris{9.9-dihexyl-2-(phenyl-4’-(-pyridin-2"-yl)fluorene]iridium(IIl) [I(DPPF),] doped into a
blend of poly(N-vinylcarbazolc) (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 10 exciplex formation and intensity-dependent decay of primary excitations. We develop
a physical mode!l which includes all intcractions 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 1710 ps™ '
For the Ir{(DPPF); doped host compesite, we writc the rate equations for all population densitics (which
include the above excited-state specics) and include energy-transier rates from the host to the guest molecules.
In both 0.2% and 2% [(DPPF),:(PVK-PBD) blends. Forster cnergy-transfer rates drop to half their low-
temperature valucs at room temperature. We attibute this difference to a limited availability of guest molccules
ready for cnergy translcr following charge trapping and insufficient spectral overlap due to shifts in the highest
occupied and lowest unoccupied molecular orhital levels of the guest upon hole trapping. We conclude that the
overall host-gucst cnergy transfer is almost complete at room temperawre in the 2% phosphorescent blend.

with a large contribution (35%) from CT states which exhibit emission at all probe wavelengths.

DO 10.1103/PhysRevB.68.115209

L INTRODUCTION

Phosphorescent dopants have been successfully used in
organic light-emitting diodes (OLED’s) to improve the
device perfarmance by breaking the spin conscrvation
rulc. The resulting harvesting of both singlet and tn'?lct
cxcitons has led to very high-efficiency OLED's.'™"
One of the wmost promising gucst-host systems
uses Lhe phosphorescent-guest 1ris[9.9-dihexyl-2-(phenyl-
4’ .(-pyridin-2"-yl)lvoreneliridiumm(iT) [I(DPPF),, 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 hcavy metal center. It
compicxes have cfficient phosphorescence and short life-
times, which typically range from 1 to 14 us. In this study,
we investigate in detail the physical processes involved in
the high performance of If(DPPF);-doped OLED’s. On a
sub-nanosecond time scale, ultrafast pump-probe spectros-
copy offers key information on how the photoexcitation is
transferred from the polymer host to the organomctallic
phosphor guest.

When designing a host-guest system. one has to carcfully
analyze its ability o transfer the initial excitation (optical or
electrical pumping} from the host material (“blue emitter™)
1o the dilute guest species which emit at longer wavelengths.
The emission of the blend will be redshifted. with a twofold
benefit: minimum reabsorption losses and tunable emission
color with the use of various dopant chromophores. Often,
the mechanism behind the obscrved photoluminescence (PL)
spectra of polymer blends is the transfer of energy from host
to guest via the long-range dipole-dipole interaction. known
as Forster cnergy transfer.'*='% As a result, complete, rapid
cnergy transfer can occur even at dilute concentrations of the
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guest.'™'* In electroluminescence (EL), following injection

of the carriers, direct electron and hole trapping plays a role,
and an excited dopant molecule is formed by the sequential
trapping of a hole and then an elcctron onto the guest orga-
nometallic complex.
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FIG. 1. Chemical structures of (a) Ir(DPPF),. (b) PVK. and (¢)
PBD.
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Ultrafast studies of the photophysics
of semiconducting polymers
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1. — Photoinduced IRAV: ultrafast photogeneration of charged polarons

Semiconducting (conjugated) polymers have been known for over twenty years. Re-
search on these materials has intensified in the last decade as a result of the increasing
number of applications, including light-emitting diodes, lasers and solar cells [1]. Despite
many advances, the nature of the elementary excitations in scmiconducting polymers
remains controversial [2]. Issues of great importance to the understanding and improve-
ment of polymer devices, such as the exciton binding energy and charge carrier generation
mechanism, remain uncesolved. Here we use a unique all-optical technique [3, 4] based
on photoinduced infrared-active vibrational (TRAV) modes to study the photogeneration
and recombination dynamics of charged polarons in poly(paraphenylene-vinylene), PPV,
and its derivatives.

There are two dominant thcoretical views of the charge generation mechanism in
conjugated polymers [2,5]. The first is based on the model of Su, Schrieffer and Heeger
(SSH) [6), which treats the polymer chain as a tight-binding one-dimensional semiconduc-
tor in the one-electron approximation and cxplicitly includes the electron-phonon inter-
action. The SSH approach assumes that the electron-electron (el-¢l) interactions are rela-
tively weak because of screening, leading to small exciton binding energies (~ 0.1&V) [7].

(*) Permanent address: Physics Department and Materials Depsrtment, UCSB, Santa Barbara,
CA 93102, USA.
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