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Electromodulation of charge-transfer photoexcitations in pristine
and C60-doped conjugated polymers

M. Liess* and Z. V. Vardeny
Department of Physics, University of Utah, Salt Lake City, Utah 84112

P. A. Lane
Department of Physics and Astronomy, University of Sheffield, Sheffield S3 7RH, United Kingdom

~Received 28 May 1998!

We study the effect of an electric field of up to 100 kV/cm on photoexcitations in pristine and C60-doped
p-conjugated polymers by electromodulated photoinduced absorption~EPA!. In EPA, we measure changes in
the photoinduced absorption of a polymer film induced by an electric field. The dominant effect is a change in
the photoexcitation recombination kinetics, which leads to reduction or enhancement of the PA bands. We
found that the electric field increases the decay rate of charge-transfer excitations; exciton dissociation near
defects and impurities was also enhanced. A Stark shift of the photoexcitation energy levels for C60-doped
poly~para-phenylene! was also detected. From the EPA we calculate that the polarizability of the charge-
transfer excitations in this blend is of order 33107(Å ) 3. This is two orders of magnitude larger than the
polarizability of the 1Bu exciton in most luminescent conjugated polymers.@S0163-1829~99!10715-X#
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I. INTRODUCTION

Electromodulation spectroscopy is a valuable tool
studying photophysics of organic semiconductor. In parti
lar, electroabsorption~EA! and electroreflectance have be
widely used to understand the electronic structure of mole
lar semiconductors andp-conjugated polymers.1–6 The EA
spectrum has been ascribed to a combination of a Stark
and symmetry breaking of molecular excitons by the elec
field perturbation. The Stark shift produces a spectrum p
portional to the first derivative of the absorption spectru
and symmetry breaking induces absorption bands from
mally forbidden transitions. Oscillatory features have be
obseved in the EA spectra of crystalline films
polydiacetylene1 and explained by a Franz-Keldysh effect
the band edge. Electromodulated fluorescence has sh
that an electric field alters both the dynamics and radia
yield of singlet excitons7 due to field-induced dissociation o
molecular excitons into charge carriers. Electromodula
fluorescence from organic molecules has been understoo
terms of a Stark shift8 or electric field induced dissociation o
excitons into mobile charge carriers9,10 in different configu-
rations and materials. Models combining migration of m
lecular excitons combined with either intramolecular11 or
intermolecular12 dissociation mechanisms have been p
posed forp-conjugated polymers.

Photoinduced absorption~PA! spectroscopy has been em
ployed to understand the nature of photoexcitations in se
conductors. When ultrafast pulsed lasers are used, the
namics and spectra of singlet excitons with subnanosec
lifetimes can be measured. Photoexcitations such as tr
excitons, polarons, and polaron pairs have lifetimes gre
than a microsecond and can be studied with a cw li
source. As the PA spectrum includes contributions from m
tiple photoexcitations, it can be difficult to interpret the P
spectrum. Magnetic resonance spectroscopy is one wa
separate out contributions of different excitations to the
spectrum.13 In this paper we will show that an applied ele
PRB 590163-1829/99/59~16!/11053~9!/$15.00
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tric field can also be used to elucidate the nature of photo
citations responsible for the PA spectrum.

We have developed a kind of electromodulation spectr
copy to study charge-transfer photoexcitations
p-conjugated polymers: electromodulated photoinduced
sorption ~EPA!. In EPA the sample is continuously illumi
nated by an above-gap pump beam and a probe beam; th
is modulated by an applied electric field. While we observ
no effect on triplet excitons and isolated polarons, the PA
charge-transfer excitations was found to be quite sensitiv
the applied electric field. In combination with compleme
tary spectroscopies, EPA aids us in elucidating the origin
the PA spectrum. Our measurements emphasize C60-doped
p-conjugated polymers, as doping produces a high conc
tration of long-lived photoexcitations. Excitons which di
fuse close to a C60 molecule transfer a negative charge to t
C60 molecule, leaving a positive polaron on the polym
chain. These charge-transfer excitations are similar to
laron pairs14 in that their absorption signature is a combin
tion of the absorption spectra of intrachain polaron pairs a
C60 anions.15,16 We present a detailed study of the effect
electric fields on these charge-transfer complexes.

Photoinduced charge transfer in C60-dopedp-conjugated
polymer films was reported in 1992 and explained by
trafast charge transfer to C60 from the polymer.17–19 Sari-
ciftci et al.20–22 measured blends containing equal weigh
of C60 and poly~2-methoxy,5-~28-ethyl-hexyloxy!-para-
phenylene vinylene! ~MEH-PPV!, roughly one C60 molecule
per three polymer repeat units. The fluorescence lifetime
reduced to below the 60 ps system resolution, the PL qu
tum yield was reduced by three orders of magnitude, and
photoconductivity was comparably enhanced. As a con
quence of the high electron affinity of C60, photogenerated
excitons on the polymer chains dissociate when encounte
C60 molecules. Based on the fluorescence lifetime, they e
mate charge transfer occurs within a picosecond. Breun
and Friedman proposed a model for the charge transfer
11 053 ©1999 The American Physical Society
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11 054 PRB 59M. LIESS, Z. V. VARDENY, AND P. A. LANE
cess for a polymer chain coupled to a C60 molecule.23 They
describe oscillatory behavior with a charge-transfer time
200 to 300 fs, in agreement with the experimental estima

The paper has the following outline. In Sec. II, we d
scribe the experimental techniques used in this work
explain how we interpreted the spectra. EPA measurem
of pristine and C60-doped MEH-PPV are discussed in Sec.
and we show that the EPA spectrum can be explained
field-assisted tunneling of charge from the C60 anion to the
polymer chain. Sections IV and V describe EPA measu
ments of polythiophene and of C60-doped dialkoxy
poly~para-phenylene! ~RO-PPP!, respectively. We then sum
marize our results and conclude.

II. EXPERIMENTAL METHOD

A. Spectroscopy

Our study encompasses three related techniques:
EPA, and PA-detected magnetic resonance~PADMR!. A
schematic diagram of the PA spectrometer used in this s
is shown in Fig. 1.24 PA spectroscopy uses two beams; ph
toexcited states are generated by an above-gap pump b
and the probe beam measures the changesDT in the trans-
missionT. The pump beam was generated by an argon
laser, the 353 nm line was used to excite RO-PPP, and
488 nm line was used to excite all other samples. The sam
was placed in a cryostat equipped with sapphire or C2
windows to permit measurements over a wide wavelen
range at temperatures between 80 and 300 K. By the us
multiple monochromator gratings and IR detectors, we co
measure PA in the spectral range from 0.1 to 3.5 eV. Tra
mitted light from the probe beam and fluorescence from
sample is dispersed through a 1/4 meter monochromator
a photodiode. The normalized changes in transmiss
2DT/T}Nsd, whereN is the photoexcitation density,s is
the absorption cross section, andd is the sample thickness
The pump beam intensity is modulated by an acousto-o
modulator and the use of standard phase-sensitive loc
techniques yields a signal resolution as low as 1026. In a
typical experiment, the absorbed flux from the laser is ab
231018 photons/cm2 sec and the modulation frequency w
400 Hz. The samples used are thin polymer films spun-
on sapphire or quartz substrates.

We are interested in the optical transitions of charg
photoexcitations inp-conjugated polymers. Upon adding

FIG. 1. A schematic diagram of the PA and EPA spectrome
For PA measurements, the lock-in amplifier is referenced to
optical modulator placed in the laser beam path.
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charge to the polymer chain by chemical doping or photo
citation, a structural relaxation shifts the HOMO and the n
singly occupied SOMO level into the gap, resulting in t
energy diagram for a negative polaron on the far left of F
2. There is a similar shift of energy levels for a positiv
polaron, shown on the far right of Fig. 2. This combinatio
of charge and structural distortion is referred to as a pola
and is analagous to anions and cations for molecules.25 The
parity of these levels alternates between even and odd
sulting in two allowed transitions (P1 andP2) and one for-
bidden transition.26 The energy of theP1 transition may be
slightly different for positive and negative polarons due
charge conjugation symmetry violation.27 When two po-
larons of opposite sign interact, the mutual Coulomb attr
tion shifts the energy levels of the two polarons, resulting
the schematic diagram shown in the center of Fig. 2. T
higher-energy transition of the pair (PP2) is blueshifted with
respect to theP2 transition of polarons. While a new trans
tion could appear, this transition is likely to be weak for
long-lived polaron pair. Transitions of triplet excitons fro
the lowest triplet state (T1) to higher lying triplet states (Tn)
can also contribute to the PA spectrum. Studies
p-conjugated polymers have shown that only theT1→T2
transition lies below the optical gap.13,28,29

For EPA spectroscopy, the sample substrate was patte
with an array of interpenetrating gold electrodes before sp
ning of the polymer film. The spacing between the electro
was 40mm and a potential difference was applied to produ
an electric field between 104 and 105 V/cm. The sample is
continuously illuminated by both the pump and probe bea
and transmission of the probe beam is modulated by the
electric field. The signal is detected by a lock-in amplifi
referenced to the second harmonic 2f of the electric field
modulation frequency (f 5217 Hz). As with PA, this signal
is then normalized by the unmodulated transmission sp
trum (2dT/T). We note a related paper which showed
optical switch could be built by modulating intersubband a
sorption of photogenerated electrons and holes in mult
quantum wells.27

PADMR measures the change in PA due to magne
resonance.28 The sample was mounted in a high-Q micro-
wave cavity equipped with optical windows and a superc
ducting magnet. As with EPA, the sample is continuou
illuminated by the pump and probe beams. Microwave re
nant absorption leads to small changes in the transmissio
the probe beam. Small changesdN in the photoexcitation
density N are produced by microwave-induced transitio

r.
n

FIG. 2. A schematic diagram of the energy levels and opti
transitions of isolated polarons~far left and far right! and a polaron
pair ~center!.
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PRB 59 11 055ELECTROMODULATION OF CHARGE-TRANSFER . . .
that change spin-dependent recombination rates.
PADMR spectra were measured at 10 K at a microwa
frequency of 3 GHz and magnetic fieldsH'500 G(DmS
52) for triplet excitons andH'1070 G(DmS51) for
charged photoexcitations. The measurements allow us to
termine the spin quantum number of photoexcitations
their PA spectra.28

We studied pure or C60-doped films of MEH-PPV,
poly~3-octylthiophene! ~P3OT!, silicon-bridged poly-
thiophene ~PTSi!, and poly~2,5-dialkoxy para-phenylene!
~RO-PPP!. The repeat units of these polymers are shown
Fig. 3. Films were prepared by dripping solution containi
the polymer alone or a mixture containing 0.3 mol C60 onto
a sapphire substrate and evaporating the solvent in a vac
Since these measurements were done in the IR spectral r
where the intrinsic absorption of most polymer films is wea
films of an optical density of up to 2 could be used. Aft
fabrication the sample is kept in the dark in a dynam
vacuum of 1023 Torr to avoid photo-oxidation.

B. Analysis of the EPA spectrum

A small changedT in transmissionT can be expressed t
first order as

dT5
]T

]n
dn1

]T

]k
dk, ~1!

wheren andk are the real and imaginary parts of the refra
tive index of the material, respectively. Normalizing th
change in transmissiondT by the transmission signalT, we
get30

2
dT

T
5C1dn1C2da1dad, ~2!

whereC1 andC2 are constants,da is the induced change in
the absorption coefficient andd is the thickness of the film. It
can be shown31 that the effect of the first two terms, whic
are induced by a modulation of the refractive index, is sm
compared todad and thus can be neglected. This is esp
cially true in the spectral region below the optical gap. Co
sequently,

2
dT

T
5dad5dNsd, ~3!

where N is the density of photoexcitations ands is their
absorption crosssection. Not all photoexcitations are si

FIG. 3. Chemical structures of thep-conjugated polymers stud
ied.
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larly modulated. In case of a modulation ofN by the applied
electric fieldF, the EPA signal (2dT/T) divided by the PA
signal (2DT/T) gives the relative sensitivity of the photo
excitations toF

dT

DT
5

dN

N
. ~4!

Therefore, Eq.~4! can help to distinguish the contribu
tions of various photoexcitations to the PA spectrum sin
the ratiodT/DT should be constant for the same excitati
over a given photon energy range. Consider an EPA sp
trum made up of contributions from several different pho
excitations. If a given EPA band is due to the electromod
lation of the recombination kinetics of a give
photoexcitationi , then the phasef i(v) of the EPA band is
related to the excitation lifetimet i . If t i!1/f , wheref is the
modulation frequency of the electric field, no phase shift w
be observed. In other words,N will follow the electric field
modulation. A phase shift off(v)5p/2 is reached ift i
@1/f (N lags the electric field!. In general, the phase doe
not only indicate the process@electromodulated enhanceme
of the absorption iff(v),p, electromodulated bleaching i
f(v).p#, but it also gives information about the excitatio
lifetime. The phase information can also help to correl
different PA bands with one another. If the two PA bands
due to the same excitation, then the EPA bands should h
the same phase.

The EPA spectrum can be disturbed by artifacts due
resistive heating, a Stark shift of the absorption edge du
an electric field ~electroabsorption!, and Thomas-Ferm
screening of the electric field by charge carriers. We neg
the effect of resistive heating of the film, since thin film
with a good heat contact to the substrate and a high re
tance were used.31 We have seen the Stark shift of the a
sorption edge in several films, but comparison of the E
spectrum to the EA spectrum allows us to account for t
effect. This means that a pure EPA spectrum can be obse
only below the absorption edge. Similar difficulties lie
observing a pure PA spectrum aboveEgap as charged photo
excitations generate an internal electric field which in tu
produces a derivative-shaped spectrum.32,33 Thomas-Fermi
screening does not alter the EPA spectrum, but modulate
magnitude. A screening effect can lead to a sublinear dep
dence of the EPA signaldT on the pump intensityI .31

III. EPA SPECTROSCOPY OF MEH-PPV

A. Experimental results

The PA spectra of pristine MEH-PPV and th
MEH-PPV/C60 composite are shown in Fig. 4~a!. The domi-
nant PA band of pristine MEH-PPV arises from optical tra
sitions in triplet manifoldT1→T2.28 The PA band associate
with charged photoexcitations in pristine MEH-PPV belo
0.5 eV is very weak (431025), as seen previously.34 In
contrast, the PA spectrum of MEH-PPV/C60 is dominated by
two bands with onsets at 0.25 eV~LE! and 1.18 eV~HE!,
respectively.35 These two PA bands have the same intens
and modulation frequency dependence and are he
correlated.34 The strong photoinduced infrared-active vibr
tion ~IRAV ! modes below 0.2 eV are also correlated with t
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11 056 PRB 59M. LIESS, Z. V. VARDENY, AND P. A. LANE
LE and HE bands. As IRAV modes are due to the prese
of charge on the polymer chains,35 then the PA spectrum o
C60/MEH-PPV is due to charged photoexcitations. Inde
previous PADMR measurements have shown that these
ciations are polarons.36 The derivative-shaped features with
zero crossing at 2.2 eV has the same line shape as the
spectrum of MEH-PPV~Ref. 6! and is thus due to electri
fields of photogenerated charged excitations. Despite
high concentration of C60, we do not see the sharp PA ban
of C60

2 at 1.15 eV.37

The EPA spectrum of the MEH-PPV/C60 composite,
shown in Fig. 4~b!, consists of bands at 0.4, 1.18, and 1.
eV, respectively. All three EPA bands are correlated by th
dependence on the electric field strength and modulation
quency, as well as the pump beam intensity. Notably,
EPA bands are much narrower than the PA bands. The
high-energy EPA bands are distinct whereas the PA ba
are spread out over a broader energy range. Above 2 eV
EPA spectrum is dominated by electroabsorption. In orde
be certain that the EPA spectrum results from electromo
lated PA, we measured the EA spectrum at photon ener
above and below the optical gap. No signal was observe
energies below 2.2 eV; the signal above this energy res
from EA and has been discussed in detail elsewhere.6 We
tentatively assign the EPA bands at 0.4 and 1.65 eV to t
sitions of positive polarons on the polymer chains and
EPA band at 1.18 eV to C60

2 .
We also attempted to measure EPA in undop

MEH-PPV,15 but detected no signal below the gap and
usual EA spectrum above the gap. This is not surprising
the PA spectrum of MEH-PPV shown above is dominated
triplet excitons. Warmanet al.38 recently compared the po
larizabilities ap of singlet and triplet excitons by time
resolved microwave conductivity measurements. They fo
that the polarizability change of singlet excitons in MEH
PPV DVP52000 Å3, whereas for triplet excitons in poly
thiophene derivativesDVP525 Å3. This is consistent with
ODMR studies which have shown that triplet excitons a
highly localized39, with the triplet localized to a single phe
nyl ring. As the response to an applied electric field is p
portional to the difference in polarizability between th
ground and excited states, we expect any EPA from trip
excitons to be small. No EPA spectrum related to cha
photoexcitations or charge transfer complexes was detec

FIG. 4. Top, left axis: PA spectra of MEH-PPV~solid line! and
MEH-PPV/C60 ~dashed line!. Bottom, right axis: EPA spectrum o
MEH-PPV/C60.
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The PA spectrum is of order 1025 and the EPA signal in
MEH-PPV/C60 is two orders of magnitude weaker than th
PA itself. Hence, while we cannot exclude the possibility
any EPA in MEH-PPV, the signal is too weak to be detect

We must also eliminate the possibility that the elect
modulation signal is related to an effect of the electric fie
on the photocurrent~PC!. The transient PC in the
MEH-PPV/C60 composite generated by a 200 ms pump pu
of 100 mW at 488 nm is shown in Fig. 5. The PC decay w
measured with fields of 0, 25, 50, and 75 kV/cm and the
decay curves are normalized to one another to permit di
comparison. The PC decay is independent of the elec
field strength, whereas the EPA signal is proportional to
square of the electric field~see below!. Hence, the lifetime of
optically induced charge carriers is not influenced by an e
tric field in MEH-PPV/C60. These measurements show th
the density of mobile charge carriers, and consequently t
PA spectra, is not influenced by the applied electric field.
addition, charge transfer from the polymer to C60 appears to
be independent of an applied field.

Finally, we show that the EPA signal is due to an elect
modulation of the photoexcitation recombination kinetics
the MEH-PPV/C60 composite. Figure 6 shows the transie
PA of C60

2 at 1.18 eV, plotted as ln(DT) vs time ~in milli-
seconds! for dc electric field strengths of 0, 25, 50, and 7
kV/cm. As the field strength increases, the PA decays m
quickly due to a reduction in the lifetime~and hence the
density! of immobile C60

2 . The time constant for the initia
decay ~within 1 ms! decreases from 1.4 to 1.2 ms as t
electric field strength increases. Taken together, all of th

FIG. 5. Transient photocurrent in MEH-PPV/C60 at three differ-
ent field strengths. The decay of the photocurrent is measured
the pump beam is shut off att510 ms.

FIG. 6. Transient PA of MEH-PPV/C60 for electric fields be-
tween 0 and 75 kV/cm.
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PRB 59 11 057ELECTROMODULATION OF CHARGE-TRANSFER . . .
measurements are consistent with our conclusion that
EPA signal is due to electromodulation of photoexcitatio
in the MEH-PPV/C60 composite, i.e., electromodulate
photoinduced absorption. An EPA signal can only be see
the MEH-PPV/C60 composite under illumination. In this cas
a large number of charge transfer complexes (P1/C60

2 ) are
present in the material. Absent doping or illumination, the
will be no charge transfer complexes. Figure 5 showed
the effect of an electric field on the lifetime of mobile char
carriers and thus their contribution to the EPA spectrum
be ignored. We therefore conclude that the EPA signal m
be due to charge transfer complexes.

B. Field-induced tunneling in the MEH-PPV/C60 composite

We now proceed to show that the increased recomb
tion rate of charge transfer complexes in MEH-PPV/C60
blends is due to an electric field enhanced tunneling of
negative charge on the C60

2 back to the polymer chain. Figur
7 illustrates our model for an electron tunneling from the C60

2

through a potential barrier back to the polymer chain. T
potential barrier has a height V0 and widtha and the angle
between the electric field and the dipole moment of
charge-transfer complex isu. The potentialV(x,u) can then
be written

V~x,u!5V01e f xcosu. ~5!

The tunneling probabilityT̃ for an electron through this po
tential barrier is given by the WKB approximation

ln T̃52A8m

\ E
0

a

dxAV01eFxcosu, ~6!

wherem is the effective mass of the electron. It is possib
that the width of the charge transfer complex itself may
modulated by elastic deformation. In the following simp
model, we neglect these considerations. Integration of
~6! yields

ln T̃52
A8m

3e\F cosu
@~V01eFacosu!3/22V0

3/2#. ~7!

For a separation of a few nm, the difference in poten
due to the electric fieldDV<eFa is of order 10 meV. This is

FIG. 7. ~a! The model for an electron tunneling from C60
2 to a

positive polaron.~b! The potential well in the presence of an a
plied electric field.
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obviously much smaller than the height of the potential b
rier. Therefore, we perform a Taylor’s series expansion
get

ln T̃52A8ma2V0/\2S 11
eFacosu

4V0
D . ~8!

We can rewrite Eq.~8! in terms of T̃0, the tunneling prob-
ability absent the electric field:

T̃5T̃0 exp~2geFacosu!, ~9!

whereg5Ama2/2V0\2. We must take into account that th
charge transfer complexes in a real film will be oriented ra
domly with respect to the electric field. As the electric fie
is a small perturbation to the potential, we can expand
~9! in a Taylor’s series and integrateu over all possible
angles. Any odd terms must vanish by parity and to low
order:

T̃5T̃0S 11
ma4e2

4V0\2 F2D . ~10!

Thus, the application of an electric field always increas
the tunneling probability and the effect is proportional to t
square of the field strength. We experimentally verified t
result by measuring the EPA signaldT as a function of the
voltage across the sample~Fig. 8!. This relation holds over
two orders of magnitude of different pump illumination in
tensities and is independent of the pump power, and he
the photoexcitation density.31

IV. ELECTROMODULATION SPECTROSCOPY
OF POLYTHIOPHENE DERIVATIVES

A. P3OT

The PA and EPA spectra of C60-doped P3OT are shown
in Fig. 9~a!. Both spectra consist of a band below 0.8 eV
second band at 1.25 eV, and a third band at 1.7 eV.
signal above 1.8 eV is due to a combination of electroabso
tion and thermal effects. The resemblance of the spectr
those shown in Fig. 4 for MEH-PPV/C60 suggests the sam
assignments as before, i.e., two PA bands due to pola

FIG. 8. Dependence of the EPA signal at 0.35 eV on the elec
field.
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11 058 PRB 59M. LIESS, Z. V. VARDENY, AND P. A. LANE
pairs ~0.4 and 1.7 eV! and one PA band due to C60
2 . The

discrepancy between the PA band at 1.25 eV and the PA
C60

2 in MEH-PPV/C60 suggests that this is not the case.
more complete analysis of the data includes the phase o
EPA spectrum and the relative sensitivity of the photoex
tations to an electric field. Since the phase of the signa
sensitive to the lifetime of excitations, it can be used to c
relate bands that belong to the same excitation. The rela
sensitivity of the PA bands to an electric field (dT/DT)
serves the same purpose. We apply both of these ana
techniques to the PA and EPA of C60-doped P3OT as the
presence of multiple overlapping bands means that E
alone is insufficient to separate the excitations.

The spectra of the EPA phase and the ratio of the E
(dT/DT) and PA are shown in Fig. 9~b!. The absorption
band of C60 anions at 1.15 eV is visible in both spectra.37,40

While the PA band at 1.7 eV is correlated with the C60
2 band,

the bands below 0.5 eV and at 1.25 eV are clearly not.
therefore identify the band at 1.7 eV as the higher-ene
band of the positive component of the polaron pairs. T
leaves the PA bands at below 0.5 eV and at 1.25 eV. Th
bands are not correlated with the lifetimes of theP1/C60

2

complexes, but are sensitive to an applied electric field@Fig.
9~a!#. In two recent papers, we showed that the PA spect
of polarons in p-conjugated polymers consists of tw
bands36 and that the high-energy polaron pair PA band
blueshifted with respect to the high-energy polaron
band.14 We therefore assign these two PA bands to isola
polarons~Figs. 1 and 9!.

FIG. 9. ~a! Comparison between the PA and the EPA signa
P3OT/C60. ~b! The phase of the EPA signal and the relative sen
tivity of the photoexcitations indicate two related transitions at 1
and 1.7 eV.
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B. PTSi

The PA spectrum of pristine PTSi@Fig. 10~a!# is domi-
nated by a broad band between 0.9 and 1.4 eV with a pea
1.1 eV; PA extends up to 1.8 eV and there is also a disti
tive band at 0.3 eV. We attribute the sharp zero-level cro
ing at 1.8 eV to electroabsorption from charged photoexc
tions as before. The PA between 0.9 and 1.8 eV conta
contributions from optical transitions of triplet excitons, p
laron pairs, and free polarons. PADMR spectroscopy perm
us to decompose the PA spectrum into its constituent pa
The PADMR spectrum of triplet excitons@Fig. 10~b!#, mea-
sured with the magnetic field set to the half-field resona
at 500 G, has a single band with a maximum at 1.1–1.2
and extending up to 1.8 eV. The spin-1/2 PADMR spectr
@Fig. 10~b!#, measured at G, contains bands at 1.1 and 1.7
as well as a band below 0.5 eV. The cryostat windows
not permit measurements below 0.4 eV. In accord with
conclusions on PA and EPA in P3OT, we attribute the ba
at 1.1 eV to polarons (P2), the band at 1.7 eV to polaro
pairs (PP2), and the band below 0.8 eV to a combination
polarons and polaron pairs (P11PP1). The weak positive
PADMR between 0.9 and 1.0 eV is probably due to spinl
bipolarons.36 Comparison of the PA and PADMR spect
shows that the PA spectrum of PTSi is dominated by trip
excitons, though not to the degree of MEH-PPV.

The EPA spectrum of pristine PTSi is shown in Fig. 1
We were able to detect an EPA spectrum of undoped PT
possibly because its PA is an order of magnitude stron
than that of MEH-PPV~Fig. 4!. The EPA spectrum of PTS
is quite different than that observed previously; the elec
field generally enhances the PA intensity and so we m

i-
5

FIG. 10. ~a! The PA spectrum of PTSi.~b! The spin-1/2~solid
line! and spin-1~dashed line! PADMR spectra of PTSi.

FIG. 11. The EPA spectrum of PTSi~solid line! and a simula-
tion of the EPA spectrum~dashed line!. The simulation is the dif-
ference between the polaron and triplet PADMR spectra.
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find a different explanation than field-induced tunneling.
fairly good simulation of the EPA spectrum can be genera
by taking the difference between the spin-1/2 and trip
PADMR spectra (dTsim5dTS51/22dTS51) and is shown as
a dashed line in Fig. 11. The electric field thus appears
enhance the steady state population of polarons and pol
pairs which, in turn, reduces the steady state population
triplet excitons. The discrepency between the fit and
measured EPA spectrum may arise from contributions of
polarons to the PADMR spectrum.36

We suggest that the EPA signal is due to field-induc
enhancement of singlet exciton dissociation into polar
and polaron pairs. This has two effects:~i! the fraction of the
singlet excitons that may decay into the triplet manifold
reduced and~ii ! the number of polarons and polaron pairs
increased. Hence, the PA of triplet excitons is decreased
that of polarons and polaron pairs is enhanced. The ag
ment between the EPA spectrum and the simulated spec
composed of the difference of the triplet and doublet
~Fig. 11! can be explained this way. This hypothesis is su
ported by our observation that simultaneously the PL int
sity is reduced by an electric field. At a field of 105 V/cm,
the PL is reduced by a factor of 531024.31 For our field
strengths, similar reduction were not seen for MEH-PPV
P3OT. Due to high exciton binding energies, electric fie
enhanced dissociation of excitons happens close to imp
ties that tend to dissociate excitons to form charge tran
complexes.

The PA spectrum of PTSi/C60 is shown in Fig. 12~a!. The
spectrum closely resembles that of the spin-1/2 PADM
spectrum of PTSi@Fig. 10~b!# and can be attributed to
charged photoexcitations. The sharp PA signature of C60 an-
ions at 1.15 eV is also visible. If present, the PA signature
triplet excitons is weak. The EPA spectrum of PTSi/C60 @Fig.
11~b!# is quite different from that of PTSi. There are positiv
bands below 0.5 eV and between 0.8 and 1.2 eV and a

FIG. 12. ~a! The PA spectrum of PTSi/C60. ~b! The EPA spec-
trum of PTSi/C60. The inset shows the EPA on a magnified vertic
scale.
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strong negative band with a maximum at 1.6 eV. The sig
ture of C60

2 is seen in the positive band, indicating that t
effect of the electric field is to increase the C60

2 density. Tak-
ing the PA band at 1.7 eV as due to polaron pairs, th
results suggest that the density of polaron pairs is reduce
an electric field while that of polarons and C60

2 is increased
by an electric field. This is consistent with the results
pristine PTSi ~exciton dissociation at defects such
fullerene dopants! and on MEH-PPV/C60 ~electric field as-
sisted tunneling!.

V. STARK SHIFT OF CHARGE TRANSFER COMPLEXES
IN C60/RO-PPP

Figure 13 compares~a! the PA spectrum,~b! the deriva-
tive of the PA spectrum, and~c! the EPA spectrum of
RO-PPP/C60. As can be seen in Fig. 13~a! the PA of
RO-PPP/C60 shows distinct features at 0.5, 1.1, 1.7, and 2
eV. We assign the PA band at 1.1 eV to C60

2 and the remain-
ing PA bands to polarons and polaron pairs as above. Fig
13~b! shows the derivative of the PA signal with respect
the energy. The EPA signal shows spectral features tha
semble the PA derivative roughly 0.1 eV below each of t
respective spectral features in the PA@Fig. 13~c!#. The de-
rivativelike shape is a clear indication that the EPA spectr
is dominated by a Stark shift of the state energies rather t
changes in the photoexcitation lifetimes. The gradually sl
ing line in Fig. 13~c! is to provide a zero line for the deriva
tive interpretation. The PA band at 2.4 eV and the rela
derivative shaped feature in the EPA spectrum is due to
absorption of the positive polaron bound to the C60 counter-
ion (P1/C60

2 ). Unlike in MEH-PPV/C60, the electric field
causes a significant redshift of the polaron pair absorp
signature. Since the features in the EPA spectrum are sh

l FIG. 13. ~a! The PA spectrum of PPP/C60. ~b! The derivative of
the PA signal with respect to energy.~c! The EPA spectrum of
PPP/C60.
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in energy below the respective features of the PA signal, t
we conclude that the longer conjugation lengths of the po
mer dominate the EPA spectrum. This effect is known
EA spectra, which are proportional to the imaginary comp
nent of the third-order dc nonlinear optical susceptibil
x (3)(2v;v,0,0).6

We can calculate the polarizabilityaP of the (P1/C60
2 )

charge-transfer complex from the PA and EPA spectra. T
calculation is performed similarly to the calculation ofaP for
the 1Bu exciton.31,41 In order to ensure the same number
photoexcitations during the PA and EPA measurement
both spectra, the film thickness and the illumination intens
must be the same for both measurements. For the PA m
surement, the modulation period 1/f must be much smalle
than the photoexcitation lifetime so that the PA signal
flects the photoexcitation density. The EPA signaldT is re-
lated to the PA signalDT by

dT~v!5DT~F,v!2DT~0,v!, ~11!

wherev is the state energy. If a Stark shift is the only re
evant modification of the spectral PA signal due to an el
tric field, we can write

DT~F,v!5DT~0,v1DE!, ~12!

whereDE is the Stark shift of the excitation energy due to
electric fieldF,

DE52miFi1pi j FiF j , ~13!

wheremi is the permanent dipole moment andpi j the polar-
izability tensor. Taking the difference between the PA s
nals with and without the applied fields yields the followin

dT~v!5DT~v1DE!2DT~v!'
]~DT!

]E
DE ~14!

to lowest order. The photoexcitations are randomly orien
so the average Stark shift due tomW cancels out but broaden
the PA band when an electric field is applied. This additio
broadening can be neglected as the PA itself is quite br
due to the conjugation length distribution. We can then w

DE5
1

2
apF2. ~15!

The photoexcitation polarizability can be calculated fro
EPA and PA analogously to the polarizability of the 1Bu
exciton6,30 as

dad52
dT

T
5

7

60
aPF2

]

]ES 2
DT

T D . ~16!

The factor 7/60 is a result of the averaging over differe
orientations in space. This simplified analysis cannot be
plied carelessly to the EPA spectrum. The modulation of
n
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photoexcitation lifetime due to an electric field contributes
the signal and obscures the Stark shift. In addition, the p
ence of mobile charge carriers leads to Thomas Fe
screening. Thus the electric field is not continuously distr
uted between the electrodes, but larger close to the electr
and smaller further away. Therefore the information obtain
will only give an order of magnitude estimate of the phot
excitation polarizability.We divided the EPA spectrum b
the derivative of the PA spectrum and calculated the cha
in aP to be approximately 33107 Å3. This is approximately
200 times larger than the polarizability change between
1Ag and 1Bu states of most luminescentp-conjugated poly-
mers. AsaP of the ground state is of order 104 Å3, aP of
charge-transfer complexes in C60-doped RO-PPP is roughly
the polarizability difference. FromaP one may calculate the
diameter of the charge-transfer complexa>A3 aP/4p. We
find thata is approximately 10 nm, which is six times large
thana of the 1Bu exciton.

VI. CONCLUSIONS

EPA is a technique used to investigate photoexcitation
conjugated polymers. An electric field was found to ha
three major effects on photoexcitations in conjugated po
mers and polymer/ C60 blends.

~1! The lifetime of charge-transfer complexes was
duced by an applied electric field. We developed a model
electromodulation of the tunneling probability of the neg
tive charge on the C60 anion back to the polymer chain. I
combination with PA and PADMR spectroscopy, we me
sured the energies of PA bands associated with polar
polaron pairs, and triplet excitons in all the systems stud

~2! An electric field can enhance the dissociation of t
1Bu singlet excitons. This effect decreases the PL intens
increases the populations of polarons and polaron pairs,
decreases the triplet exciton population. The effect do
nates the EPA spectrum of PTSi.

~3! A Stark shift of charge-transfer complexes domina
the EPA spectrum of RO-PPP/C60 blends. The derivative
shaped spectrum allows for the calculation of the differen
in polarizability between ground and excited state of cha
transfer excitations. The charge transfer complex is roug
10 nm in diameter.
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