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We report the results of transient-photoconductivity measurements on films of poly(p-
phenylenevinylene) (PPV) in the subnanosecond-time regime. The initial fast transient photocurrent de-
cays exponentially with a decay time of about 100 ps, followed by a slower component with a decay time
of about 600 ps. The magnitude of the fast component is proportional to the light intensity and indepen-
dent of temperature, while the magnitude of the slower component is proportional to the square root of
the light intensity and decreases as temperature decreases with a thermal-activation energy of about 100
meV. We attribute the initial response to photogenerated electrons and holes (polarons) and the follow-
ing slower decay to bipolarons in the nondegenerate ground-state conducting polymer. Measurements of
the spectral response of both transient and steady-state photoconductivity demonstrate that the onset of
the photoconductivity coincides with that of photoabsorption, consistent with the photogeneration of
free carriers via an interband transition. The interpretation of the initial temperature-independent tran-
sient photocurrent as the displacement current from the field-induced polarization of neutral excitons is
ruled out by careful analysis of the transient-photocurrent data and by direct measurements on
polydiacetylene-(toluene sulfonate), a conjugated polymer with a known exciton binding energy (E.,.),
E..~0.4 eV. A variety of measurements has enabled us to set an upper limit on E. in PPV and
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several of its alkoxy derivatives; E.,. is comparable to, or less than, k T at room temperature.

I. INTRODUCTION

Photoexcitation of nondegenerate ground-state con-
ducting polymers provides a method for photogenerating
polarons (P*) and bipolarons (B>*);! these charged exci-
tations can be studied through measurements of photo-
conductivity (PC), excitation spectroscopy, and photo-
luminescence (PL). Such studies have taken on special
significance following the demonstration that poly(p-
phenylenevinylene) (PPV) and its derivatives can be used
as the active luminescent layer in electroluminescent
light-emitting diode devices.?”>

The electronic structure of conjugated macromolecular
chains (conducting polymers) has been described in terms
of a quasi-one-dimensional tight-binding model in which
the 7 electrons are coupled to distortions in the polymer
backbone by the electron-phonon interaction.! In this
model, photoexcitation across the 7-7* band gap creates
free carriers (electrons and holes) as in conventional
semiconductors. Chain relaxation causes the photogen-
erated free carriers to become localized and form the
nonlinear excitations of conducting polymers: solitons,
polarons, or confined soliton pairs (bipolarons), depend-
ing on the ground-state degeneracy.

In systems with degenerate ground state, or in systems
where the confinement is relatively weak, spinless solitons
are the important charged excitations. Direct photoexci-
tation of soliton-antisoliton pairs (at energies well below
that of the interband transition) is enabled by the
Franck-Condon overlap between the uniform chain in the
ground state and the distorted chain in the excited state.®

In nondegenerate ground-state conducting polymers,
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photoexcitation creates electron-hole pairs which
separate as free charge carriers (and contribute to PC)
and/or recombine to form neutral polaron excitons (or
neutral bipolarons). The direct photogeneration of pola-
rons (electrons and holes “dressed” with a local chain re-
laxation) is also enabled by the Franck-Condon overlap
between the uniform chain in the ground state and the
distorted chain in the excited state.” When relaxation in
the excited state (to form polarons) is important, the pho-
toabsorption exhibits characteristic vibronic sidebands.’

The neutral polaron-exciton channel results from the
combined effects of the screened Coulomb attraction be-
tween opposite charge carriers and the lattice
confinement which lowers the total energy when two po-
laron distortions overlap.® Polaron excitons can decay
radiatively, detected as PL, or nonradiatively. Both in-
trachain and interchain photogeneration of the charge
carriers are possible; in either case, however, the radia-
tive recombination is predominantly intrachain as
demonstrated by the anisotropic PL in highly oriented
materials.”’

A variety of experimental studies have clearly estab-
lished that polarons and bipolarons are formed in PPV
after photoexcitation.!® In addition to the charged pho-
toexcitations, triplet polaron excitons have been
identified by photoinduced absorption'"'? (PA) and
absorption-detected magnetic resonance.’?

The mechanism for photogeneration of charge carriers
is not fully understood. It is not clear at present whether
the photoconductive response of PPV results principally
from secondary processes following the photogeneration
of neutral geminate pairs (i.e., bound Wannier-type exci-
tons) as would be the case if electron-electron interactions
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were of major importance,'*!® or from separated free

positive and negative charge carriers as would be the case
if the screened electron-electron interactions were rela-
tively weak compared to the electron-phonon interac-
tion.!® Subnanosecond transient PC experiments offer
the possibility of monitoring the generation, transport,
and recombination of charge carriers before their trans-
port is limited by traps.'’”2? In addition, when com-
pared with data from time-resolved PA and PL, transient
photoconductivity provides insight into the carrier pho-
togeneration and recombination processes.

The transient PA measurements are not yet available
for PPV, but they have been reported for its alkoxy
derivative.”> Transient PL experiments have been report-
ed for PPV (Refs. 9 and 24(a)] and for the branched al-
koxy derivative of PPV.2*®) Prior to this work, transient
PC data for PPV have been limited to nanosecond time
resolution.!® Thus the initial fast photoconductive
response of charge carriers has not been resolved in
sufficient detail to enable the comparisons with PA and
PL. The PC response at early times is especially impor-
tant for understanding the photogeneration mechanism
of charged carriers because the delayed slower com-
ponent and the steady state response are dominated by
trap-limited transport.!’ =22

The results of PA (Refs. 10 and 11) measurements on
PPV imply that the long-lived charge carriers are bipola-
rons: the infrared active vibrational modes and the
characteristic pair of subgap electronic absorption bands
are the signatures of bipolarons.”> However, bipolarons
cannot be directly photogenerated; they are formed
through P*+P* > B?*, and then contribute to the pho-
toconductivity.”® Moreover, spin-dependent photomodu-
lation experiments'® showed that the long-lived charged
excitations are associated with spinless features in PA
whose recombination (or generation) is spin dependent,
consistent with the bipolaron generation through
P*+P*_,B?* Since polarons can be directly photogen-
erated”® and since simulations show that chain distor-
tions form around an electron or a hole in times less than
1071 5,27 transient PC is likely to be dominated by pola-
ron transport in the picosecond time regime and by bipo-
larons at later times.?°

We present the results of a series of measurements of
the transient PC (in the subnanosecond-time domain) of
PPV including the temperature dependence, light intensi-
ty dependence, electric-field dependence, and the spectral
response. The picosecond transient PC reveals a fast ini-
tial response which decays exponentially with time con-
stant of about 100 ps, followed by a slower component
with a decay time of about 600 ps. The magnitude of the
fast component is proportional to the light intensity and
independent of temperature, while the magnitude of the
slower component is proportional to the square root of
the light intensity and decreases as temperature decreases
with an activation energy of about 100 meV.

The displacement current contribution to the fast tran-
sient photocurrent is carefully and quantitatively con-
sidered. The experimental results are not consistent with
the displacement current contribution which would
arise from the electric-field-induced polarization of
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bound excitons. Moreover, direct measurements on
polydiacetylene-(toluene sulfonate), a conjugated polymer
with a known exciton binding energy (E,, ), E. . ~0.4
eV, demonstrate that this displacement current contribu-
tion would be more than two orders of magnitude weaker
than the initial transient response in PPV.

We recently reported that the onset of the steady-state
PC of PPV coincides with the onset of photoabsorption
and that the PC spectrum can be quantitatively under-
stood within the semiconductor energy band picture.?
We find that the onset of the picosecond transient PC
also coincides with that of absorption and the steady-
state PC, in further support of this conclusion. More-
over, the relatively large, temperature-independent initial
(i.e., t—0) photoconductivity independently implies the
photogeneration of free carriers (rather than bound exci-
tons) via an interband transition. We therefore attribute
the initial photoconductive response to photogeneration
of free charge carriers via the interband (7-m*) transition
in the context of the semiconductor energy-band model
of the electronic structure. The following slower decay
arises from transport via bipolarons (polaron pairs
confined by the electron-phonon interaction in the nonde-
generate ground-state conducting polymer).

The conclusion that in PPV the photoexcitations are
free carriers (as in a band model), rather than bound exci-
tons, is supported by a variety of experimental results
which we briefly summarize.

II. EXPERIMENT

Samples used for this study were thin films of PPV
prepared via the precursor route. The water-soluble pre-
cursor?® polymer was first spin cast onto +-square-in.
glass or alumina substrates (spin speed 800-1000 rpm)
under nitrogen gas. The precursor film was then sealed
in an evacuated tube and converted into the conjugated
form by heat treatment at 300°C for 3 h. Sample
thicknesses were in the range of about 0.2-0.3 um, with
corresponding optical densities of about 2.5 at the peak in
the absorption spectra. The steady-state PC was mea-
sured using the standard lock-in technique; transmission
spectra were obtained with a Perkin-Elmer Lambda-9
spectrophotometer. Details of the sample preparation
and the steady-state PC measurement have been reported
previously.?¢

For the subnanosecond transient PC measurement, the
Auston switch transmission line configuration?® was used;
gold stripline electrodes were evaporated onto the con-
verted PPV film on an alumina substrate and a gold back-
plane was evaporated onto the back surface of the alumi-
na substrate (area 0.5 in. X 0.5 in. and thickness 0.65 mm)
to form a transmission line with 50-Q impedance and
with a frequency response over 100 GHz. The electrodes
were 0.6-mm wide and the gap between electrodes was
0.1 mm. Details about the Auston switch configuration
can be found in our early publications.'””2° The dark
conductivity of the PPV films is estimated to be about
5X107° S/cm at room temperature with an activation
energy of about 210 meV, as measured with a Keithley
467 picoammeter/voltage source.’’ The dark I-V mea-
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surement shows Ohmic behavior up to at least 200-V bias
voltage across the 0.1-mm gap (electric field of 2X10*
V/cm).

Excitation pulses were obtained from a PRA (Photo-
chemical Research Assoc., Inc.) LN105 dye laser pumped
with a PRA LN1000 N, laser, operated at a repetition
rate of 3-5 Hz. The pulse width was approximately
20-30 ps and the typical light intensity was about
2uJ/pulse, corresponding to the incident photon flux of
about 3X 10'* photons/cm?. Photon energies were varied
(by changing the dye) from 1.9 to 2.9 eV.

One side of the microstrip was biased with a dc voltage
and the other side was connected to a EG&G PAR
(Princeton Applied Research) 4400 boxcar system fitted
with a Tektronix S-4 sampling head. The boxcar was
triggered with the light pulse via a photodiode. The tem-
poral resolution of the electronic detection system was
about 50 ps (as measured by the rise time of the photo-
current), resulting from a combination of the gatewidth
and trigger jitter of the boxcar (EG&G PAR 4400 system
with a Tektronix S-4 sampling head) and the response of
the cable transmission line between the probe and the
boxcar.

Data were obtained with uniform illumination of the
sample across the 0.1-mm gap. The photon energy was at
fiw=2.92 eV (425 nm) and the biasing electric field was
2X10* V/cm, unless otherwise specified. Samples were
mounted onto the cold finger of a Helitran cryostat, and
the measurements were carried out under a vacuum of
less than 10™* Torr. Experiments were carried out in the
temperature ranges from 360 to 81 K. To improve the
signal-to-noise ratio, signal averaging was employed, and
the data were base line corrected to the dark response.
For measurements of the light-intensity, electric-field,
and temperature dependences of the transient PC, the
photocurrent was amplified by a 1.1-GHz-bandwidth
amplifier, and the signals from 100 laser pulses were aver-
aged. Light intensity was changed by using neutral den-
sity filters. During the measurement, we monitored the
light intensity by splitting part of pulse light (using a
beam splitter) into the photodiode connected to the Tek-
tronix 468 digital storage oscilloscope.

III. RESULTS OF THE TRANSIENT-
PHOTOCONDUCTIVITY MEASUREMENTS

Figure 1(a) shows the time-resolved transient photo-
current of a PPV film biased with an electric field of
2X10* V/cm; data are shown for the sample at room
temperature and at 81 K. The excitation laser pulses
were at fiw=2.92 eV (425 nm) with a 20-ps pulse width.
The photon flux incident onto the sample per pulse was
about 3 X 10'° photons/cm? (=2 uJ per pulse). The same
PC data are shown on a semilog plot in Fig. 1(b). The
data in Fig. 1 are the results of a 20-sweep average to im-
prove the signal-to-noise ratio. The solid curves assume
the following form:

Ih(1)=Aexp(—1/7)+ Aexp(—1/7,) . (1)

Because the slower component is suppressed at lower
temperature, the initial fast decaying component is more
clearly resolved at 81 K.

The photoresponse turns on extremely fast as observed
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previously in trans-(CH), (Refs. 17 and 21) and P3HT;?
the rise time and the initial decay of the asymmetric peak
results from a convolution of the pulse width of the pump
beam and rise times of the electronic detection system,;
we are not able to resolve the initial time response of the
photocurrent. The decay of the picosecond PC fits quite
well to the sum of two exponentials, Eq. (1); for the initial
fast decay 7,~= 100 ps while for the slower exponential de-
cay 7,=~600 ps. Recently, the initial fast decay in trans-
(CH), was shown to be approximately 7 ps using the pho-
toconductivity cross-correlation technique.?”> In PPV the
intrinsic initial decay time is probably also much less
than 100 ps. Earlier work on trans-(CH), (Refs. 17 and
21) and on PPV derivatives®® reported that the transient
photocurrent can also be fit to the two exponential decay
of Eq. (1).

Photocurrent (LA)

Photocurrent (LA)

Time (ps)

FIG. 1. (a) Time-resolved transient photocurrent of a PPV
film biased with an electric field of 2X10* V/cm; data are
shown for the sample at room temperature (solid circles) and at
81 K (open circles). The photon flux incident onto the sample
per pulse was about 3 X 10'° photons/cm? at 2.92 eV. The solid
curves are the fits assuming the two exponential form of decay.
(b) The same PC data in (a) on a semilog plot; the initial fast de-
cay component is more clearly resolved at 81 K because the
slower component is suppressed at lower temperature.
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By analyzing the PC decay curves obtained from PPV
at room temperature and at 81 K, we found that the mag-
nitude of the fast component is independent of tempera-
ture, whereas that of the slower component decreases
with decreasing temperature; the fitting parameters are
summarized in Table I. The temperature dependence of
the peak transient photocurrent from 360 to 81 K is
shown in Fig. 2; the magnitudes of the fast and slower
components at 297 and 81 K are indicated. Figure 2
clearly shows that the temperature dependence of the
peak photocurrent is due to that of the slower com-
ponent. For the measurement of the temperature depen-
dence, the incident photon flux was about 1X 101
photons/cm? at 2.92 eV under a biasing electric field of
2X10* V/cm. The beam size was increased to cover the
gap completely to reduce any error arising from slight
changes in beam position resulting from thermal expan-
sion of sample holder. The photocurrent was amplified
with a 1.1-GHz-bandwidth amplifier and averaged over
100 laser pulses. To assure constant light intensity at
each temperature, we monitored the light intensity with
the photodiode connected to the digital oscilloscope.

We estimate a lower limit for the initial photoconduc-
tivity (at the peak of the initial response) to be about 0.05
S/cm from the peak transient photocurrent in Fig. 1;
I, (max)~564 uA, corresponding to a current density of
approximately 10° A/cm? under an electric field of
2X10* V/cm at room temperature. A similar magnitude
of the transient photoconductivity in PPV was reported
by Bradley et al.'® By estimating the number of charge
carriers and absorbed photons following the procedure
used in PPV (Ref. 16) and trans-(CH)x,?"3! one obtains
the carrier migration length /=110 A and the mobility
u=~0.6 cm?/V's at room temperature. These values es-
timated in the subnanosecond-time regime are about an
order larger than those estimated in the nanosecond-time
regime.'® However, since the response is still limited by
the instrumental resolution, these values represent only
lower limits. The transient photoconductivity of PPV is
comparable to that reported for trans-(CH), under simi-
lar experimental conditions, in which o ;,~0.3 S/cm cor-
responds to an initial mobility of approximately 1
cm?/Vs.'” An initial mobility of z>20 cm?/V's was re-
ported from the recent measurement of the picosecond
PC in trans-(CH), with the improved time resolution.?
Thus charge carriers responsible for the initial pho-
toresponse are highly mobile for times less than 10 ps,
after which they are trapped.

The transient peak photoconductivity (at an incident
photon flux of ~1X10'° photons/cm? at #iw=2.92 eV) is
six ordes of magnitude larger than the steady-state photo-
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FIG. 2. Temperature dependence of the peak transient pho-
tocurrent from 360 to 81 K (open circles); the magnitudes of the
fast (solid circles) and slower (solid triangles) components at 297
and 81 K are indicated.

conductivity (cw o, =~6X 1078 S/cm at an incident pho-
ton flux of ~1X10'® photons/cm?s at #iw=2.45 eV).2
The latter is also about an order of magnitude larger than
the dark conductivity (0,~5X107° S/cm); these data
are compared in Fig. 3 where the temperature depen-
dences of the transient PC, the steady-state PC, and the
dark conductivity are presented on a semilog plot. The
transient PC shows a weak temperature dependence
above about 200 K, and it is independent of temperature
below 200 K (Fig. 2 demonstrates that the temperature
dependence of the transient peak photocurrent is due to
the slower component). The activation energy of the
steady-state PC is approximately 140 meV, whereas the
activation energy of the dark conductivity is about 210
meV.” The temperature range in Fig. 3 is not large
enough, however, to determine whether the dependence
is truly activated (note the curvature of the data on the
semilog plot of Fig. 3). In conducting polymers, Mott’s
variable range hopping conductivity? is often used to ex-
plasisn the temperature dependence of the dark conductivi-
ty.

Figure 4 shows the temperature dependence of the
peak transient PC following photoexcitation with
different light levels; the incident light intensity was
changed from 1.6 to 0.06 uJ using appropriate neutral
density filters. We found that the temperature depen-

TABLE I. Results of the two exponential fits to the curves of the transient PC decay.

T (K) I (mJ/pulse) I, (mA) A; (mA) t, (ps) A, (mA) t, (ps)
297 2 564 251 128 247 601
297 1 262 114 128 155 601

81 2 395 279 92 87 631
81 1 240 131 92 75 631
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FIG. 3. Temperature dependence of the peak transient PC
(open circles), steady-state PC (open triangles) and the dark con-
ductivity (solid circles) all on a semilog plot.

dence of the transient PC above 200 K becomes even
weaker as the light intensity is increased. This observa-
tion implies that the temperature-independent fast com-
ponent increases faster than the activated slower com-
ponent as intensity increases.

The data of Figs. 3 and 4 provide clear evidence
against the bolometric contribution to the photoresponse
(i.e., an increase in o, due to heating rather than a
genuine photocurrent results from photoexcited carriers).
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FIG. 4. Temperature dependence of the peak transient PC
following photoexcitation at different levels; 1.6 uJ/pulse (cir-
cles), 0.6 uJ/pulse (squares), 0.16 uJ/pulse (diamonds), and 0.06
pJ/pulse (triangles). The inset shows the “apparent activation
energies” (see text) above 200 K at different photoexcitation lev-
els.
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To obtain the activation energy of the slower com-
ponent, one needs to carefully subtract the temperature-
independent component from the peak photocurrent. In
Fig. 5, we plot the temperature dependence of the slower
component, the peak photocurrent minus the 81-K pho-
tocurrent, from 360 to 220 K in a semilog plot (the 81-K
data contain only the fast component because the time-
resolved data in Fig. 1 show that at 81 K the slower com-
ponent is negligible compared to the fast component).
From the data in Fig. 5, an activation energy E, =100
meV can be estimated. This is to be comparable with
E,=140 eV for the steady-state PC and E, =210 meV
for the dark conductivity, as shown in Fig. 3. These
(similar) small activation energies suggest trap-dominated
transport with multiple release and retrapping of the
long-lived photocarriers which contribute to the photo-
conductivity over the full temporal range from nano-
seconds to steady state. The long-lived photocarriers
thermalize into deeper traps below the mobility edge as
time progresses. In this context, the temperature in-
dependence of the picosecond photocurrent implies pre-
trapping transport (see Sec. IV for a discussion which
rules out a significant contribution from the displacement
current due to field-induced polarization). Thus the rapid
decay (=100 ps) of the temperature-independent fast
component of the transient photocurrent response results
from initial trapping, as in P3HT.?

Figure 6 shows the peak photocurrent (a combination
of fast and slower component) at room temperature, 140
K, and 81 K as a function of the light intensity spanning
a range of more than two orders of magnitude. The 140-
and 81-K data show linear intensity dependences; howev-
er, at 300 K, the peak photocurrent shows a sublinear in-
tensity dependence I 08 consistent with the data of Brad-
ley et al.,'® who also reported a sublinear intensity

10’ s
g r 1
. 102.~ 3
< i ]
f_ﬁ/ r h
E L -
(0]
2 L i
=
g 10 ¢ E
S E ]
= r ]
[am) C ]

100 P | L | ISR ST A BT

2.5 3 3.5 4 4.5 5

1000/T (K™
FIG. 5. Temperature dependence of the slower component of
the peak transient PC, the peak PC data in Fig. 4 minus the 81
K PC data, from 360 to 220 K in a semilog plot; E, ~ 100 meV
is obtained for the slower component.
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ture (circles), 140 K (squares), and 81 K (triangles).

dependence in nanosecond-time regime I 0.7 at 300 K.
This sublinear dependence is, however, an artifact; for
the fast and slow components have different intensity
dependences.

The intensity dependences of both the fast component
(peak photocurrent at 81 K in Fig. 4) and the slower
component (the latter at 360, 300, and 220 K) are shown
in Fig. 7. The slower component was obtained by sub-
tracting the 81-K photocurrent from the peak photo-
current as in Fig. 5. The intensity dependences of the
two are quite different. The fast component of peak pho-
tocurrent is linearly proportional to the light intensity.
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FIG. 7. Light-intensity dependence of the fast component,
peak photocurrent at 81 K in Fig. 4 (solid circles), and the
slower components at 360 K (open circles), 300 K (open trian-
gles), and 220 K (open squares). The slower components were
obtained by subtracting the 81 K photocurrent from the peak
photocurrent as in Fig. 5.

The intensity dependence of the slower component is ap-
proximately I 05, the slight deviations from the square-
root dependence are mainly due to errors in separating
the slower component from the peak photocurrent by
simply subtracting the 81-K photocurrent (the data in
Fig. 7 yield 1% at 360 K, I at 300 K, and 7% at 200
K).

A linear intensity dependence of peak photocurrent in
the subnanosecond regime was previously observed in
trans-(CH), (Ref. 21) and P3HT.?® An I%®* intensity
dependence was reported for the steady-state photo-
current excited at 2.82 eV by Tokito et al. in PPV.** The
different intensity dependences of the fast and slower
component explain the apparent decrease of the activa-
tion energy for higher photoexcitation levels, observed in
Fig. 4, because the temperature-independent fast com-
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FIG. 8. Time-resolved transient photocurrent wave forms
under different photoexcitation levels, 2.1 uJ/pulse (solid cir-
cles) and 1 uJ/pulse (open circles); data are shown for the sam-
ple at (a) room temperature and (b) 81 K. Wave forms were tak-
en in the same experimental conditions as described in Fig. 1.
The results of the two-exponential fit (solid lines) to the tran-
sient photocurrents are shown in Table 1.
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ponent contributes more to the observed peak photo-
current for higher photoexcitation levels.

The different intensity dependences of the fast and
slower components are also clearly observed from time-
resolved photocurrent wave forms in response to different
photoexcitation levels, 2.1 and 1 pJ/pulse, as shown in
Fig. 8(a) at room temperature and in Fig. 8(b) at 81 K.
The wave forms were taken using the same experimental
conditions as described in Fig. 1. The results of the two-
exponential fit to the transient photocurrents in Fig. 8 are
shown in Table I. At both temperatures, the initial peak
values increase in proportion to the increase in light inen-
sity while the increase of the slower component at later
times shows the sublinear intensity dependence. The
transient photocurrent wave forms in Fig. 8 demonstrate
that the decay times are nearly independent of light in-
tensity and temperature (however, the ratio of the contri-
butions to the photocurrent from the initial and slower
components does change).

Figure 9 shows the voltage dependence of peak photo-
current both at room temperature and at 81 K (incident
photon flux of about 10'° photons/cm? at 2.92 eV). At
both temperatures, the peak photocurrent increases ap-
proximately in proportion to the biasing electric field. At
high light levels, however, the photocurrent shows a
slight sublinear voltage dependence, reminiscent of simi-
lar effects observed in P3HT (Ref. 20) and polyaniline.®
The latter behavior typically arises from a combination of
charging at imperfect contacts. The steady-state photo-
current and dark current also exhibit a linear voltage
dependence.

The decay of the transient photocurrent seems to be in-
dependent of the photon energy for excitation at energies
above the band gap. At photon energies of 2.78 eV (445
nm) and 2.58 eV (481 nm), we obtained curves identical
to those shown in Figs. 1 and 8, for which the photon en-
ergy was 2.92 eV (425 nm).
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FIG. 9. Electric-field dependence of the peak transient pho-
tocurrent both at room temperature (squares) and at 81 K (cir-
cles) under the incident photon flux of about 10" photons/cm?
at 2.92 eV.
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FIG. 10. Spectral response of the peak transient PC (solid
squares). The steady-state PC (open circles) and optical absorp-
tion spectra (dotted line), reported in Ref. 26, are included for
comparison. Both the transient PC and the steady-state PC are
normalized to the equal incident photon flux and divided by
their maximum PC. The transient PC at 2.92 eV is 0,,=~0.05
S/cm for an incident photon flux of ~3X 10" photons/cm?,
and the steady-state PC at 2.45 eV is ~7X107° S/cm for an in-
cident photon flux of ~1X 10" photons/cm?s with a modula-
tion frequency of 19 Hz.

In Fig. 10, we plot the magnitude of the peak transient
PC at different photon energies. The steady-state PC and
optical absorption spectra, reported in Ref. 26, are in-
cluded for comparison. The transient and steady-state
PC data come from samples cast from the same batch of
solution. Moreover, the results of the steady-state PC ex-
periment and the absorption experiment were taken from
the same polymer film on a glass substrate.”® Both the
transient PC and the steady-state PC are normalized to
equal incident photon flux. The measurements of the
spectral response show that the onset of both the tran-
sient and the steady-state PC closely coincide with that of
the optical absorption. The quantitative comparison of
the onset of the steady-state PC and the optical absorp-
tion has been presented in Ref. 26, where the structure in
the PC spectrum can be quantitatively predicted from
DeVore’s theory.3® Within the limited spectral resolution
available, the transient-photoconductivity response fol-
lows that of the steady-state photoconductivity.

IV. DISCUSSION

A. Does the fast transient “photoconductivity”
in PPV arise from a displacement current generated
by electric-field-induced polarization of bound excitons?

Recently, it was argued that the optical properties of
PPV and its derivatives are not properly described within
the context of band theory; a strongly correlated (Wan-
nier) exciton model was invoked in which the exciton
binding energy is large compared to kpzT (i.e., several
tenths of an electron volt).!*!> In the strongly correlated
picture, optical absorption creates neutral excitons
(electron-hole pairs bound by their Coulomb attraction
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and any subsequent lattice relaxation).!* The geneartion
of charge carriers after photoexcitation is proposed to re-
sult from dissociation of excitons in the presence of the
external electric field (or from exciton-exciton interac-
tion) in the context of the Onsager model®’ of geminate
recombination.'*13

Assuming the validity of the exciton picture, the
temperature-independent transient PC would result from
the displacement current generated by the electric-field-
induced polarization of bound excitons. If photoexcita-
tion creates excitons in an applied electric field E, the ex-
citons would be polarized with the following induced
electric dipole moment:

P =€ E (2)

where g, is the permittivity of free space and a,,. is the
polarizability of the exciton. Because of this photoin-
duced change in polarization, surface charges would
build up in a time equal to the stripline response time
2Z,C, ~2 ps, where the characteristic impedance Z, and
the input capacitance C, of the Auston microstripline
switch are Z,=50 Q and C =0.02 pF, respectively.?*3®

If we assume the observed fast transient photocurrent
is the displacement current, the polarizability of the exci-
ton is given by

1 )
= 1 3
Fexe T e N o E Jyiwar, ®

where N, is the density of photoexcited excitons and
j(t) is the photocurrent density.

By integrating the fast transient PC in Fig. 1(a), w
would estimate the polarlzablhty of the exciton [from Eq
(3)] to be @y~ 10° A3. This estimated polarizability is a
lower bound; the density of photoexcited excitons was as-
sumed to be equal to the density of photons absorbed,
while in reality, recombination is occurring during the
time of the initial transient photocurrent pulse (i.e., dur-
ing the first 100 ps).

This large value of the polarizability can be used to set
an upper limit on the exciton binding energy. This value
for a,,. is more than two orders of magnitude larger than
the exciton polarizability in polydiacetylene-[1,6-di(n-
carbazolyl)-2,4-hexadiyne], (PDA-DCHD), where

ey = 8200 A was obtained from the quadratic Stark
shift of the excitons near 2 eV. Therefore, the corre-
sponding exciton binding energy in PPV must be propor-
tionately smaller than that in PDA-DCHD.** The polar-
izability @, of a state |n ) is given by the sum over all vir-
tual transitions to all states |k ),

2p?
o, =l @
ha)nk

where #iw,; is the energy gap between |n) and |k) (in
this case, fiw,, =E,,., the exciton binding energy) and
U, the transition dipole moment. Since the oscillator
strength of the intense 7-7* transition in PDA-DCHD is
comparable to that in PPV and since the exciton binding
energy is knwon to be about 0.4 eV for the polarizability
of 8200 A® in PDA-DCHD,” the enormous value of &

€xc
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inferred from Eq. (3) sets an upper limit on the exciton
binding energy in PPV of less than about 4 meV. Such a
small binding energy implies that the initial assumption
of a bound exciton is invalid; a binding energy of less
than 4 meV is nearly an order of magnitude less than kz T
at room temperature.

The conclusions are clear.

(i) By assuming that the fast initial photocurrent is a
displacement current arising from the polarization of
bound excitons, we are able to set an upper limit on the
exciton binding energy of less than 4 meV.

(ii) Because this upper limit on the exciton binding en-
ergy is nearly an order of magnitude less than kzT at
room temperature, the fast initial photocurrent is
definitively identified as arising from the motion of free
charge carriers in the applied electric field.

To verify and confirm these conclusions, we have carried
out fast transient photoconductivity experiments on sin-
gle crystals of polydiacetylene-(toluene sulfonate) (PDA-
TS), a system where the intense absorption near 2 eV is to
be excitonic with a binding energy of approximately 0.4
eV (established, for example, through the energy differnce
between the absorption peak and the onset of photocon-
ductivity).*>*! When pumping directly into the exciton
peak, we find that the displacement current [Eq. (3)] is
below the level of detectability, i.e., two orders of magni-
tude below the photocurrent that we observe when
pumping into the single particle continuum above 2.4 eV.
The small displacement current is consistent with the
value expected from Eq. (3) with a,, . <10* A3 as mea-
sured independently in the polydiacetylenes.*

There are several other aspects of the photoconductivi-
ty data which indicate that the fast transient PC is not
the displacement current from the field-induced polariza-
tion of bound excitons.

( ) In contrast to the stripline response time 2Z,C, ~2
ps, 8 the initial transient PC observed in PPV extends to
times = 100 ps, i.e., beyond the temporal resolution time
of the detection system (50 ps) and therefore inconsistent
with the displacement current contribution.

(2) The transient PC in a PPV derivative, poly[2-
methoxy, 5-(2’-ethyl-hexyloxy)-p-phenylenevinylene]
(MEH-PPYV), is observed to be at least two orders of mag-
nitude smaller than that in PPV, although the absorption
coefficients are similar (and the photoluminescence
efficiency is significantly larger in MEH-PPV), incon-
sistent with a displacement current contribution.*?

(3) The magnitude and the decay time of the transient
PC in MEH-PPYV are significantly enhanced when sensi-
tized by as little as 1% Cg, even though MEH-PPV dom-
inates the optical absorption. In this case, C¢, acts as an
electron acceptor to the photoexcited state of MEH-PPV,
leading to ultrafast electron transfer,*>~*> which thereby
minimizes early time recombination and enhances the
quantum yield for free carrier photogeneration.*?

Since we conclude that the fast transient PC results
from the transport of photoexcited charge carriers (rath-
er than from the displacement current due to the polar-
ization of bound neutral excitons), the observed tempera-
ture independence of the transient PC is in sharp con-
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tradiction to the predictions of the Onsager model (see
the more extended discussion of this point in the follow-
ing subsection).’” The temperature-independent prompt
PC can be readily understood, however, as resulting from
direct photogeneration of free carriers in the 7 and 7*
bands with subsequent charge carrier transport prior to
initial trapping.

B. Photogeneration of free charge carriers
via the interband (7-7* ) transition

The magnitude of the peak transient photoconductivity
in PPV is quite large, comparable to that of trans-
(CH), ;17 recent measurements of the picosecond PC in
trans-(CH), (with improved time resolution using a
cross-correlation method??) yield p>20 cm?/V's for the
initial mobility. Thus the relatively large initial photo-
conductivity implies the fast photogeneration of mobile
charge carriers.

The combination of soliton-pair confinement and
Coulomb attraction after intrachain photogeneration of
an electron and a hole in nondegenerate ground-state
conjugated polymers is expected to lead to rapid forma-
tion of neutral polaron excitons.® The latter should decay
to the ground state by luminescence emission in parallel
with rapid nonradiative recombination. The fast decay of
the photoinduced bleaching of the interband transition
has been interpreted as resulting from the formation and
(radiative and nonradiative) decay of the neutral intra-
chain polaron excitons (or bipolaron excitons).?>*~# Tt
was suggested that interchain coupling enables an elec-
tron and a hole to be created on different chains, thereby
enabling the separation of charged carriers prior to lat-
tice relaxation.!®

Transient PA measurements showed that self-
localization of the photogenerated free carriers occurs
within 300 fs,* consistent with the prediction of the Su-
Schrieffer-Heeger (SSH) model.""?” Photoinduced absorp-
tion measurements at microsecond times and longer and
spin-dependent PA (which measures changes in PA due
to resonant absorption of microwaves as a function of
magnetic field) indicate that a significant fraction of
long-lived photoexcited species are polarons.***

Because the temperature-dependent slower component
of the transient photocurrent shows the square-root in-
tensity dependence (in contrast to the temperature in-
dependent initial component which shows a linear inten-
sity dependence), we associate the slower component with
bipolarons formed through the coalescence of like-
charged polarons which dominate the relatively large,
initial picosecond photoconductive response P*+P*
—>B**. The assignment of the slower component to bi-
polarons is consistent with the square-root dependence
on the excitation pump intensity observed for the pho-
toinduced bipolaron absorption peaks.!®%! It is well
known that in conducting polymers, bipolarons can be
lower in energy than separated polarons.! From the
steady-state PC (Ref. 26) and PA (Refs. 10 and 11) mea-
surements in PPV, the long-lived charge carriers have
been identified as bipolarons. The observation of the in-
frared active vibrational modes and the characteristic

pair of subgap electronic absorption bands indicated the
photogeneration of bipolarons.”> Spin-dependent photo-
modulation experiments showed that the long-lived
charged excitations are associated with spinless features
in PA whose recombination (or generation) is spin depen-
dent, consistent with the model of bipolaron generation
through the coalescence of like-charged polarons. '3

The rapid initial decay time is similar to that found in
trans-(CH), (Refs. 17, 21, and 22) and P3HT (Ref. 20)
and in amorphous semiconductors,’* and probably results
from the presence of a relatively high density of deep
traps with energies such that the activated probability of
release is small even at room temperature. The tempera-
ture independence of the (pretrapping) transient photo-
current signal suggests that photoexcitation results in the
initial photogeneration of ‘“hot” carriers in extended
band states with high mobility, as in trans-(CH),.!"?12?
As the initial carriers (electrons in the conduction band
and holes in the valence band) thermalize and recombine,
a significant fraction fall into traps that govern the trans-
port at times beyond about 100 ps. Although the proba-
bility of activated release from traps is small, it dominates
the activated photocurrent from the nanosecond-time re-
gime to the steady state. The observed activation ener-
gies of about 100 meV for the slower component of the
transient photocurrent and of about 140 meV for the
steady-state photocurrent are consistent with the trap-
controlled transport in which carriers become progres-
sively more deeply trapped at longer times.

The observation of the temperature-independent, rela-
tively large initial photoconductivity which is proportion-
al to the light intensity and electric field provides crucial
information relevant to establishing the mechanism for
photogeneration of charged carriers. Gailberger and
Bissler'* and Frankevich et al.!® proposed that, in PPV
and its derivatives, charge carriers are photogenerated by
electric-field-induced or thermally induced dissociation of
excitons in the context of the Onsager model.*’

Using limited time-resolution (up to several tens of
nanoseconds) time-of-flight (TOF) photoconductivity
measurements, a thermal activation energy of about 165
meV was inferred and interpreted as the exciton binding
energy'* (note, however, the importance of contact effects
in TOF measurements®}). We show in Figs. 1 and 2,
however, that the activated temperature behavior is due
to the slower component which is responsible for the pho-
toconductivity beyond the nanosecond time scale. The
initial fast component in the picosecond time regime is
temperature independent, unambiguously inconsistent
with the Onsager model. We have also observed that the
transient peak PC and steady-state PC are linearly pro-
portional to the electric field, again inconsistent with the
Onsager model. Moreover, the observed linearity of the
initial photocurrent on the light intensity implies direct
photogeneration of free carriers (when exciton photogen-
eration is involved in photoconduction, as in aromatic hy-
drocarbons,** a quadratic intensity dependence is ob-
served in the transient pulsed photoconductivity). These
observations indicate that the photogeneration of charge
carriers via an interband transition is the primary pro-
cess; the carriers do not result from thermal dissociation
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of excitons. This conclusion is substantiated by the spec-
tral response of the photocurrent: the threshold of both
transient and steady-state PC coincides with that of opti-
cal absorption at 2.35 eV.

C. Excitons or free carriers as the primary photoexcitations
in PPV: Independent evidence

In Sec. IV A, we demonstrate that the initial fast tran-
sient PC arises from motion of separated charge carriers;
it is not the displacement current which would arise from
the field-induced polarization of bound neutral excitons.
In Sec. IV B, we demonstrated that all aspects of the data
are consistent with the direct photogeneration of free
charge carriers via the interband (7-7*) transition. In
the following paragraphs, we briefly summarize indepen-
dent evidence that a band model contains the essential
physics of the electronic structure of PPV.

The fundamental definition of the single-particle ener-
gy gap in a semiconductor is the difference between the
energy for electron injection (E_«) and the energy for

hole injection (E ), i.e., the difference between chemical
reduction and chemical oxidation. In a band model, this
energy difference E_« —E_ =E, is the energy gap and it

is precisely equal to the energy gap as measured in the in-
terband (7-7*) optical transition. If, however, the pho-
toexcited electron and hole are bound with an exciton
binding energy E.,., then the optical gap (E,, ) would be
significantly less than the single-particle energy gap:

Ey=E,—E,, . (5)

The single-particle energy gap can be determined directly
by using electrochemical methods for measuring the volt-
age difference V,, between electron injection (reduction)
and hole injection (oxidation) E, =eV,,, while using the
polymer as one electrode in an electrochemical cell. The
appropriate electrochemical measurements have been
carried out by Eckhardt et al.> for poly(p-phenylene vi-
nylene), poly(thienylene vinylene), and their alkoxy-
substituted derivatives. They found that the electro-
chemically derived band gaps agree well with E, indi-
cating that in all cases E,  is within the measurement er-
ror (E, <0.1 eV). Similar agreement between E,,, and
eV,, was obtained earlier for polyacetylene.’®

In Sec. IV A, we noted that the magnitude and the de-
cay time of the transient PC in MEH-PPV are
significantly enhanced when sensitized by as little as 1%
C¢ even though MEH-PPV dominates the optical ab-
sorption.*? In these MEH-PPV/Cg, mixtures, the optical
absorption is a linear superposition of the absorption
from the conducting polymer and the absorption for Cg,
with no indication of the formation of a charge transfer
complex. Cg, acts as an electron acceptor to the photoex-
cited state of MEH-PPV, leading to ultrafast electron
transfer,*> %5 which thereby minimizes early time recom-
bination and enhances the quantum yield for free carrier
photogeneration.*? If E,,. were significant in MEH-PPV,
energy would be required to separate the electron and the
hole. Consequently, unless there were evidence of the
formation of a charge-transfer complex, the enhanced
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transient PC response would be activated with an activa-
tion energy comparable to E.. Such activated behavior
is not observed; the ultrafast photoinduced electron
transfer and the resulting enhanced PC response occur at
room temperature and below.*?> On the contrary, these
ultrafast photoinduced electron-transfer results can be
readily understood within a band model of the electronic
structure of the PPV derivative.*? %

In the exciton model, the strong optical absorption re-
sults from a transition from the ground state to a singlet
exciton final state. Even if the latter has dispersion due
to translational symmetry in an ordered lattice, the tran-
sition is “‘vertical,” from the ground state to the k =0 ex-
citon state. As a result, the exciton absorption lineshape
in ordered, chain extended and chain aligned material
would be symmetric. The symmetric line shape is, in
fact, observed as expected in single crystal studies of the
polydiacetylenes (where E,, . ~0.4 eV).** The symmetric
line shape is not found for PPV and its derivatives. In ex-
periments on gel-processsd MEH-PPV blends in po-
lyethylene, the material with the highest-order parameter
(as inferred from visible and infrared dichroism and from
polarized emission) exhibits an asymmetric line shape’
This line shape can be accurately fit by the square-root
singularity (broadened by only 0.04 eV due to a combina-
tion of interchain coupling and residual disorder) expect-
ed for the joint density of states which uniquely charac-
terizes the interband transition in a one-dimensional sys-
tem.” Although the absorption line shape can be fit
within the exciton model by assuming a specific distribu-
tion of conjugation lengths (characteristic of the disorder
in that sample),57 conservation of oscillator strength
would require a large fraction of short segments, incon-
sistent with the observed emission spectra.>®

Site-selective fluorescence (SSF) measurements have
been interpreted as evidence for bound exciton formation
(although the interpretation does not provide an estimate
of the exciton binding energy).”’ A more careful analysis,
including the requirement of conservation of total oscilla-
tor strength, has shown, however, that the results are not
consistent with exciton thermalization in a disordered
system. Hot carrier thermalization in relatively long con-
jugated segments is consistent with the SSF data and also
consistent with the need to conserve total oscillator
strength.>®

Electroabsorption measurements have been interpreted
in terms of the Stark shift of exciton (i.e., an electroab-
sorption spectrum which closely follows the first deriva-
tive of the absorption).59 We note, however, that the first
derivative lineshape can be inferred directly from pertur-
bation theory, independent of the model (for example, the
exciton model or the band model).® In addition, the
electroabsorption line shape in MEH-PPV can be accu-
rately fit using the SSH model.®

The photoconductivity data and the evidence summa-
rized briefly in this section indicate that the primary
singlet photoexcitations are free carriers. Nevertheless,
triplet excited states have been observed in photoinduced
absorption studies.!! 713 Although the relatively rapid in-
tersystem crossing into the triplet manifold®! and the
efficient quenching of the intersystem crossing** by the
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even more rapid photoinduced charge transfer® imply
weak binding, the energy of the lowest triplet state with
respect to the single-particle continuum (i.e., the triplet
binding energy) has not been determined.

V. CONCLUSIONS

Transient photoconductivity studies of PPV reveal a
fast initial response ( < 100 ps), followed by a slower com-
ponent with a decay time of about 600 ps. The agree-
ment of the onset of both transient and steady-state PC
with that of optical absorption in PPV, in conjunction
with a relatively large, temperature-independent initial
fast transient photcconductivity, implies the photogen-
eration of free carriers via an interband transition. The
magnitude of the fast component is proportional to the
light intensity and independent of temperature. The data
rule out the direct photogeneration of excitons as the pri-
mary excitations in PPV.

The magnitude of the slower component is proportion-
al to the square root of the light intensity and decreases
as temperature decreases with a thermal activation ener-
gy of about 100 meV. Since charged bipolarons must be
formed indirectly via P*+P* — B2, we attribute the in-
itial temperature-independent response to photogenerat-
ed polarons and the following slower decay to bipolarons.
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The interpretation of the initial temperature-
independent transient photocurrent as the displacement
current from the field-induced polarization is ruled out
by careful analysis of the transient photocurrent data and
by direct measurements on PDA-TS, a conjugated poly-
mer with a known exciton binding energy (E,,.~0.4 eV).
A variety of measurements have enabled us to set an
upper limit on the exciton binding energy in PPV and
several of its alkoxy derivatives; E,. is comparable to, or
less than, kz T at room temperature. Moreover, we have
shown that using the band model, the steady-state PC ac-
tion spectrum can be quantitatively predicted from the
experimentally determined absorption spectrum.?® We
conclude, therefore, that the electron-electron interaction
is well screened in PPV and that free carriers are directly
generated upon photoexcitation of PPV and its deriva-
tives.
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