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The temperature dependence of the picosecond photocurrent with below-gap excitation (1.06 pum)
was measured for a highly oriented form of trans-polyacetylene. The one-dimensional (1D) pi-
cosecond photocurrent was found to be independent of temperature, while the 3D picosecond pho-
tocurrent was found to be temperature dependent with an activation energy of 63 meV. In addition,
the anisotropy of the photoresponse of trans-polyacetylene for both above- (0.53-um) and below-gap
(1.06-um) excitation was studied. The anisotropy ratio for below-gap excitation was independent of
intensity, while the anisotropy ratio of the photoresponse for above-gap excitation decreased as the
intensity increased. It was found that the picosecond photoconductive response was greatest with
below-gap excitation. These results demonstrate the photoproduction of nonlinear charged carriers
(solitons and polarons) at energies that are below the principal interband absorption edge and are
explained qualitatively using the bimolecular recombination model.

INTRODUCTION

Over the years the one-dimensional structure of the
highly oriented polymer stretched trans-polyacetylene
[trans-(PA)] has received considerable experimental'™?
and theoretical®*® attention. trans-(PA) has a twofold-
degenerate ground state that is believed to lead to mobile
topological chain distortions or kinks called solitons,
which are responsible for many of the interesting proper-
ties of the polymer.®”® According to the Su, Schrieffer,
and Heeger (SSH) model, solitons can be photogenerated
in trans-(PA) when an incident photon excites an
electron-hole pair, and the lattice then distorts around
the photogenerated charged carriers leading to soliton-
antisoliton (S+S ) pairs. This model stimulated a host
of experiments to challenge or prove the existence of soli-
tons.!"2! The results of photoinduced experiments and
simultaneous electrical conductivity and electron-spin-
resonance (ESR) measurements confirmed the predictions
of Su and Schrieffer and also established the reversed
spin-charge relation of the soliton model.'®!!

Photoconductive and photoinduced absorption mea-
surements in aligned trans-(PA) samples*? ¢ using polar-
ized excitation can help to unravel the nature and charac-
teristics of its mobile charge carriers. Bleier et al. stud-
ied the anisotropy of the picosecond photoconductive
response of highly oriented Durham-Graz—type polyace-
tylene and found that the picosecond photocurrent with
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an excitation energy of 2.6 eV (above-gap excitation) was
about four times larger when the light is polarized per-
pendicular to the chains (after correcting for reflection
losses the ratio reduced to 1.7). Bleir et al. also claimed
that the anisotropy ratio (1.7) is independent of both the
excitation energy (from 1.7 to 3.2 eV) and the intensity of
the incident light. Most photoconductive experiments to
date were performed with above-gap (hw >2A) excitation
where the charged soliton pairs are generated indirectly
via electron-hole pairs. However, theoretical calculations
using the SSH or Takayama et al. (TLM) models have
shown that the energy to create a soliton at rest (E) is
less than one-half the single-particle gap (2A). By study-
ing the excitation profile well below the principal inter-
band absorption edge using photoinduced absorption as a
direct measure of the excitation density, Blanchet et al.'®
were able to demonstrate that direct photogeneration of
charged soliton-antisoliton pairs is possible. In this pa-
per, we present the results of a series of picosecond pho-
toconductive measurements? that examines the anisotro-
py for both above- and below-gap excitation and the tem-
perature and intensity dependence of the photogenerated
charged carriers in trans-(PA) for below-gap excitation.
We present evidence that under certain conditions the
photoconductive anisotropy is strongly intensity depen-
dent and compare the above- and below-gap responses in
an effort to determine the nature and transport properties
of the photoexcited charged carriers.

7194 ©1991 The American Physical Society



43 ANISOTROPY OF THE PICOSECOND PHOTOCURRENTIN . ..

METHOD

The anisotropy of the optical, vibrational, and trans-
port properties of polyacetylene can only be studied in
samples possessing a high degree of orientational order.
Polyacetylene synthesized according to the procedures
indicated by Shirakawa et al.?® consist of fibrils that are
randomly oriented. Within the fibrils the individual po-
lyenic chains are arranged in a three-dimensional lattice
of high regularity. The lack of preferential orientation of
the fibers makes polyacetylene an essentially isotropic
material. Our oriented samples were prepared using the
Ziegler-Natta polymerization procedure. This method
uses a Ti-based catalyst’’ to yield films of cis-
polyacetylene 10—40 pum thick, which can be stretched up
to seven or eight times their original length. Highly
oriented trans-(PA) can be obtained by thermal isomeri-
zation of the pristine polymer. The material studied in
our work is characterized by a relatively large density
(1.0-1.1 g/cm®) approaching that of the theoretical®®
crystallographic (1.15 g/cm?®). X-ray diffraction patterns
of similarly prepared samples have shown a very high de-
gree of preferred orientation of the crystallites with the
chain axis parallel to the stretching directions.” The
highly stretched trans-(PA) film was attached by pressure
to the copper electrodes of a microstrip line optical
switch constructed from a sheet of dielectric material
sandwiched between two sheets of copper. The details of
the construction have been published elsewhere.*° For
temperature measurements, the sample was mounted on
the cold finger of a nitrogen Dewar. Copper-Constantan
thermocouples were used to monitor the temperature.
The above-gap photoexcitation was produced by 0.53-um
(2.4-eV), 25-ps pulses from a frequency-doubled yttrium-
aluminum-garnet (YAG) laser. For below-gap photoexci-
tation, the fundamental frequency 1.06 um (1.17 eV) of
the YAG laser was used. The maximum photon flux
used in any experiment was approximately 6 X 10! cm ™2
(per pulse). A half-wave plate suited for each frequency
was used to rotate the polarization of the optical pulses
with respect to the stretching direction of the polymer.
The optical switch was biased by a 400 V source, which is
well within its Ohmic range. The peak photocurrent was
signal averaged for approximately 100 shots using a box-
car integrator.

RESULTS

Figure 1 shows a semilogarithmic plot of the pi-
cosecond photoconductive response as a function of tem-
perature for the 1D (applied electric field parallel to the
polymer chain direction) and 3D (applied electric field
perpendicular to the polymer chain direction)
configurations at a laser intensity of approximately 31.2
MW /cm? The polarization of the excitation pulse was
perpendicular to the stretching direction for both cases to
keep the penetration depths identical and to obtain the
strongest possible signal. In the 1D configuration, the
photocurrent is practically independent of the tempera-
ture between 300 and 160 K. In the 3D configuration,
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FIG. 1. Semilogarithmic plot of the temperature dependence
of the 1D and 3D picosecond photoconductive response of
trans-(PA) with below-gap excitation.

the photocurrent decays with temperature between 300
and 200 K. The activation energy (E,) in this region is
approximately 0.063 eV. These results are very similar to
those we obtained for above-gap excitation.!* Below 200
K there is a change of slope where the temperature-
dependence levels off. This may be explained by assum-
ing that the phonon-activated hopping becomes relatively
inefficient at low temperature and that tunneling through
the barrier becomes the main mechanism for charge
transfer between neighboring chains. Another possible
reason for the change in the slope is the effect caused by
misaligned chains, which is characteristic of the fibrous
Shirakawa (PA) polymers, where contributions of the
temperature-independent 1D  photocurrent to the
temperature-dependent 3D photocurrent become more
pronounced as the temperature decreases.
Photoconductive measurements as a function of polar-
ization (the angle between the optical electric field and
the polymer chain) were carried out in the 1D
configuration. The maximum signal is obtained in this
configuration, for it hs been shown by several groups that
transport occurs primarily along the chain. The depen-
dence of the photocurrent on the polarization direction
for the 1.06- and 0.53-um excitation pulses is shown in
Fig. 2. The incident photon flux density for the 1.06- and
0.53-um excitations are 36 and 43 MW /cm?, respectively.
The above-gap excitation (0.53-um) curve in Fig. 2 has
been normalized (to the number of absorbed photons) and
corrected for any anisotropy that is due to reflectivity.
Because of the sample thickness (approximately 20 pum),
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FIG. 2. Anisotropy of the corrected 1D picosecond photo-
conductive response with respect to the polarization of the in-
cident excitation above (2.34 eV) and below-gap (1.17 eV). No-
tice, for proper scaling, that 8 X the above-gap photoresponse is
plotted.

it is reasonable to assume that all incident photons that
are not reflected are absorbed for above-gap excitation.
This was verified by measuring the transmission of the
sample which proved to be opaque. However, for below-
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FIG. 3. Intensity dependence of the ratio of the photocurrent
when the optical electric field is perpendicular to the chain to
that of the photocurrent when the optical electric field is paral-
lel to the chain with a maximum laser intensity of 36.4
MW/cm? and 43.3 MW/cm?, respectively. Each curve hs been
corrected for reflection and/or transmission.
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gap excitation (1.06 um) some of the incident photons are
transmitted as well as reflected. Thus, the 1.06-um curve
in Fig. 2 was normalized and corrected for reflection and
transmission. The angle 0 is defined as the angle that the
polarization of the optical field makes with the polymer
chain (i.e., the optical field is parallel to the polymer
chain at 6=0° and perpendicular at 6=90°). The ratio of
the corrected photocurrent at 6=90° to that at 6=0° for
below-gap excitation (1.06 um) is approximately 2.4. The
ratio for above-gap excitation (0.53 pm) is approximately
4.5. Any shifts of the minima or maxima from 6=0° or
90°, respectively, in Fig. 2 is probably due to misalign-
ment of the polymer chains with respect to the switch
electrodes during the mounting of the sample. Note that
the picosecond photoconductive response is maximum
for perpendicular polarization for both the above- and
below-gap excitations.

In Fig. 3 the intensity dependence of the ratio of the
photocurrent when the optical electric field is perpendic-
ular to the chain to that of the photocurrent when the op-
tical electric field is parallel to the chain is shown. Each
curve has been corrected for the difference is absorbed
photons, due to the polarization and frequency depen-
dence of the reflectivity and transmission. There is a
clear intensity dependence of the ratio for above-gap exci-
tation, with a change from 7.4 to 4.5. Note that the ratio
decreases as the intensity increases. The ratio shown in
Fig. 3 for below-gap excitation is nearly independent of
intensity at a value of approximately 2.4, in contrast to
the above-gap response. The intensity dependence of the
picosecond photocurrent for below- and above-gap per-
pendicular excitation is shown in Fig. 4. Similarly,
shown in Fig. 5 is the intensity dependence of the pi-
cosecond photocurrent for below- and above-gap parallel
excitation. In each figure the picosecond photocurrent
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FIG. 4. 1D picosecond photocurrent with respect to the
number of absorbed photons with perpendicular polarization of
the above- and below-gap excitations.



43 ANISOTROPY OF THE PICOSECOND PHOTOCURRENT IN . ..

3010 (0 1.06-um

® ()0.53-um

200 0

100

Picosecond Photoresponse (mV)

o
0 O(D. X5
‘@ '.I : T T | T

0.0 1.0 20 3.0 4.0

Absorbed Photons (1015 em™2)

FIG. 5. 1D picosecond photocurrent with respect to the
number of absorbed photons with parallel polarization of the
above- and below-gap excitations. Notice, for proper scaling,
that 5X the above-gap photoresponse is plotted.

is plotted with respect to the number of absorbed
photons/cm?. In Figs. 4 and 5, the photocurrent is
directly proportional to the laser intensity at each excita-
tion wavelength and optical field polarization. In each
case the photoconductive response is greater for below-
gap excitation. This point is dramatically illustrated in
Fig. 5, where the actual photoconductive response for
above-gap parallel excitation has been multiplied by a
factor of 5 and plotted.

DISCUSSION

It is widely accepted that for above-gap excitation in
conducting polymers, excess charge carriers created by
doping or photon absorption strongly interact with the
lattice (electron-phonon interaction), giving rise to
charged excitations that carry along a chain distortion.
In the case of one-dimensional chain polymer with a de-
generate ground state, such as trans-(PA), the localization
of the carrier is predicted* to give rise to topological
highly mobile solitons. These charged carriers are be-
lieved to determine the electrical transport properties of
this polymeric semiconductor. Since this kind of excita-
tion can only exist in pairs, the bond alternation kink
cannot be carried along when the electron is transferred
to a neighboring chain, and a polaron is formed in this
case.’! Therefore, both solitons and polarons can be
available to participate as photocarriers in trans-(PA).
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TEMPERATURE DEPENDENCE OF
THE PICOSECOND PHOTOCURRENT
WITH BELOW-GAP EXCITATION

With oriented samples we are able to separate the con-
tribution of the charged carriers moving along the poly-
mer chains (1D configuration) from those that are mov-
ing across them (3D configuration). The temperature
dependence of the transient picosecond photoconductive
response of trans-(PA) in the 1D and 3D configurations
for below-gap excitation shown in Fig. 1 is very similar to
our previously reported measurements for above-gap ex-
citation.'* The similarity of these two measurements im-
plies that they arise from the same mechanism (solitons
and polarons). For above-gap excitation, the photogen-
eration of the charged soliton paris occurs indirectly via
an electron-hole pair. In the case of below-gap excita-
tion, the photogeneration of the charged carriers is
direct. The energy gap (E,) for trans-(PA) is approxi-
mately 1.8 eV. With an excitation energy of 1.17 eV (1.06
pm) one would expect, assuming that trans-(PA) behaves
like a typical three-dimensional inorganic semiconductor,
that the photoconductive response would not occur ex-
cept as a result of two-photon absorption or through
band tailing. However, measurements of the photocon-
ductivity under pressure have shown that the absorption
edge for trans-(PA) does not arise from static disorder or
associated band-tailing effects known in amorphous semi-
conductors.?! Also, earlier experimental results, such as
the observation of a threshold near the soliton pair
creation energy, strongly suggest that the photocurrent at
1.17 eV is due to direct excitation of the charged car-
riers.>? The linear dependence of the photocurrent with
respect to the laser intensity of the below-gap excitation
shown in both Figs. 4 and 5 further substantiates that
direct excitation is the main photogenerating process
occurring here.®

We previously reported that with above-gap excitation
(hew>2A) the picosecond photocurrent of trans-(PA) was
temperature independent in the 1D configuration and
temperature dependent in the 3D configuration.’* The
temperature independence of the transient photocurrent
in the 1D configuration violates both band and hopping
conduction since both are strongly dependent on temper-
ature. Therefore, it seems reasonable to assume that the
photogenerated charged carriers have unusual properties
that are maintained only when traveling along the chain.
Conwell and Jeyadev have shown through theoretical
analysis that the mobility of solitons should not depend
much on temperature between 70 and 300 K.3*

In the 3D configuration for carriers produced on the
chain, the first step of their random walk motion would
take place by phonon-assisted hopping, giving rise to a
perpendicular hopping conductivity. In this case the
charged carriers should be polarons since a simultaneous
jump of a soliton-antisoliton pair is highly unlikely. Thus
one is led to conclude that the 63-meV activation energy
(E,), observed for the 3D picosecond photocurrent in
Fig. 1, represents the activation energy for a polaron to
hop between neighboring chains. The activation energy
(E,) in the 3D configuration for below-gap (E,=63
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meV) and above-gap (E, =43 meV) excitations are of the
same order of magnitude. The similar values of the ac-
tivation energies strongly suggest that the charged car-
riers for both cases are one in the same. The difference
between the two may be due to heating effects, which are
more critical for above-gap excitation because of the
greater absorbtion and smaller penetration depth.

COMPARISON OF THE PICOSECOND
PHOTOCURRENT ANISOTROPY
FOR ABOVE- AND BELOW-GAP EXCITATION

The anisotropic character of charge transport in conju-
gated polymers arises from the large differences between
intrachain and interchain overlap integrals. The large
overlap between atomic wave functions along the chain
gives rise to the formation of strong 7 covalent bonds,
while small overlap between adjacent chains is responsi-
ble for the weak van der Waals bonding. This electronic
structure is responsible for the electrical anisotropy (i.e.,
the ratio of the 1D photocurrent to the 3D photocurrent)
of polyacetylene. However, as previously discussed,
trans-polyacetylene exhibits a so-called “pump anisotro-
py” for a given orientation of the applied dc electric field.
The photoconductive response increases as the light po-
larization is changed from parallel to perpendicular with
respect to the chain direction. This phenomenon, which
has been observed by various groups,'>!®2* has received
two different explanations. One school of thought is the
bimolecular recombination of the photocarriers related to
their topological nature (Dorsinville et al. and Blanchet
et al.).'’ In their model the polarization anisotropy is
due to the difference in the nonlinear recombination for
the two configurations (1D and 3D). The perpendicular
and parallel absorption coefficients are 4 X 10* and 6 X 10°
cm ™!, respectively at 2.4 eV, with corresponding penetra-
tion depths of 25 and 1.7 um. Therefore, the penetration
depth is much smaller and the charge density much
greater for parallel excitation. Hence, nonlinear bimolec-
ular recombination is more likely to occur for this polar-
ization of the laser, reducing the number of charged car-
riers that participate in photoconduction. The opposite
occurs with perpendicular excitation, where the charged
carrier density is less, thus allowing a greater number of
the initially photogenerated charged carriers to contrib-
ute to the photocurrent.

The other model is related to the difference in geminate
recombination rates between interchain and intrachain
carriers in trans-(PA).>> Carriers created on different
chains escape geminate recombination. With perpendic-
ular polarization of the laser, more long-lived interchain
carriers can be directly photogenerated (Townsend and
Friend and Bleir et al.).’’3¢ The observation by Bleir
et al. that the rate of decay of the slow photocurrent
component is intensity independent seems to favor this
interpretation. However, it is well known that only a
small percentage of the initially photogenerated charged
carriers contribute to the slow component. Nonlinear bi-
molecular recombination may be affecting only the first
stage of the dynamics of the charged carriers in trans-
(PA). The slow component dynamics is mostly controlled
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by impurities and defects in the sample.

The present data add the salient information that (1)
for above-gap excitation the pump anisotropy depends on
the intensity, (2) the below-gap anisotropy is significantly
smaller than the above-gap anisotropy and is independent
of the intensity, and (3) the photocurrent is greatest for
below-gap excitation. These results can be accounted for
by using the bimolecular recombination model as follows:
As the above-gap excitation intensity increases, the
charge density increases more rapidly for the perpendicu-
lar polarization of the laser than for the parallel polariza-
tion, reducing the above-gap anisotropy ratio. The prob-
ability of generating free-electron—hole pairs is greatly
reduced with below-gap excitation. Since fewer photons
are absorbed as well, this reduces the charged carrier
density and the bimolecular recombination rate for all
polarizations. Hence, as the laser intensity increases, the
relationship between the charge density for the perpen-
dicular and parallel polarizations remains the same, and
in turn, the below-gap anisotropy ratio is constant. This
also explains why the below-gap anisotropy is smaller
than the above-gap anisotropy. The role bimolecular
recombination plays in reducing the number of charged
carriers that participate in the picosecond photocurrent
is made clear in Figs. 4 and 5. Hence one can see that re-
gardless of the polarization of the optical field (perpendic-
ular or parallel) the photocurrent is always greatest for
the case of below-gap excitation, where the bimolecular
recombination rate is lowest.

The intensity dependence of the above-gap anisotropy
is possibly influenced by heating effects following the
laser pulse. A temperature increase is expected following
illumination with above-gap photons polarized along the
polymer chains. Under these conditions the penetration
depth is minimum [d =1/a=(6X10°)"']. Moreover, as
we are considering short (25 ps) laser pulses, heat
diffusion beyond the illumination volume can be neglect-
ed to a first-order approximation. The temperature in-
crease following a pulse is given by

AT =N¢e/lcp ,

where N is the number of absorbed photons per cm? per
pulse, / is the penetration depth, c is the specific heat, p is
the density, and € is the photon energy. Assuming
N=10" photons/cm?, p=1.1 g/cm’, ¢ =1 J/K, and
£=2.34 eV we get AT =263 K for parallel polarization.
This heating following the pulse is large enough to in-
crease the hopping conduction, which has an activation
energy of 0.05 eV. This could effectively reduce the
above-gap anisotropy as the laser intensity increases.

CONCLUSION

We have shown that for below-gap excitation, the pi-
cosecond photoconductive response of trans-(PA) is tem-
perature dependent in the 3D configuration with an ac-
tivation energy of 63 meV and temperature independent
in the 1D configuration. From these measurements we
infer that solitons and polarons are probably the princi-
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pal charged carriers in trans-(PA) and that these carriers
can be generated directly with below-gap excitation. We
have also shown that the ratio of the photocurrent when
the optical electric field is perpendicular to the chain to
that of the photocurrent when the optical electric field is
parallel to the chain decreases with laser intensity (from
7.4 to 4.5) for above-gap excitation and is independent of
intensity for below-gap excitation. In addition, we find
that the picosecond photocurrent is greatest for below-
gap excitation independent of the optical field polariza-
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tion. These results are well accounted for by the bimolec-
ular recombination model and the effects of laser heating.
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