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Polarization-dependent discharge in fibers of a semiconducting
ladder-type polymer
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We report results on polarization-dependent photoinduced discharge in oriented fibers and films of
ladder-type, electron-transporting polymer poly~benzimidazobenzophenanthroline!. The
photocarrier generation efficiency~f! in the fiber, which is indicated by the rate of discharge, is
found to be distinctly higher for light polarized parallel to the fiber axis (Pi) compared to the
radially perpendicular direction (P'). Similar results, withf anisotropy;10, are obtained for
oriented films. These observations are different from previously obtained results on
polyparaphenylenevinylene. The results are compared with polarization-dependent steady-state
photoconductivity measurements. We interpret these results on the basis of molecular and
macroscopic features of the material. ©2001 American Institute of Physics.
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The phenomenon of photoconductivity in conjugat
polymer based devices has been extensively studied in re
years.1–6 Many models have been developed to explain
various processes involved in charge generation and tr
port. An interesting aspect, which has not yet been cle
understood, and which is rarely observed, is the polarizat
dependent anisotropy of photocurrent (I ph). Difficulties are
encountered both in the measurement and in the interp
tion of the polarization dependence ofI ph. This is primarily
due to the fact that the photocurrent is a bulk process w
the total efficiency governed by the free carrier generat
and the subsequent transport of the charge carriers. The
processes involved inI ph are independent of polarization o
the incident light. However, intrinsic optical properties a
highly anisotropic due to the asymmetric nature of the po
mer structure. Absorption experiments are widely used
characterize optical dichroism in thin polymer films. Th
macroscopic fluorescence tensor is determined by the si
molecule fluorescence tensor and by the orientational tr
formation matrix that relates the molecular and macrosco
axes. Their elements are linked with orientational order
rameters characterizing the orientational distribut
function.7 Hence, polarized fluorescence spectroscopy a
of late, polarized electroluminescence~EL! has been exten
sively used to study orientational characteristics of ani
tropic samples such as liquid crystalline materials a
stretched polymers.8 The observation of a polarization
dependent bulk feature thus requires samples with a h
degree of orientation along with reduced disorder, since
order dramatically affects the optical and electrical prop
ties, which can lead to an ambiguous interpretation.

There have been conflicting reports on photoconduc
ity ~PC! measurements on stretched polyparaphenylen
nylene~PPV! derivative films which have indicated both th
absence of any polarization-dependent features and in ce
instances a substantial presence of polarization de
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dence.1,4,5 The presence of theI ph anisotropy as observed b
the transient subnanosecond PC measurements, with h
I ph and longer lifetime for carriers generated byP' , were
interpreted on the basis of interchain photoexcitat
processes.1 The interchain processes involve electrons a
holes generated on separate chains, which have a lower p
ability of recombination than that of intrachain photoexcit
tion processes. On the other hand, the absence ofI ph anisot-
ropy, especially the fast component, has been explained
the basis of generation of hot carriers with a high kine
energy which is weakly dependent on the lattice tempera
and chain structure which includes anisotropy in transfer
tegrals, chain ends and chemical defects.5

We address this problem using a modified xerograp
technique on the ladder-type polymer poly~benzimidazoben-
zophenanthroline! ~BBL!. The conjugated ladder polyme
BBL, with its extensivep-electron delocalization has draw
much attention due to its remarkable electronic and optoe
tronic properties. The polymer possesses excellent mech
cal and thermal properties, which can be processed to ha
high degree of orientation.9,10 The fiber formation property
representing aligned polymer chains is another interes
feature in this system.

The xerographic technique has evolved as an accu
method of determining the photogeneration efficiency
photoreceptors.11–14 The surface potential discharge repr
sented by the photoinduced discharge curve~PIDC! is a di-
rect measure of the photogenerated charge carriers.12 The
photoinduced discharge characteristics can be further s
rated into emission-limited and space-charge-limited ca
The absorbed photons create electron-hole pairs, which
away from the photogeneration region, thus reducing
electric field. The rate of change of electric field is given
dE/dt5ehAI0 /es whereI 0 is the flux,A is the absorption,
andh is the supply efficiency indicating the number of ca
riers in the photoabsorption region injected into the bu
which in emission-limited case equals the quantum e
ciency for conversion of photon to free carriers. A distin
6 © 2001 American Institute of Physics
t to AIP copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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advantage of this method compared to electrode con
basedI ph measurements is the absence of photoinjection
interfacial effects which can mask subtle intrinsic feature3

The present method employed is capable of probing the p
togenerated charge carriers at length scales equivalent to
gration distances of;100 Å. To our knowledge this tech
nique has not been used with polarized light to study
efficiency of charge generation in oriented polymer syste

The oriented film and fiber~;10mm in diameter! of
BBL were used for the present studies and were prepare
a spinning process.9 In the xerographic experiment, the su
face of the fiber was charged by a corona and the sur
potential decay with time was measured by a probe wh
was capacitively coupled to the back plate, with the volta
being measured by a Keithley electrometer having an in
resistance of 1014V. The surface voltage was sampled a
rate of 50 ms. A linear polarizer was placed in conjuncti
with an unpolarized red light emitting diode~LED! source to
obtain the desired polarization. The incident photon ene
of 1.84 eV is close to the band edge for BBL~1.67 eV!. The
intensity was independent of the polarization axis and w
;1012photons/cm2 s. The light was incident normal to th
plane of the fiber with the polarization direction in the pla
of the fiber either parallel or perpendicular to the fiber ax
Argon atmosphere was maintained during the discharg
process to avoid moisture induced effects on the surface.
results obtained were corrected for the dark decay and
isotropy in reflection for the different angles of polarizatio
The minor correction factor due to the small difference in
reflectance of the samples for different polarizations w
taken into account using the procedure adopted in Ref
The polarization dependent photoluminescence~PL! was
carried out at 80 K by placing a linear polarizer between
sample and the xenon source with a peak wavelength of
nm for excitation. The steady-stateI ph was measured in the
planar-surface geometry with an interelectrode spacing
100 mm using standard lock-in techniques.6 It is to be noted
that in the case of theI ph ~coplanar measurements! the exter-
nal applied field was in the direction of the fiber axis and
polarization axis chosen was either parallel or perpendic
to this bias field.

Scanning electron microscopy~SEM! observations of
the polymer fiber reveal aligned fibrillar bundled structur

FIG. 1. SEM images of oriented fibers along with the chemical structur
BBL.
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as shown in Fig. 1 with fibril diameter of;100 nm. These
fibers show features in x-ray measurements indicating
polymer chains are aligned along the fibril axis, and correl
the macroscopic and microscopic anisotropy in this system10

It is found that the negative charge acceptance~surface
charge density! on BBL films/fibers is much higher than th
positive charge acceptance. It is also observed that the
rivative of initial decay of PIDC is higher~; three times!
when the surface was charged negative, indicating elect
as the predominant charge carriers in BBL. This proced
was also applied for poly-2-methoxy-5-~21-ethyl-hexoxy!-1,4
paraphenylenevinylene, MEHPPV films in which the deriv
tive of initial decay of PIDC was higher when the surfa
was charged positive, indicating hole transport, which is w
established in MEHPPV. Photoinduced surface potential
cay measurements on unoriented cast films of BBL
shown in Fig. 2~a!. The PIDC was found to be independe
of the excitation polarization direction. The PIDC for th
fiber with polarization of the excitation lightPi and P' is
shown in Fig. 3. It can be seen from Fig. 3 that the derivat
of PIDC is almost two times higher forPi than for P' .
Similar results were obtained for the oriented film, shown
Fig. 2~b!. The photoinduced discharge rate was measure
a function of the angle of the polarization axis and is d
picted in Fig. 3~inset!. The angular response can be rep
sented by a periodic function.F cos2 x1A, whereF is a
slowly varying function ofx, as shown in Fig. 3~inset!. In
this case, anisotropy as large as 10 is observed in the
charge rate.

The conventional contact based steady-stateI ph of the
oriented film in the planar configuration did not vary cons

f

FIG. 2. ~a! PDIC of cast, unoriented films of BBL~dashed line is the dark
background decay! and ~b! PDIC of oriented BBL films with incident light
polarization axisi and' to the orientation direction.

FIG. 3. ~a! PDIC of oriented fiber with the incident polarization axisi and
' to the orientation direction. Inset: Angular dependence of thedV/dt ob-
tained from the PDIC curve for oriented film.
t to AIP copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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erably betweenPi andP' modes. This was in contrast to th
xerographic measurements, and the nondependence ofI ph on
polarization was present over a large range of voltage bia
0–200 V. The present results of (I phi.I ph') from PIDC
measurements are quite different from anisotropy reports
ing subnanosecond transient photoconductivity meas
ments of oriented MEHPPV and polyacetylene films,1 where
higher I ph and longer lifetime are observed for carriers ge
erated by light polarized perpendicular to the orientat
axis. An implicit assumption here was thatI ph was intrinsic
in nature, and that free carrier generation was due to di
field induced dissociation of the bound interchain polar
pair and was inferred as a measure of the interchain to in
chain processes.1,2

In the present case of BBL both intrinsic and extrins
processes exist and by which initial intrachain proces
such as dissociation of intrachain excitons result in electr
and holes which are spatially separated~across the chain!.
The following features of the BBL polymer are considered
interpret the PIDC anisotropy results.~i! The alignment of
the chains along the fibril axis can result in large absorpt
anisotropy (absorptionintrachain/absorptioninterchain). This fea-
ture arises from the transition dipole moment vector be
largely along the chain axis as indicated by semiempir
calculations of this system.~ii ! BBL is a heteroaromatic
ladder-type polymer in which the initial electron-hole reco
bination can be effectively reduced due to the network
multiple conjugation paths. This argument is consistent w
the low intrachain radiative recombination yield obtained
BBL, resulting in practically nonexistent EL and low P
efficiencies. The low PL yield, which is largely a measure
the intrachain e–h recombination, when examined caref
with polarized light excitation, shows a higher yield for th
Pi compared to theP' direction. The intrachain electron
hole pair can then dissociate in the presence of an ele
field due to a combination of factors which include therma
accessible defect-mediated processes and interchain cou
mechanisms, which finally leads to the sizableI ph efficiency
observed in this polymer.15

The results of the angular dependence of the discha
rate in Fig. 3~inset! can then be explained on the basis of t
above two factors. However, an exact quantitative estim
of the PIDC anisotropy result is difficult due to followin
reasons.~i! The SEM image in Fig. 1 reveals structur
which are not entirely aligned along the fiber axis. On
molecular level, the off-axis dipole moment can also resul
intrachain processes forP' , thereby reducing the anisotrop
magnitude.~ii ! The recombination processes are expected
be different for carriers generated byPi andP' .

The absence of any appreciable polarization effect in
steady-stateI ph measurements in coplanar geometry with
sizable presence in the xerographic measurements em
sizes the more local nature of probing of the latter techniq
The sizable density of electronic defects in the system le
ing to trap limiting processes prevails over the photoindu
Downloaded 28 Mar 2001 to 199.98.105.63. Redistribution subjec
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charge carrier generating rates and can mask
polarization-dependent initial charge generating features.
analysis of the defect dominated kinetics and polarizati
dependent transient studies can resolve this apparent co
diction of the steady-stateI ph results with the xerographic
measurements. The effects of macroscopic factors on th
conductivity (sdc) is sizable due to the barriers involved
the electronic transport between the fibrils and the inhom
geneous extrinsic impurity distribution which are more ob
ous from anisotropy of nearly four orders as observed insdc

measurements.16 Hence, the microscopic orientation ob
served in the fibers consisting of nearly aligned polym
chains along with the PDIC results are a measure of the lo
anisotropy, distinguishing it from the larger length scale p
cesses.

In summary, a distinct anisotropy in the PDIC was o
served as a function of polarization. The measurements c
firm the existence of polarization induced effects even wh
they are not observable in conventional contact based ph
conductivity experiments. The results of these measurem
obtained are strikingly different from earlier results on PP
based polymers in the following respect:~1! the negative
charges/electron transport in BBL compared to the h
based transport in PPV systems.~2! Pi yields more efficient
discharge rates compared toP' , and can be attributed to th
prevailing absorption anisotropy, accompanied by other
terchain delocalizing processes of the electron–hole pair

One of the authors~K.S.N.! thanks R. J. Spry, Polyme
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