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Extrinsic photoconductivity in poly „3-dodecylthiophene… sandwich cells
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We have measured the photocurrent action spectra of the Al/poly~3-dodecylthiophene!~P3DDT!/ITO and
Au/P3DDT/ITO sandwich cells. The photoinjection from both ITO and Au electrodes was observed at room
temperature. No polarity effect was found in the ITO/P3DDT/Au device at low temperatures. The photoinjec-
tion from ITO electrode is found not effective at low temperatures. The photocurrent at low temperatures was
attributed to photoinjection from Au electrode at both polarity of bias voltage. A phenomenological model of
photoconductivity in poly~3-dodecylthiophene! sandwich cells at low-electric fields and low temperatures is
proposed. An approach for photoconductivity enhancement in conducting polymers is discussed.
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I. INTRODUCTION

There is a great deal of interest to the mechanism
charge photogeneration, separation, and transport
p-conjugated polymers.1–8 Junction devices utilizing semi
conducting polymers as active material have been consid
to be a candidate for highly efficient low cost solar cell. T
discovery of electroluminescence in poly~p-phenyl-
enevinylene! has excited the new surge of interest to t
p-conjugated polymer materials and raised the problems
have not been resolved earlier. Among them the studie
the electrode/polymer interface are of great importance
understanding the fundamental processes in these mate
and developing polymer devices with improve
performance.9 The importance of extrinsic effects and inte
chain coupling for charge-carrier photogeneration has b
understood due to the intensive studies during the
years.3–6,10 However, the picture is rather complex becau
of a complicated structure of every individual polymer m
terial, an inevitable various defects and unintentionally int
duced impurities, the effect of photoinjection from ele
trodes, and the large difference of hole and elect
mobilities.

The general scheme of the charge-carrier generation
cesses in nondegenerated conjugated polymers was
cussed in detail recently.6 Positive mobile charge carrier
responsible for the photocurrent are produced by the di
ciation of primarily singlet-excited species by oxygen,4,6,10

C60 ~Ref. 11! or other acceptor-type products.10 Another
channel of charge-carrier photogeneration is the dissocia
of interchain polaron pairs~singlet as well as triplet! formed
by interchain charge transfer from singlet excitons.3,12 Under
the terms ‘‘intrachain’’ and ‘‘interchain’’ we mean ‘‘within
the same conjugation length’’ and ‘‘between different con
gation length on the same chain as well as on differ
chains,’’ correspondingly, as one was formulated in Ref.
Polaron pairs can be photoexcited either on one chain
photons with energy much higher than the absorption ed7

or on adjacent chains with the formation of interchain ex
tons. These polaron (P6) pairs can also evolve to bipolaron
PRB 610163-1829/2000/61~3!/2151~8!/$15.00
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(BP26). Direct reactionP61P65BP26 is hindered by
strong Coulomb repulsion, but the residual impurities a
dopants can facilitate this process.13

Interchain interactions determine many photoelectro
processes in conjugated polymers: the photogeneration
separation of interchain polaron pairs, the stability of pho
excited excitonic states and the dissociation of intracha
interchain excitons.14–16 This is the reason why poly
thiophene derivatives with variable length of side chains
one of the most attractive conjugated polymers.16–19

The effect of alkyl side groups on the photoluminesce
and electroluminescent properties of poly~3-alkylthiophene!
~P3AT! has been investigated earlier.17 The nature of photo-
luminescence in P3AT is primarily due to intrachain excit
decay with a natural lifetime of about 1 ns. It has been sho
that the higher photoluminescent and electroluminescen
tensities are obtained by increasing the alkyl side ch
length.17 This is explained by the confinement of carriers
a main chain of P3AT due to the longer interchain distan
for longer alkyl side chains.

In this paper, we present the results of the study on
photocurrent action spectra of the Al/P3DDT/ITO an
Au/P3DDT/ITO sandwich cells. The temperature-depend
photoinjection from the ITO and Au electrodes in this devi
is discussed and the phenomenological model of photoc
ductivity in poly~3-dodecylthiophene! sandwich cell at low-
electric field, low temperatures, and low-light intensities
proposed.

II. EXPERIMENT

Poly~3-dodecylthiophene! was prepared by the method a
ready reported.20

We have studied the sandwich structure. The P3D
layer was fabricated by spin coating a chloroform soluti
of P3DDT on patterned ITO-coated glass substrate. T
the aluminum or gold semitransparent electrode was eva
rated through a shadow mask with an active area of 1 m2.
The thickness of P3DDT was measured by Alpha-step p
filometer.
2151 ©2000 The American Physical Society
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Current-voltage characteristics were measured by a K
thley 487 picoammeter with a built-in voltage source. W
shall use the expression ‘‘positive/negative bias’’ through
text, which means a positively/negatively biased ITO el
trode. As an excitation source we used a calibrated Xe
lamp. The spectral dependence of photocurrent was m
sured by a standard phase sensitive lock-in detection me
using a EG&G 5208 two-phase lock-in analyzer at a lo
mechanical chopper frequency of 17 Hz and a Keithley 22
voltage/current source. The dual-phase lock-in analyzer
enabled us to measure both the magnitude of the signa
well as the phase. In independent experiments, we have
controlled the in-phase signal. Photoelectrical measurem
were carried out in a vacuum temperature-controlled opt
cryostat in vacuum,1023 mbar. The absorption spectr
were measured using a Beckman DU-70 spectrophotom
Experimental details about device structure and meas
ment are discussed below along with the results.

III. RESULTS

A. Al/P3DDT/ITO

The current-voltage ~J-V! characteristics of the
Al/P3DDT(0.2 mm)/ITO structure in the dark ~open
squares! and under light illumination through semitranspa
ent Al-electrode at photoexcitation energy of 2.6 eV~open
triangles! are plotted in Fig. 1. This Schottky type rectifyin
J-V characteristic can also be found in many early papers
polymeric photodiodes.21 Upon illumination of strongly ab-
sorbed light many authors have observed the enhanceme
the photocurrent at negative bias and only small~negligible!
enhancement at positive bias.22 But in many cases, the en
hancement of photocurrent at positive bias has b
emphasized.5,23,24This differentiates the organic photodiod
from conventional inorganic semiconductor photodiodes.25

Figure 1 shows such anomalous type of the J-V cha
teristic for the same Al/P3DDT/ITO structure upon illumin

FIG. 1. Current-voltage characteristics of an Al/P3DDT/IT
structure in the dark~open square! and under illumination by light
with energy of 2.1 eV~open circle! and 2.6 eV~open triangle!
through Al electrode. The right insert shows enlarged J-V curve
the range61.0 V. The thickness of P3DDT film is 0.2mm. The
electronic energy level scheme is shown on the left insert.
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tion through the semitransparent Al-electrode with wea
absorbed light with photon energy of 2.1 eV~open circles!.
The photocurrent for both photoexcitation energies~2.1 and
2.6 eV! was normalized to the same intensity of incide
light. The most remarkable feature in Fig. 1 is the significa
growth of photocurrent with increase of positive voltage
photoexcitation energy of 2.1 eV. It is clearly seen that b
curves are very close to each other at negative bias but b
to diverge at positive bias, when the applied voltage exce
the built-in potential value~the open circuit voltageUoc
'1.0 V). This voltage corresponds to the vanishing of
barrier and the beginning of charge carrier injection fro
electrodes. On the right insert of Fig. 1 the enlarged J
characteristics are shown in the voltage range of61.0 V.
The electronic energy level scheme of Al~Au!/P3DDT/ITO
heterostructure is shown on the left insert. The ionizat
potential of P3DDT was determined by cycl
voltammetry.26 The work function of ITO was taken from
Ref. 9 and the metal work functions from Ref. 27.

Figure 2 shows the spectral characteristics of the pho
current of Al/P3DDT/ITO structure under illuminatio
through ITO-electrode at different voltages. We should
mind here that we plotted the magnitude of photocurrent
spectral characteristics, i.e., the absolute value, and illum
tion in this case was through ITO electrode. The broad sp
tral photoresponse was observed at positively biased I
electrode (13.0 V). But at low-positive voltages below
11.0 V the photoresponse at the photon energy around
sorption peak was much suppressed and two side band
opposite phase appeared. The absorption spectrum of the
film of P3DDT is shown for comparison.

Taking into consideration that the major charge carriers
P3DDT are holes as well as in most other semiconduc
polymers and to simplify the problem by excluding the effe
of electron injection and the influence of chemically mod
fied intermediate layer between Al electrode and polymer9,28

we have further studied the ‘‘hole-only’’ Au/P3DDT/ITO
device. The replacement of the low work-function Al ele
trode ~4.3 eV! with higher work-function Au electrode~5.1
eV! significantly reduces the number of injected electro
The thickness of P3DDT film in this case was about 2mm.

in

FIG. 2. Spectral characteristics of photocurrent
Al/P3DDT/ITO structure at different positive biases~0.0 V; 11.0 V
and13.0 V!.



ot

o
r
d

he
iti
he
si
-
r

di

th
re

O
a

res
ring
a-
nge
ho-
ase
uch
oad
ot at
oto-
f

s of

ype
the

em-
reas-
We
ture

dark

ost

th
ra
T

TO

f

PRB 61 2153EXTRINSIC PHOTOCONDUCTIVITY IN POLY~3- . . .
B. Au/P3DDT/ITO

We have measured the spectral characteristics of ph
current in the Au/P3DDT/ITO heterostructure@Figs. 3~a! and
3~b!# at low voltages at room temperature. The magnitude
photocurrent signal is plotted for convenience of compa
son. A broadband spectral photoresponse was observe
positive polarity of voltage applied to the ITO electrode. T
photoresponse was increased with the increase of pos
voltage@Fig. 3~a!#. On the other hand, at negative voltage t
wide central band was suppressed but then two new
bands appear@Fig. 3~b!#. That is, the wide central band com
pletely disappears and only two new strong side bands
main at voltage of about20.5 V, which still grow with
increasing negative voltage. This voltage is close to the
ference in the work functions of Au~5.1 eV! and ITO ~4.7
eV!.

The most interesting results were obtained during
study of the temperature dependence of the photocur
spectra in 100;300 K range. Figures 4~a! and 4~b! show the
spectral dependence of photocurrent in Au/P3DDT/IT
structure upon illumination through the ITO electrode
110 V ~a! and 210 V ~b! at various temperatures
(610 V corresponds to electric field of653104 V/cm).
All spectra were normalized to the same light intensity.

FIG. 3. Dynamics of spectral changes of photocurrent in
Au/P3DDT/ITO heterostructure at low voltages at room tempe
ture: ~a! positive bias;~b! negative bias. The thickness of P3DD
film is about 2 mm.
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No polarity effect has been found at low temperatu
contrary to the results at room temperatures. By compa
Figs. 4~a! and 4~b! it is clearly seen that in the case of neg
tive bias the shape of photocurrent spectrum does not cha
with decrease of temperature, but the total decrease of p
tocurrent was only observed. On the other hand, in the c
of the positive bias the spectral shape changes very m
with temperature. The strong photoresponse in the br
spectral range was observed at room temperature but n
low temperature. The temperature dependence of the ph
current of Au/P3DDT/ITO structure excited with light o
l15476 nm~2.1 eV! andl25592 nm~2.6 eV! is shown in
Fig. 5. The temperature dependence of both component
photocurrent is non-Arrhenius like.5 The photoconductivity
increases with the temperature, showing an activation-t
behavior above about 200 K. We can see in the plot, that
photocurrent generated by low-energy photon is less t
perature dependent and decreases more slowly with dec
ing of temperature than that by the higher photon energy.
have estimated the activation energy in high-tempera
range where the space charge effects is small, to beE1
50.17 eV for the former andE250.25 eV for the latter.

We have measured the temperature dependence of
J-V characteristics of Au/P3DDT/ITO device~Fig. 6!.
At room temperature the dark J-V characteristic is alm

e
-

FIG. 4. Spectral dependence of photocurrent in Au/P3DDT/I
structure upon illumination through the ITO-electrode at110 V ~a!
and210 V ~b! at different temperatures~open circle - 290 K, cross
- 130 K, solid line - 107 K!. 610 V corresponds to electric field o
653104 V/cm.
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linear at low-electric field. At low temperatures we ha
observed the superlinear J-V characteristics at a fi
>53104 V/cm and the J-V characteristic could be appro
mated by power law J}Vn with n'3, which is a similar
characteristic with those of space charge limited curr
~SCLC! with the traps in energy gap.29

IV. DISCUSSION

A. Al/P3DDT/ITO

A simple spectral analysis of the first derivative of t
first absorption band of P3DDT film reveals the S0→S1/0
→0 broadened transition at about 2.1 eV and its phonon-
bands separated by 0.16 eV. The photoluminescence s
trum shows the similar vibronic structure. The more care
study by the electroabsorption spectroscopy30 has shown the
sharp derivative-like feature of 1Bu exciton at low energy,
followed by a series of phonon sidebands. Therefore,
dominant photoexcitation in P3DDT is exciton.

The enhancement of photocurrent with increasing ne
tive voltage~shown on the right insert of Fig. 1! in polymeric

FIG. 5. Temperature dependence of the photocurrent
Au/P3DDT/ITO structure under illumination with light ofl
5476 nm~2.1 eV! and 592 nm~2.6 eV!.

FIG. 6. Temperature dependence of dark J-V characteristic
Au/P3DDT/ITO device.
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photodiode could be explained by the electric field-assis
exciton dissociation as one has been observed in experim
on electric field-induced luminescence quenching in lig
emitting diodes based on poly~phenylphenylenvinylene!31

and ladder-type poly~p-phenylene!32 and by field-dependen
mobility at high-electric field.33

However, the much bigger enhancement of the photoc
rent was observed at relatively low positive voltages un
photoexcitation with energy of 2.1 eV through semitransp
ent Al electrode. This energy is slightly higher than the a
sorption edge of P3DDT. Therefore, there are two poss
channels for the observed strong enhancement of the ph
current at positive voltage: the bulk photoelectronic p
cesses and the photoinjection of holes from the opposite
electrode into P3DDT. The experimental support for t
dominant role of the photoinjection of holes from an IT
electrode into conjugated polymer have been presented b
Barth et al.5 The light-induced luminescence quenching
photoexcited charged polaronic states34 could not explain
why the photocurrent sufficiently exceeds the dark forwa
current. The photocurrent multiplication process propos
recently by T. K. Da¨ubleret al.8 cannot play any role in such
low fields. The low photocurrent at positive voltage for ph
toexcitation with strongly absorbed light could be explain
by the low dissociation rate of excitons at Al/polymer inte
face and the poor electron transport in P3DDT because
electron transport in conjugated polymers is strongly t
limited and the higher recombination rate at electro
polymer interface.35

The photoelectronic processes in polymer device w
asymmetric electrodes are very complicated since the ph
current is proportional ton3m product and both the carrie
densityn and the carrier mobilitym depend on electric field
temperature, intensity and wavelength of light. Furth
elaborate studies are needed to clarify the mechanism of
togeneration and transport of charge carriers in polyme
photodiodes, especially at high-electric field.

B. Au/P3DDT/ITO

The experimental results for hole-only Au/P3DDT/IT
device have clearly shown the following facts:~1! the strong
polarity effect at room temperature and absence of tha
low temperature;~2! the strong filter effect at both polaritie
of applied voltage at low temperatures;~3! the activation
energy of photocurrent excited by weakly absorbed lig
with lower energy near absorption threshold is lower th
that for higher photon energy.

At room temperature the polarity effect can be explain
by both the photoinjection from electrode and the large d
ference between the hole and electron mobilities. We sho
note here that the photoinjection from electrodes d
not mean the injection of charge carriers by the optica
excited electrode. The excitons in polymer dissociate
ITO/polymer interface by electron transfer to positive IT
electrode. The holes~positive polarons! are collected by the
negative opposite electrode. In the case of negative ITO e
trode the excitons dissociate by hole transfer to negative
electrode. The electrons have to pass through the poly
film. It is well known that electron transport in conjugate
polymer is trap limited. This leads to strong polarity~filter!
effect. Only the holes generated by exciton dissociation

f
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back Au electrode can be efficiently collected by front ne
tive ITO electrode and contribute to photocurrent.

The absence of polarity effect and coincidence of pho
current spectra for both polarity at low temperature me
that the photoinjection from the ITO electrode does not h
large effect at low temperatures. The low temperature p
tocurrent may characterize the bulk photoconductivity of
polymer. However, at low temperatures and low-elec
field the exciton dissociation yield in the bulk is negligib
small and temperature independent.5,36

At lower temperatures the photocurrent was much s
pressed because the charge carriers are trapped due to
der effects. That is, even hole transport should be much
pressed at low temperatures. At low temperatures the ch
carrier transport should be changed from the phonon-ass
polaron hopping to disorder trapping because polarons
most likely to be trapped due to disorder effects. To o
knowledge, the experimental data on polaron mobility at l
temperatures below 200 K are not available yet. The m
surement of the temperature dependence of hole mobilit
PPV derivatives was limited in a temperature range of 20
300 K where usually a thermally activated behavior is o
served. Barthet al.5 have found the non-Arrhenius-like tem
perature dependence of the intrinsic photocurrent in a P
ether. Based on our experimental data on the strong fi
effect and absence of polarity effect we can speculate th
low temperatures the large difference between hole and e
tron mobilities may disappear and could not be a reason
polarity-dependent photocurrent spectra.

The photoinjection from the electrode is determined
the diffusion length of excitons. The rate constant for exci
dissociation decreases exponentially with the distance f
electrode.37 At room temperature the exciton diffusion rang
of about 50 monomer units~20 nm! was estimated from the
data on concentration dependence of photoluminesce
quenching inC60-doped polymer.38 The similar estimate of
20 nm was obtained for phenylene vinylene oligomer
considering the diffusion controlled photoluminescen
quenching near Ca electrode.39 However, the nonradiative
energy transfer can occur even if the polymer is separa
from metal by a transparent layer at distance as long as
nm from metal surface.40 The exciton diffusion length ob
tained from experimental data on photoluminesce
quenching can not be applied to the interface. For photo
jection from electrode the charge transfer is needed, a
hence, the direct contact between polymer and metal.5 At
low temperatures the diffusion of excitons to surface is slo
There is an increasing probability of reaction with interfac
surface states. Therefore, we assume more realistic valu
5;10 nm for exciton diffusion length.5

When diffusing exciton approaches to electrode, it dis
ciates at polymer/electrode interface by charge transfe
electrode resulting in a pair of charges, which consists o
hole or electron in polymer and its image charge in the e
trode separated by a distance 2r o . Only the charge carriers
having sufficient energy to escape recombination with
electrode could contribute to photocurrent. The fraction
these charge carriers is determined by37

f5expS 2
Ecoul

kT D , ~1!
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where the Coulombic energy of attractionEcoul between the
charge and its image is

Ecoul52
e2

4peeor o
. ~2!

Ecoul depends on the electric field, but in low fiel
(<53104 V/cm) this influence is small. The measureme
of temperature dependence of photocurrent has given the
tivation energyE150.17 andE250.25 eV at excitation en-
ergies of 2.1 and 2.6, correspondingly. The transport
charge carriers in both cases occurs in the same condition
the energy of exciting light would be taken into account th
difference in activation energy should be of opposite si
Higher exciting states is more likely to dissociate and co
tribute to photocurrent.

Therefore, this difference should reflect the difference
photoinjection properties of ITO and Au electrodes. Hen
we can make the conclusion that the photoinjection from
electrode is more effective and the photoinjection of ho
from ITO electrode is not effective at low temperatures.

Let us consider the possible reasons for difference in p
toinjection properties between ITO and gold. There are s
eral possible reasons.~1! The difference in work functions o
ITO and Au is, of course, the primary reason.~2! The ITO
electrode was identified as a source of oxygen41 leading to a
formation of carbonyl, a concomitant polymer chain sciss
and a loss of conjugation near interface. Therefore, a
higher impedance intermediate oxidized layer exists
ITO/polymer interface, which could partially hinder the ph
toinjection from ITO electrode. Another possible reason
the indium contamination from ITO electrode.42 We should
also mention here that the electron injection from ITO
polymer is not efficient.5

On the basis of presented experimental results, we
propose the phenomenological model for photoconductiv
in ITO/P3DDT/Au sandwich configuration at a low temper
tures, a low-electric field and a low intensity of incide
light. The intensity of incident light was no more tha
1014 ph/cm2 in maximum of spectrum. In this model, w
propose that photoconductivity in ITO/P3DDT/Au sandwi
cell is an extrinsic process. It is determined by photoinject
of holes from backside Au electrode at positive bias a
photoinjection of electrons from the same Au electrode
negative bias. The excitons in the bulk and near ITO el
trode are mainly recombine radiatively or nonradiative
The model is the modification of the Ghosh and Fe
model.43 In their model, Ghosh and Feng have used
boundary conditionsn50 at x50 andx5d, wheren is the
number of excitons,d is the polymer film thickness. The
number of excitons photogenerated in the regiondx inside
the bulk of the polymer film is

f~a!Na exp~2ax!dx, ~3!

wheref is the quantum efficiency,N is the number of inci-
dent photons per square centimeter per second,a is the ab-
sorption coefficient.

Harrison, Gru¨ner and Spencer1 have undertaken a quant
tative examination of several different theoretical models a
obtained poor fits of their experimental data by all mod
because all these models assume a constant spect
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independent photogeneration quantum efficiency. Howe
Binh, Gailberger, and Ba¨ssler44 have noted that the excitatio
energy of photon is important. The linear dependence
quantum efficiency as a function of absorption coefficie
was deduced from their experimental data on dc photoc
ductivity of P3DDT.44 In p-conjugated polymers the excita
tion forms a loosely boundede-h pair ready for thermal dis-
sociation by hopping of one of constituent charge to
neighboring site of lower ionization potential or higher ele
tron affinity. The probability of this event is proportional t
absorption coefficient in the sense that the absorption ban
interpreted as an inhomogeneously broadened exciton tra
tion and the expense of Coulombic binding energy is co
pensated by a gain in site energy.

The probability to have more favorable neighbors on
same chain or in adjacent chains is proportional to absorp
coefficient at the absorption tail and become constan
higher photon energy.5 The excess of photon energy could
transferred to hole or electron inside polymer. Hence, h
electron could have higher probability to escape recomb
tion with its image charge because of larger thermalizat
distance.5 Experimental support for this also comes from t
energy-dependent photoluminescence decay time.45

We should also notice here that the photoconductiv
spectrum of P3DDT follows the absorption spectrum refle
ing even the vibronic features. So, we assume in our sim
fied model of photoconductivity at low temperature, low
electric field, and low-light intensity that the quantu
efficiency is proportional to absorption coefficientf}a at
absorption tail up to the maximum absorption energy a
constant at high energy.

A space-charge limiting regime starts at>53104 V/cm
in dark ~see Fig. 6! and transition voltage to SCLC regim
increases with increasing carrier concentration by photo
sorption. Under the assumption that at low electric fie
(<53104 V/cm) we are in ohmic region, for the light in
cident through the transparent ohmic electrode we
write:43

n5E
0

d

f~a!Na exp~2ax!expS 2
d2x

l Ddx

5f~a!N
a

a2b
@exp~2bd!2exp~2ad!#, ~4!

wherel is the diffusion length of exciton andb51/l .
Mobility ( m) is constant at low-electric field and una

fected by light excitation, Therefore, a simple expression
the photocurrent for both polarity can be valid

j ph
6 5qnmoU/d, ~5!

wheremo is the low field mobility,U is the applied voltage
In Fig. 7~a! the photocurrent action spectrum

Au/P3DDT(2 mm)/ITO heterostructure ~cross! under
illumination through ITO-electrode at 610 V
(62.53104 V/cm) at 130 K is shown with theoretica
simulation for different exciton diffusion lengths~5 nm -
solid line, 100 nm - dotted line, 200 nm - dashed line!. Fig-
ure 7~b! shows the theoretical simulation of photocurre
spectrum for exciton diffusion length of 5 nm and differe
film thicknesses (1.6mm - solid line, 1.0 mm - dotted line,
r,

f
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0.5 mm - dashed line, and 0.1mm - dash-dotted line!. This
simple model fits experimental data quite satisfactorily us
the exciton diffusion length of 5 nm and effective thickne
of 1.6 mm. The fitting using the expressionf}(hn
2hn0)2 for quantum yield5 produces too high photocurren
at high-photon energy. We must notice here that the fitting
not quantitative because of uncertainties in knowledge
exact function for quantum efficiency on absorption coe
cient or energy and some experimental conditions as refl
tivity of polymer film and electrodes. But the spectral sha
of the photocurrent signal was produced very satisfactor

V. CONCLUSIONS AND SPECULATIONS

We have measured the photocurrent action spectra of
device of Al~Au!/P3DDT/ITO sandwich structure. The pho

FIG. 7. ~a! Comparison of photocurrent action spectrum
Au/P3DDT(2 mm)/ITO heterostructure~cross! under illumination
through ITO-electrode at610 V (62.53104 V/cm) at 130 K
with theoretical simulation for different exciton diffusion lengths~5
nm - solid line, 100 nm - dotted line, 200 nm - dashed line!; ~b!
theoretical simulation for exciton diffusion length of 5 nm and d
ferent film thicknesses (1.6mm - solid line, 1.0 mm - dotted line,
0.5 mm - dashed line, and 0.1mm - dash-dotted line!. The curves
are shifted for convenience of comparison.
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toinjection from ITO and Au electrodes was observed
room temperature. The temperature dependence of J-V ch
acteristics of ITO/P3DDT/Au device have been measure
No polarity effect was found in the ITO/P3DDT/Au device
at low temperature. The photoinjection from ITO electrod
is not effective at low temperatures. Photoconductivity
ITO/P3DDT/Au sandwich cell at low-electric field and low
temperature is an extrinsic process. It is determined by ph
toinjection of holes from backside Au electrode at positiv
bias and photoinjection of electrons from the same Au ele
trode at negative bias. The simple phenomenological mo
of photoconductivity in poly~3-dodecylthiophene! at low-
electric field and low temperatures was proposed.

It is evident that the exciton dissociation at the poly
mer/ITO and polymer/Au interface is the dominant mech
nism of photocurrent generation in poly~3-alkylthiophene!
sandwich cell at low electric field. For example, the excelle
visible-ultraviolet sensitivity of a Au/poly~3-octyl thio-
phene!/ ITO photodiode18 at reverse bias voltage could be
explained by very effective photoinjection from Au elec
trode. The quantum yield sufficiently increases at high ele
tric field. But this approach is not appropriate for solar cell
The solar cells based on an interpenetrating polymer netw
are very promising approach for the improvement of ef
ciency of polymer solar cells. However, the collection effi
ciency remains a serious problem in a such approach si
the mobilities of charge carriers in disordered polymer sy
tems are low. Recently, it has been shown that the chem
doping of conjugated polymer can be useful in polymer ph
tovoltaic devices.46 We propose an approach for photocon
ductivity enhancement in conjugated polymers. This a
proach is based on our previous results of the study
conjugated polymer - carbon nanotube composites.47,48 With
increase of a volume fraction of a multiwall nanotub
~MWNT! in poly~3-hexyl thiophene! the dark conductivity
increases drastically at a relatively low concentration
t
ar-
d.

o-

-
el

-

t

-
.
rk
-

ce
-
al
-

-
n

f

MWNT ~the percolation threshold is only 5.9 vol.% due t
high aspect ratio of MWNT!. Near the percolation threshold
~at about 3 vol.%! we have found the enhancement of pho
toconductivity of about 25 times in poly~3-hexyl thiophene! -
MWNT composites. However, the interaction betwee
MWNT and conjugated polymer is weak.49 Hence, the en-
hancement of photoconductivity in this composite wa
caused only by the improved collection efficiency of charg
carriers by highly conducting MWNT.

On the other hand, a conjugated polymer - metal nanop
ticles composites could be a promising material for sol
cells because of efficient dissociation of excitons at polym
- metal interface. The needlelike conducting particles wou
be especially interesting because the percolation thresh
could be achieved at low concentration. Indeed, we ha
observed the correlation between the enhanced photocon
tivity and the aspect ratio of dopant.48 It is also known that
noble metal nanoparticles absorb light in visible range due
surface plasmons.50 The increased interaction distance due
light scattering by nanoparticles should also play very impo
tant role and make possible the fabrication of thinner so
cells.
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