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Abstract

The photoconduction of poly(methylphenylsilane) dop
with and without C60 has been studied in terms of the carri
generation kinetics. The photoconductivity spectrum 
polysilane has an onset coincident with the optical absorp
edge and this photoconduction is not due to the hole crea
from excitons at electrodes but due to photogeneration of h
in the disorder system or photogeneration of charged polar
The analysis of the disorder model successfully explains the 
temperature photoconductivity. Doping of C60 well sensitizes
the photoconductivity of polysilane in the spectral region wh
C60 has optical absorption. This sensitization is suppresse
lower temperature. In a low temperature region holes accu
late by the photoexcitation of polysilane and the dark a
photoconductivities increase. The accumulated holes recom
with electrons in C60 at temperatures higher than 130 K.

Introduction

It is well known that the polysilanes are organ
materials with mobility as high as 10-4 cm2/Vs even in
unoriented films.1 It is generally accepted that the carrier 
hole and transports by hopping between sites which 
segments consisting of 15 ~ 30 Si units separated each 
by kinks and/or other conformation defects.2 The oriented
film shows one order of magnitude higher mobility alon
the orientation and one order of magnitude less mobi
perpendicular to the orientation as compared with t
unoriented one.3 A possibility to realize a mobility of the
order of 1 cm2/Vs has been pointed out for the oriente
film.4 This anisotropy is caused by the difference in t
hopping distance between the intrachain hopping a
interchain hopping.

The polysilane of poly(methylphenylsilane) (PMPS
shows the photoconduction and the doping of C60 in PMPS
sensitizes the photoconduction.5, 6 C60 incorporated in the
polysilane effectively accepts a photogenerated electro
leave a hole in the polymer chain. It has been reported 
PMPS shows the photocurrent spectrum with coincidence
onsets for photocurrent and absorption edge.7 The
measurement has been done for a sandwich structur
sample with a transparent electrode through which 
PMPS film is exposed to light. This result has be
explained by a model where the transparent electrode ac
an acceptor to extract electrons from excitons.7 However,
this explanation is not conclusive. 
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In this paper, we explore the kinetics o
photogeneration of carriers in PMPS films by measuring
photoconduction as a function of the temperature a
exciting energy using a sample configuration with copla
electrodes. We also investigate the case of PMPS f
doped with C60. 

Experiment

Polysilane of PMPS was synthesized by polymeriz
tion of methylphenyldichlorosilane with sodium metal 
toluene at about 110 ˚C in the usual manner. The molec
weight was determined to be 130,000 by gel permea
chromatography using polystyrene for calibration. T
polysilane films with thickness of 40 µm were formed on
Corning 7059 glass plates by a casting technique. 
fullerene doped films were also prepared in the same ma
using the C60/polysilane mixture solution with the weigh
ratio of 4%. C60 powder used was prepared by dc a
discharge using graphite electrodes and had the purity 
least 90%. Furthermore, the oriented films of PMPS w
prepared by mechanically stretching the films peeled 
from the substrate. The coplanar electrodes of Al with a 
of 100 µm were formed on the films, and for the orient
film they were prepared to measure the photocurrent a
the orientation. A sandwich structure of ITO transpar
electrode/ polysilane film (250 nm)/ Al electrode was a
prepared for the measurement of electric field dependenc
photocurrent.

 Photoconductivity measurements were performed w
a xenon lamp as a light source for samples kept i
temperature controlled cryostat. The applied electric field w
104 V/cm except for the measurement of electric fie
dependence. The data were taken in a pointwise mann
exclude any distortion due to residual internal space ch
accumulation. 

Photothermal deflection spectroscopy (PDS)8 was
performed to measure the optical absorption coefficien
the subgap spectral region of the films. The deflect
medium used was 1,4 butanediol which does not diss
polysilane.

Results

Figure 1 shows the spectra of the normaliz
photoconductivity σp/eG=ηµτ  and the optical absorption
coefficient at room temperature for PMPS films with a
4
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without C60. Here G is the excitation rate per cm3. For the
PMPS film, the PDS measurement revealed the sharp 
tail with the Urbach energy of 40 meV and quite lo
absorption coefficients in a low energy spectral region, 
low density of states (DOS) in the midgap. The 
hotoconductivity spectrum has two onsets: the low ene
onset is corresponding to the absorption edge at  ~3.3
and the high energy onset is higher than the absorption 
by ~0.4 eV. Even at low photon energies less than 
absorption edge, the photocurrent is able to be observed
the calculation gives high σp/eG values because of low
absorption coefficient less than 10 cm-1.

Figure 1. Spectra of optical absorption α  and normalized
photoconductivity σp/eG of PMPS films with and without C60.
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Figure 2. Temperature dependence of normalized photocond

tivity σp/eG for oriented and unoriented PMPS films.

he doping of C60 modified the absorption spectrum o
polysilane in a range less than 3.3 eV. It is obvious that
high values of σp/eG in the subgap spectral region are w
corresponding to the high absorption coefficient caused
C60. The steep increase of the photoconductivity at pho

10-12

10-11

10 100

Unoriented
Oriented

σ p
/e

G
  

(c
m

2 /
V

)

Temperature (K)
300
49
and
w
. e.
p-
rgy
 eV
dge
the
 and

uc-

f
the
ll
 by
ton

energies higher than 3.7 eV is the same as the variatio
the PMPS sample.

Figure 2 shows the temperature dependence of σp/eG
measured for PMPS films. In this measurement 
spectrum ( hν < 3.8 eV ) of xenon lamp with a filter wa
used. However, the light intensity at hν  > 3.6 eV is so
weak that light with 3.4 ~ 3.6 eV mainly contributes to t
photocurrent. The photoconductivity is observed even 
low temperature of T = 15 K and rises steeply at T > 200 K.
However, it decreases at T > 240 K. This is because of th
photodegradation of the sample. The dotted line is
expected curve. 

In the figure the curve for the oriented film of PMPS
also plotted. This measurement was done using rather 
light to avoid the photodegradation of the film and then 
data are scattered. The value of σp/eG begins to rise at 100 K
which is lower than that for the unoriented film.
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Figure 3. Temperature dependence of normalized photocon

tivity σp/eG for  C 60 doped PMPS films.

igure 3 shows the temperature dependence of darΙd,
photocurrent Ιp and σp/eG measured for the C60 doped
PMPS film on 3.54 eV excitation. At 15 K the Ιd value is ~
10-14 A which is comparable to the noise level and theΙp
value is ten times higher than the Ιd value. The values of Ιd
and Ιp, both increase with increasing the temperature u
130 K. However, this is not a real temperature depende
We have confirmed that the dark and photocurrent increa
be respective saturated values with time even when
sample is kept at a constant temperature of 77 K. At 13
the Ιd value begins to decrease and becomes the noise
at T > 200 K. On the other hand, the Ι p value reaches forty
times higher than the Ι p value at T  > 200 K. The
temperature dependence of the photocurrent in 
temperature region is not thermally activated.

Discussion

For the photoconductivity spectra in Fig. 1 the f
carrier generation at low photon energies less than
absorption edge of PMPS for two samples is not caused
exciton formation. Its origin is impurities and defects for 
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PMPS film. This generation process is denoted by (1
Fig. 4. For the C60 doped PMPS film, as denoted by  (
and (3) in Fig. 4, C60 is photoexcited and subsequently 
electron transfers from polysilane to C60 to leave a hole in
the polysilane. In Fig. 4 HOMO and LUMO of C60 are
assumed to form bands because the optical absorp
spectrum shows broad bands.

T

Figure 4. Scheme of photogeneration of carriers and
thermalization of trapped charge.

he corresponding of the low energy onset of 
photoconductivity with the absorption edge for the PM
film indicates that the excess photon energy (be
consumed to break excitons) is not required for causing
carriers. However, since our samples have no sand
structure, the carrier generation process is not the case
the electrode abstracts electrons from migrating excit
This model was proposed based on the result taken from
samples of a sandwich structure.7

Possible processes are a disorder model for molec
materials9 and a charged-polaron excitation model.10 In the
former the energetic disorder of hopping sites in the poly
matrix lowers the dissociation energy of excitons to m
free carriers. In the later, the lowest optical transition 
one dimensional polymer is from the ground state to
relaxed excited state which is the coupling of electrons 
distortions in the polymer backbone by the electron-pho
interaction. This photoexcitation yields charged (positive 
negative) polarons which promptly contribute to t
photocurrent. Our results are not enough to disting
which models are appropriate for PMPS. We will disc
later the generation process of free carriers based on an
disorder model developed in the field of amorphous inorg
semiconductors.11 It is noted that the concept adopted in t
disorder model for the molecular materials is the same 
this model. 

The high energy onset of the photoconductivity for 
PMPS film appears at photon energy  ~0.4 eV higher 
the absorption edge and the same onset is observed fo
C60 doped PMPS film. This onset energy is higher than
peak energy of the absorption, indicating that the la

5.6 eV6.8 eV

3.6 eV

2.0 eV

(1)
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(5)
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number of charges are photoexcited to the states higher
the DOS peak. According to the disorder models th
charges easily become free from the electron-hole pairs.

The value of σp/eG for the PMPS films is ~ 10-12

cm2/V at T = 15 K where carriers cannot hop up in ene
because of the lack of thermal energy. This value is clos
the zero temperature photoconductivity estimated 
hydrogenated amorphous Si by the disorder model.11

We will briefly review the disorder model fo
amorphous semiconductors. Let us consider an electron
pair generated at or just below the mobility edge of 
amorphous semiconductor at T = 0. The pair is generate
quite close together because of the exponential decay 
overlap integral with distance. In the analysis the fate of 
electron-hole pair is described assuming that the hole is f
in space. The electron can take part in two compe
processes: it can hop down in energy because of T = 0 K to
a nearest localized state of the tail at distance r with the rate 

ν ν
d

r r a( ) exp( / )= −
0

2 (1)

or it can recombine with the hole at a rate

ν τ
r

R R a( ) exp( / )= −
−

0

1
2 (2)

where R is the electron-hole separation and a  is the
localization radius of the electron. The prefactor ν0 is the
phonon frequency ν0=1012 s-1 and τ0 is the typical dipole
radiation life time τ0=10-8 s.

It is clear from Eqs. (1) and (2) that due to stro
inequality n0 >> τ0

-1 diffusion dominates for the first steps
After each hop the average concentration of accessible s
decreases and the distances R and r  increase. The rea
competition between recombination and hopping starts 
at R = Rc, where Rc = (a/2)ln(ν0τ0) corresponding to the
difference of r - R at ν d = ν r. Thus, the geminate
recombination probability is small when R < Rc because
diffusion dominates recombination. It reaches a maxim
near  R = Rc and then decreases with increasing R. The
nongeminate recombination which contributes to t
photoconductivity appears when R becomes about half th
average carrier separation n0

-1/3/2 (> Rc) where n0 is the
steady state electron (or hole) concentration under 
generation rate G at T=0 K. Assuming that the band tai
have the DOS with exponential distribution with the wid
of ε0, we have the expression of the normalized 
hotoconductivity given by

σ

ε
ν τp

eG

e a
L= ( )

2

0

0 0
12

ln (3)

where L = n0
-1/3/a and is the solution of the equation

L G a L= ( )[ ]−

ln lnτ ν τ
0

3 2

0 0

1 (4)

A reasonable choice of the parameters for amorphou
gives σp/eG=4x10-12 cm2/V which is close to the
6
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experimental result of ~10-11 cm2/Vs.
For the PMPS we obtain 10-12 cm2/V from Eq. (3)

using L~17 for G = 1019 cm-3s-1 and the reasonable materia
parameters a = 0.53 nm for a hole (less than the typic
electron value of 1 nm), ε0 = 0.04 eV determined from Fig
1 and ν0τ0 = 104. Furthermore, this theory predicts that th
temperature Tr at which the photoconductivity starts to ris
(the transport energy crosses the zero-temperature F
level ) is 3ε0/2kL, where k is the Boltzmann's constant. Th
parameters for PMPS give Tr = 41 K. It can be seen in Fig
2 that the photoconductivity starts to rise around 40
however the sharp rise occurs at 100 K and 200 K. The
at rather high temperatures has been observed for the ca
hydrogenated amorphous SiN.12 This might be related to the
carrier transport properties such as a mobility. The orien
polysilane film which has the lower value of Tr has higher
mobility than the unoriented polysilane film.

It has been confirmed that the photocurrent varies i
super linear against the electric field. This can be explai
by the electric field distortion not only of the Coulomb
potential field between an electron-hole pair but also of 
potential relation between nearest hopping sites.

The strange temperature dependence 
photoconductivity observed for the C60 doped PMPS film is
explained as follows. The photogenerated electrons in
polysilane transfer to C60 as denoted by (4) and (5) in Fig. 
and the life time of holes left in the polysilane becom
long because of the spacial separation from electro
Consequently holes accumulate to move the quasi-Fe
level for holes toward or into the HOMO band and then 
dark and photocurrent become larger and larger with ti
The measurement was done with increasing the tempera
so that the variation from 15 K to 130 K reflects t
accumulation of holes. As the temperature rises beyond
K, electrons trapped at the lowest level in the LUMO ba
of C60 are thermally excited to recombine with holes in t
polysilane as denoted by (6) in Fig. 4, by which the da
current decreases and the ratio of the photocurrent to the
current becomes large.

We have confirmed that the accumulation of holes
hard by the excitation using the photon energy of 2.25 
indicating the process of (3) in Fig. 4 is not effective a
low temperature, although it contributes hig
photoconduction at room temperature. 

Conclusion

The photoconductivity spectrum of PMPS film has 
onset coincident with the optical absorption edge and 
photoconduction is not due to the hole creation fr
excitons at electrodes but due to photogeneration of hole
the disorder system or photogeneration of charged polar
The analysis of the disorder model successfully explains
zero temperature photoconductivity. Doping of C60 well
sensitizes the photoconductivity of PMPS in the spec
region where C60 has optical absorption. This sensitizatio
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is suppressed at lower temperature. In a low tempera
region holes accumulate by the photoexcitaion of PMPS
the dark and photoconductivity increase. The accumul
holes recombine with electrons in C60 at temperatures
higher than 130 K.

Acknowledgments

This work was supported by the Grant-in-Aid f
Science Research (C) from the Ministry of Educati
Scince, Sports and Culture (# 2-422-9046-08650388).

References

1 . R. G. Kepler, J. M. Zeigler, L. A. Harrah, and S. R. Kur
Phys. Rev., B35,  2818 (1987).
2 . M. A. Abkowitz and M. Stolka, Philos. Mag. Lett., 58,
239 (1988).
3. Y. Nakayama, K. Hirooka, and R. West, Solid Sta
Commun., 100, 759 (1996).
4 . Y. Nakayama, A. Saito, S. Ninomiya, S. Akita, M. Arama
and R. West, Proc. 3rd Int. Conf. on Imaging Science an
Hardcopy, Chongqing, 1998, p.47.
5 . Y. Wang, R. West, and C. H. Yuan, J. Am Chem. Soc., 1 1 5,
3844 (1993).
6 . R. G. Kepler and P. A. Chahill, Appl. Phys. Lett., 63, 1552
(1993).
7 . R. G. Kepler and Z. G. Soos, Primary Photoexcitations in
Conjugated Polymers: Molecular Exciton versus Semicondu
Band Model, ed. N. S. Sariciftci (World Scientific, 1997), pp
363-383.
8 . W. B. Jackson, N. M. Amer, A. C. Boccara, and D. Fourn
Appl. Optics, 20, 1333 (1981).
9 . U. Albrecht and H. Bässler, Chem. Phys. Lett., 235, 389
(1995).
10.A. J. Heeger, Primary Photoexcitations in Conjugate
Polymers: Molecular Exciton versus Semiconductor Ba
Model, ed. N. S. Sariciftci (World Scientific, 1997), pp. 20-50
11.B. I. Shklovskii, E. I. Levin, H. Fritzsche, and S. D
Baranovskii, Transport, Correlation and Structural Defects, ed.
H. Fritzsche  (World Scientific, 1990), pp. 161-191.
12.Y. Nakayama, P. Stradins, and H. Fritzsche, J. Non-c
Solids, 164-166, 1061 (1993).

Biography

Yoshikazu Nakayama received his B.S. in Elect
Engineering from Osaka Prefecture University in 1972, 
Ph.D. in Applied Physics from Osaka University in 198
He joined Matsushita Electric Industry Co., Ltd. in 19
working on holographic memory. In 1979, he moved
Osaka Prefecture University and has worked on solid-s
physics, especially photoconductive materials, and pla
processing for semiconductor materials. He was appointe
the position of professor in 1995. From 1992 to 1993
was the visiting researcher in the James Franck Insti
University of Chicago, Chicago, USA.


	Photoconduction in Polysilane Film 
	Yoshikazu Nakayama, Akira Saito and Seiji Akita
	Department of Physics and Electronics, Osaka Prefecture University
	1-1 Gakuen-cho, Sakai, Osaka 599-8531, Japan

