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Abstract

Optical properties of polysilane—silica hybrid thin films have been studied to examine confinement effects of polysilane segments
in silica matrices. Polysilane—methacryloxypropyltrimethoxysilane copolymers are synthesized from photo-radical copolymeriza-
tion of 3-methacryloxypropyltrimethoxysilane and using polymethylphenylsilane. Organic—inorganic hybrid thin films with
homogeneously dispersed polysilane segments are successfully prepared from the copolymers by a sol—gel method. It is found that
UV light-induced degradation of photoluminescence of the polysilane—silica hybrid thin films is suppressed in comparison with
that of polymethylphenylsilane at 10 K, and that UV light exposure decreases the refractive index of the polysilane—silica hybrid
thin film from 1.60 to 1.40 at room temperature. It is also found that the degree of the anisotropy of the linearly polarized
photoluminescence approaches to the theoretical upper limit with decreasing polysilane content in the polysilane—silica hybrid thin
films. These results indicate that the fabrication of polysilane—silica hybrid thin film is a new approach for future polysilane based
opto-electronic devices. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction structures. For the preparation of the hybrid materials,

polysilane copolymers are important components. Al-

Organic polysilanes are chain-like polymers with a
silicon backbone and organic substituent groups, and
exhibit a variety of unique and interesting properties,
such as high quantum efficiency of photoluminescence
(PL) and high hole drift mobility. These properties are
associated with ¢ conjugation along the Si backbone
[1-5]. Recently, the applicability of the materials to
future opto-electronic devices has been extensively stud-
ied [6-8].

Molecularly dispersed polysilane composites, i.e. or-
ganic—inorganic hybrid materials, attract much atten-
tion to fabricate a new class of organic confinement

* Corresponding author. Tel.: + 81-7437-26011; fax: + 81-7437-
26019.
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though polysilane—vinyl block copolymers have been
prepared by anionic polymerization using ‘masked disi-
lylene’ [9], there are difficulties to prepare the
monomers. We have found that since the photolysis of
polysilanes produces silyl radicals, which can be used as
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Table 1

Photo-polymerization of MPTMS using PMPS as a macro-photoinitiator
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Feed ratio (wt%) MPTMS/PMPS

P(MPS-co-MPTMS)

Yield (%) M, M, M, /M, X y Si chain length
Run 1 33/672 45 9.3x10% 16.6 x 103 1.78 122 8 94
Run2  50/502 36 11.6x 10° 19.4x 103 1.67 127 17 100
Run 3 60/40? 36 1.26 x 10° 24.3x 103 1.93 148 27 97
Run 4  60/40° 38 10.5x 10° 18.2x10° 1.73 96 18 81

4 Molecular weight of PMPS; M, =2.54 x 10*, M, =5.94x 10%, M, /M, =2.34.
® Molecular weight of PMPS; M, =2.07 x 10*, M, =4.54x 10*, M,/M, =2.19.

a radical polymerization initiator of vinyl monomers
[10], polysilane copolymers are prepared from the
photo-radical polymerization of acrylic monomers
[11]. These copolymers are miscible with tetra-
ethoxysilane (TEOS) as an inorganic silica matrix for
a sol—gel process. In this paper, we report the synthe-
sis of polysilane—methacryloxypropyltrimethoxysilane
copolymers [P(MPS-co-MPTMS)], the preparation of
organic—inorganic hybrid thin films using copolymers
by a sol-gel method, and optical properties of the
hybrid thin films. We find the unique optical proper-
ties of the polysilane—silica hybrid thin films such as
photoinduced large refractive index changes and lin-
ear polarization memory of photoluminescence.

2. Experiment

2.1. Synthesis

Polymethylphenylsilane (PMPS), which was pre-
pared by the Wurtz coupling reaction of
methylphenyldichlorosilane in THF [11], was used for
a macro-photoinitiator. In a typical photo-polymer-
ization of  3-methacryloxypropyltrimethoxysilane
(MPTMS), PMPS (1.0 g) and MPTMS (1.0 g, 50
wt%) were dissolved in toluene (10 ml) in a Pyrex
tube, the mixture was sufficiently degassed by the
freeze—thaw method. After sealing the tube under re-
duced pressure, photo-polymerization was carried out
by irradiation with UV light (high-pressure Hg lamp
of 10 mW cm ~?2) for 6 min, as shown in Scheme 1.
Copolymers, P(IMPS-co-MPTMS), were obtained after
reprecipitating from hexane, and the results of co-
polymerization are summarized in Table 1. The
molecular weights of P(MPS-co-MPTMS) were mea-
sured by GPC calibrated with polystyrene standards.
The composition, x and y in Scheme 1, was deter-
mined by 'H-NMR spectra. The appearance of ab-
sorption maxima around 3.67 eV in UV absorption
spectra of P(MPS-co-MPTMS) in tetrahydrofuran

(THF) indicates that polymeric Si—Si bonds exist after
photo-polymerization. The Si chain length of the co-
polymers was estimated from our own calibration
curve for absorption maximum. From these results,
P(MPS-co-MPTMS) was found to be mainly A-B
block copolymers whose Si chain length was slightly
smaller than x.

2.2. Preparation of the hybrid thin films

Diethylene glycol monomethyl ether and HCI were
added to a THF solution of P(MPS-co-MPTMS)
from Run 4 in Table 1 and TEOS with different
compositions (75, 33, 24 and 7.5 wt% of P(MPS-co-
MPTMS)/TEOS) [11]. After thoroughly mixing in the
dark at room temperature (r.t.) for 1 h, the thin films
were prepared by spin-coating the solution on sub-
strates at 2000 rpm for 60 s. By the heat treatment of
the spin-coated substrates at 120°C for 1 h, the solu-
tion gelled to hybrid thin films. The hybrid thin films
prepared in this way were transparent in visible re-
gion and insoluble in solvent such as toluene and
THF. These results suggest that P(MPS-co-MPTMYS)
is highly dispersed in silica. The thickness of the hy-
brid films was between 60 and 70 nm, and thereby
the thickness can be controlled stepwise by repeated
spin coats of the solution.

2.3. Optical measurements

The optical absorption spectra and the PL spectra
of the thin films were measured with a Shimadzu
UV-3100PC spectrometer and a Shimadzu RF-
5300PC spectrometer, respectively, at r.t. For PL
measurements at 10 K, a 3.814-eV He—Cd laser was
used as an excitation source, and the PL spectra were
measured using a 30-cm monochromator (Actron Re-
search Corporation SpectraPro-300i) and a CCD
camera (Princeton Instrument RTE/CCD-128) in or-
der to minimize the photoinduced change of the opti-
cal properties of polysilanes.
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Fig. 1. Optical absorption spectra (solid lines) and PL spectra (broken
lines) of (a) the hybrid thin films (75, 33 and 7.5 wt% of P(MPS-co-
MPTMS) to TEOS) and (b) the PMPS thin film at r.t.

10— 77— 7177777777

I [Hybrid thin film (7.5 wt%) (a) A
F 110.0 K B
I |Ex. 3.814 eV p

- UV irradiation time 4
—— 0 min.
------- 60 min.

It
2]
T
1

L —— after 60 min. annealing J

r (PMPS thin film
+ 110.0 K

L |Ex. 3.814 eV

L UV irradiation time
~—— 0 min.

------- 1 min,

(®) 1

PL INTENSITY (arb. units)
o

o
(3]
T

| ——— after 60 min. annealing

25 35
PHOTON ENERGY (eV)

Fig. 2. Photoinduced degradation of PL spectra (broken lines) in (a)
the hybrid thin film (7.5 wt% of P(MPS-co-MPTMS) to TEOS) and
(b) the PMPS thin film by UV light exposure (3.814 eV excitation of
2.5 W cm 2 at 10 K under vacuum). PL spectra after the samples
were kept at 10 K for 1 h in dark are also shown (bold lines).

Table 2
Refractive index of the hybrid thin film (24 wt% P(MPS-co-MPTMS)
to TEOS)

Hybrid thin film Refractive index n

(a) Before UV irradiation 1.60
(b) After UV irradiation 1.53
(c) Rinsing (b) with hexane 1.40

3. Results and discussion

3.1. Optical absorption and photoluminescence

Fig. 1 shows optical absorption and PL spectra of the
PMPS thin film (M, = 3.1 x 10%) and the hybrid thin
films under the 3.756 eV excitation at r.t. It can be seen
that the optical absorption and PL spectra of the
hybrid thin films are essentially the same as those of the
PMPS thin film. We find out from these results that
organic polysilanes are embedded in inorganic silica
matrices by means of the sol-gel method without any
significant spectrum-change in their optical properties.

3.2. Photoinduced effect

Photoinduced change of PL spectra in the PMPS thin
film and the hybrid thin film (7.5 wt% of P(MPS-co-
MPTMS) to TEOS) by UV light exposure (3.814 eV
excitation of 2.5 W c¢cm~2 at 10 K under vacuum) is
shown in Fig. 2. The PL intensities of both PMPS thin
film [12] and hybrid thin film decays with UV irradia-
tion, but the decay rate of the hybrid thin film is much
lower than that of PMPS. After the samples were kept
at 10 K for 1 h in dark, PL spectra of these thin films
were again measured. It was found from Fig. 2 that the
PL intensity of the PMPS thin film decreases further,
while that of the hybrid thin film recovers slightly.
These results indicate that the silica matrix in the
hybrid thin film acts as a passivation cage which pre-
vents from photocreating dangling bonds and from
photodegrading irreversibly, thus improving the
durability of organic polysilanes.

When the hybrid thin films are irradiated with UV
light in air at r.t. for a few minutes, photoscission of
polysilane segments occurred, as confirmed by the dis-
appearance of 3.67 eV absorption in UV spectra and
Si-Si bond (Siy,: 101.2 eV) in X-ray photoelectron
spectroscopy. The refractive index n of the hybrid thin
film (24 wt% of P(MPS-co-MPTMS) to TEOS) on a
silicon wafer substrate was measured before and after
UV irradiation by ellipsometry. As shown in Table 2,
before irradiation, the refractive index of the hybrid
film is n=1.60, and that of PMPS is n=1.67. After
irradiation, the refractive index of the hybrid film be-
comes lower, n = 1.53. A further decrease in the refrac-
tive index, n=1.40 is observed after rinsing the
irradiated hybrid thin film with hexane for removing
photodegradation products. The value of the refractive
index of 1.40 is comparable to that of silica glass, which
means only silica glass remains on the substrate. These
results suggest the wide application of the hybrid thin
film to opto-electronic devices such as distributed feed-
back lasers.



S. Mimura et al. /Journal of Organometallic Chemistry 611 (2000) 40—44 43

> 1.0

=

[42]

Z

w

l_

Z

v 0.5

< S |
L | |Hybrid thin fiim (7.5 wt%) ]
e 1| ok 1
| |Ex 3814 ev |

0 1 1 ) | ! 1 1
0 n/4 n/2

ANGLE (rad.)

Fig. 3. Angular dependence of the normalized PL peak intensity in
the hybrid thin film (7.5 wt% of P(MPS-co-MPTMS) to TEOS) at 10
K under 3.814 eV laser excitation. The angle is made between the
polarizers in the excitation and the PL beam.
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Fig. 4. Dependence of the degree of anisotropy r at 10 K under 3.814
eV laser excitation on the weight ratio of P(MPS-co-MPTMS) to
TEOS.

3.3. Polarization memory

Polarized PL spectra have been examined in order to
gain insight into excitation energy migration [13]. We
show the normalized PL peak intensity at different
angles between the polarizers in the excitation and the
PL beam at 10 K under 3.814 ¢V laser excitation in Fig.
3. The degree of anisotropy r is obtained from r=
q,, — L,)/,, + 21,), where I is the PL intensity, and
indices v and /& denote the vertical and horizontal
position of the polarizer in the excitation and the PL
beam, respectively. Fig. 4 shows the dependence of the
degree of anisotropy on the weight ratio of P(MPS-co-
MPTMS) to TEOS. It is found from Fig. 4 that with
decreasing polysilane concentration the degree of an-
isotropy is increased. The value of r of 7.5 wt% of
P(MPS-co-MPTMS) to TEOS is close to a theoretical
upper limit of 0.4 in the case of an isotropic film
containing non-interaction molecular emitters [13], indi-
cating that the interchain energy migration erasing the
polarization memory is considerably suppressed in the
hybrid thin films. We note that the polarization mem-
ory observed here is an indication of P(MPS-co-
MPTMYS) being homogeneously dispersed in silica.

4. Conclusions

We have synthesized polysilane—methacryloxypropyl-
trimethoxysilane copolymers from the photo-radical co-
polymerization  of  3-methacryloxypropyl-trimeth-
oxysilane by using PMPS as a macro-photoinitiator,
fabricated the organic—inorganic hybrid thin films with
highly dispersed polysilane segments from the copoly-
mers by a sol-gel method, and studied their optical
properties. We find that the degradation of the polysi-
lane—silica hybrid thin films induced by UV light is
significantly suppressed in comparison with that of
PMPS thin films at 10 K. We also find that UV
irradiation to polysilane—silica hybrid thin films
changes their refractive index from 1.60 to 1.40. In
addition, linear polarization memory of PL is found in
the polysilane—silica hybrid thin films, and is due to the
increase in the interchain separation and homogeneous
dispersion of polysilane chains in the inorganic silica
matrix. The results show that organic polysilanes em-
bedded in an inorganic silica matrix is a new approach
to improve the durability of organic polysilane based
devices and to fabricate opto-clectronic devices such as
distributed feedback lasers utilizing large changes in the
refractive index upon UV exposure.

Acknowledgements

Part of this work at Nara was supported by a
Grand-in-Aid for Scientific Research on Priority Areas
(A) ‘The Chemistry of Inter-element Linkage’ from the
Ministry of Education, Science, Sport and Culture of
Japan.

References

[1]1 R.D. Miller, J. Michl, Chem. Rev. 89 (1989) 1359.

[2] R. West, Organopolysilanes, in: E.-W. Abel, F.G.A. Stone, G.
Wilkinson (Eds.), Comprehensive Organometallic Chemistry 11,
vol. 2, Pergamon, New York, 1996 (Chapter 3).

[3] Y. Kanemitsu, Phys. Rep. 263 (1995) 1.

[4] R.G. Kepler, J.M. Zeigler, L.A. Harrah, S.R. Kurtz, Phys. Rev.
B 35 (1987) 2818.

[5] M. Abkowitz, F.E. Knier, H-J. Yuh, R.J. Weagley, M. Stolka,
Solid State Commun. 62 (1987) 547.

[6] S. Mimura, T. Nakamura, H. Naito, T. Dohmaru, S. Satoh,
IEICE Trans. Electron. E81-C (1998) 1090.

[7] S. Mimura, T. Nakamura, H. Naito, T. Dohmaru, S. Satoh, J.
Non-Cryst. Solids 227-230 (1998) 543.

[8] Y. Xu, T. Fujino, S. Watase, H. Naito, K. Oka, T. Dohmaru,
Jpn. J. Appl. Phys. 38 (1999) 2609.

[9] (a) K. Sakamoto, M. Yoshida, H. Sakurai, Macromolecules 23
(1990) 4494. (b) H. Sakurai, K. Sakamoto, Y. Funada, M.
Yoshida, Polym. Prep. 34 (1993) 218.

[10] (a) P. Trefonas 111, R. West, R.D. Miller, J. Am. Chem. Soc. 107
(1985) 2737. (b) A.W. Wolff, R. West, Appl. Organomet. Chem.



44

[11] K. Matsukawa, S. Fukui, N. Higashi, M. Niwa, H. Inoue,

S. Mimura et al. /Journal of Organometallic Chemistry 611 (2000) 40—44

[12] H. Hayashi, T. Kurando, K. Oka, T. Dohmaru, Y. Nakayama,
Jpn. J. Appl. Phys. 35 (1996) 4096.

[13] H. Michl, E.W. Thulstruup, Spectroscopy with Polarized Light,
VCH, New York, 1986, p. 7.

1 (1987) 7. (c) D. Yucesan, H. Hostygar, S. Denizligil, Y. Yagci,
Angew. Macromol. Chem. 221 (1994) 207.

Chem. Lett. 1999 (1999) 1073.



