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Upon ultraviolet irradiation of polygermane
copolymers of methylphenylgermylene/phe-
nylgermyne units (PhMeGe),(PhGe),, in air,
the germanium—-germanium bond in the
copolymer film changed into a digermoxane
chain. Laser flash photolysis of the copolymer
film showed the intermediacy of polygermyl
radicals generated by Ge-Ge bond homolysis.
The XPS showed the formation of germanium
carbide (GeC) and germanium dioxide (GeO,)
upon heating the unirradiated and irradiated
copolymer (PhMeGe),(PhGe),, films, respec-
tively. A relatively high-resolution micro-
pattern of GeC/GeO, was obtained by com-
bining the photochemical and thermal
properties of the copolymers of methylphe-
nylger mylene/phenylgermyne units. © 1997
John Wiley & Sons, Ltd.
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INTRODUCTION

Recently, Group 14 element (silicon, germa
nium)-Group 14 element bond backbone
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polymers have been a subject of considerable
interest as a new class of soluble, film-forming
polymers due to both their rather remarkable
chemical, physical and optical properties and
their potential technologica utility.*” Among
them, the Ge-Ge backbone in polygermanes acts
as an intense ultraviolent (UV) chromophore,
and the position of the absorption maximum
(Amad) 1S dependent on the chain length of the
polymer. The A., vaue of the polygermanes
moves to longer wavelength and finally reaches a
constant value at 320-330 nm with increasing
chain length. Therefore, the polygermanes are
quite photosensitive under UV irradiation with
photoscission processes.®>'’ There are attractive
possibilities for the use of these polygermanes as
mid- and deep-UV photoresists, as sensitive
photoinitiators for olefin polymerizations and for
other applications.

In addition, the formation of ceramic residues
as GeC due to crosslinking by thermolysis of
polygermanes containing 7-€lectron systems has
been reported by Henner and co-workers.®®
Previously, we have reported on the formation of
micropatterns of GeC/GeO, by photocrosslink-
ing branched oligo(phenylgermyne) film under
UV irradiation and subsequent heat treatment in
vacuo.” On the other hand, micrography of
poly(methylphenylgermylene) was unclear
because its molecular weight decreased to 50%
and a ceramic film could not be obtained after
UV irradiation and heat treatment.

In this paper, we describe micrography of
GeC/GeO, using polygermane copolymer,
(PhMeGe),(PhGe),,. Polygermane copolymers of
methylphenylgermylene/phenylgermyne  units,
(PhMeGe), (PhGe),,, are thermostable due to the
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Ge-network structure, and a ceramic film can be
obtained by heat treatment in vacuo without
thermal oxidation or photocrosslinking. The
polygermane copolymers (PhMeGe), (PhGe),,
with a Ge-network structure are very photoactive
under UV irradiation.

RESULTS AND DISCUSSION

Synthesis of polygermane
homopolymers and copolymers

Polygermane  homopolymers,  poly(methyl-
phenylgermylene) (PhMeGe), (1) and poly(phe-
nylgermyne) (PhGe), (5) and polygermane
copolymers of methylphenylgermylene/
phenylgermyne units (PhMeGe),(PhGe),, (2, 3
and 4 for f/m=4:1, 3:2 and 2:3, respectively)
were synthesized by Wurtz coupling reactions of
phenyl-substituted dichlorogermanes and tri-
chlorogermanes with sodium metal in toluene.'
The polygermane homopolyers 1 and 5 and
copolymers 2—4 were fractionated by precipita-
tion from toluene with 2-propanol. Molecular
weights and distributions of the polygermanes
1-5 were determined by gel-permeation chroma-
tography (GPC) analysis using polystyrene
samples for calibration. The polygermanes 1-5
prepared by Wurtz coupling reactions had a
narrow molecular weight distribution and were
in 7-64% vyields. Figure 1 shows absorption
spectra of films of polygermane homopolyers 1
and 5 and copolymers 2—4. The linear poly-
germane film of 1 had a characteristic electronic
absorption band at 325 nm, exhibiting a strong
o(Ge-Ge)—o* transition. The branched poly-
germyne film of 5 exhibited a broad absorption
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Figurel Absorption spectra of films of polygermanes
1-5.

region. For polygermane copolymers 2—4, the
absorbance of the absorption band at 325 nm
decreased and broad absorption with tailing into
400-500 nm increased with an increasing pro-
portion of (PhGe),, in the polymers, as shown in
Fig. 1. The molecular weight (M,,), yields and
absorption maxima (A, of the polygermanes
1-5 are summarized in Table 1.

The phenyl-substituted polygermane homo-
polymers and copolymers prepared in this study

from 200 nm, tailing down into the visible were very photoactive and soluble in common
Table1l. Properties of polygermanes 1-5
Polymer M2 MJM, Ane (MM)®  Yield (%)
1 (PhMeGe), 5400 1.4 325 15
3 (PhMeGe),4(PhGe),, 3600 1.7 322 31
3 (PhMeGe),4(PhGe),, 2700 1.5 320 (9)° 56
4 (PhMeGe),,(PhGe),; 2000 1.5 —d 64
5 (PhGe), 1700 15 —d 7
#Molecular weights are relative to polystyrene standards.
®Infilms.
¢ Shoulder.
INO A
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organic solvents, and showed film-forming
properties.

Photochemical properties of
polygermane copolymers

Thethin films of polygermanes prepared by spin-
coating from tetrahydrofuran (THF) solution
were homogeneous and transparent in the visible
range. The film thickness determined by UV—Vis
spectrometry, was 0.4-0.7 pm.%°

As expected, films of polygermane homo-
polymers and copolymers 1-5 are quite sensitive
to UV light. As atypical example, Fig. 2 shows
the bleaching of film of (PhMeGe),s(PhGe), ., 3,
by irradiation with a 110-W low-pressure mer-
cury-arc lamp (A=254 nm) at room temperature
in air. The absorption edge extending to 400 nm
shifted to a shorter wavelength with decreasing
absorbance. The bleaching of the polygermane
filmsis caused by the photodecomposition of the
Ge-Ge chain. The change of absorbance at A,
with UV irradiation time is shown for (PhMe-
Ge),(PhGe),, films 14 in Fig. 3: the intensity of
absorbance of films of (PhMeGe), (PhGe),
decreased with increasing proportion of (PhGe),,.
After UV irradiation for 1 min, the polymer films
were dissolved in THF. GPC showed that the
molecular weights of copolymers 3 and 4 were
amost constant, but that of 1 decreased to
M,,=2000 (ca 50%).

The solid-state quantum yield for films of
polygermane copolymers 2—4 in comparison
with that of homopolymers 1 and 5 was meas-
ured at 290 nm.#* A plot of In (exp 2.3030.D.-1)
against t must give a straight line where O.D. is
the optical density for a polygermane film. The
inclination determined from the straight line
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Figure2 UV spectra of films of the copolymer 3 with
successive UV irradiation.
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Figure3 Change of absorbance at A, vsirradiation time
for the films of 1-4.

corresponds to 2.303¢l,e x 10°, where ¢ is the
quantum yield, I, the light intensity and ¢ the
molar extension coefficient of the polygermane
film. Using a chemical actinometer, the quantum
yield (¢) for the copolymer 3 was calculated to
be 15.9x e~ *. The value of ¢ for the copolymer
3 film was determined to be 0.069, assuming an
e value of ca. 2300 at 290 nm. Similarly, the
values of ¢ for the homopolymers and copoly-
mers 1-5 were determined to be 0.007, 0.0022,
0.0069, 0.0289 and 0.001, respectively. The
quantum efficiencies for photodegradation in
(PheMeGe)(PhGe),, films were relatively low,
between 0.002 and 0.03, depending on the ratio
of (PhMeGe), to (PhGe),. Interestingly, the
quantum yields of the copolymers 2—4 films are
higher than those of the homopolymers 1 and 5
filmsin this study.

In addition to UV observations, the process of
photodegradation of the polygermane films was
observed by X-ray photoelectron spectroscopy
(XPS) spectra® Figure 4 shows XPS spectra of
the Ge 3d region for the film of 3 observed
before and after UV irradiation at 254 nm. The
XPS gpectra show a peak at 29.8eV and at
32.0 eV before and after UV irradiation, respec-
tively, asshown in Fig. 4. The peak at 29.8 eV is
attributed to the Ge—-Ge structure of 3 and that at
32.0eV is the Ge-O-Ge structure. After UV
irradiation of 3 film for 10 min in air, the Ge-Ge
peak almost disappeared, and the Ge-O—Ge peak
increased, as shown in Fig. 4. The XPS spectra
showed that the Ge-Ge bonds of polygermane
copolymer films easily changed into Ge-O-Ge
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Figure4 XPS spectra of the copolymer 3 film before UV
irradiation (...) and after UV irradiation (——) in the air.

chains.

The transient absorption spectra were meas-
ured by laser flash pohtolysis (A=266 nm, pulse
width 5ns, power 10 mJpulse) of the poly-
germane copolymer films in air to obtain
information on reactive intermediates in the
photodegradation. The laser flash photolysis of 3
film, as atypical example, at 293 K gave a broad
transient absorption band at ca 340 nm after
excitation at 200 ns and 22 s, as shown in Fig.
5. The signals at ca 340 nm showed a rapid rise
and subsequent decay. The transient peaks at ca
340nm may be assigned to the polygermyl
radicals from comparison of their spectral char-
acteristics with those of similar ones previously
reported.’*?® Thus, the key intermediate com-

0.1 r—
0.08 [ . g%"s“s ]
3 W
s &t
g 0.06 |
2
S 004f
Ko
<
0.02
0 &é ! —

350 400 450 500
Wavelength Inm

Figure5 Transient absorption spectra obtained by laser
flash photolysis of the copolymer 3 film in air after
excitation at 200 nm and 22 p.s.

© 1997 John Wiley & Sons, Ltd.

prises polygermyl radicals generated by a Ge-Ge
bond scission in the photodegradation of the
polygermane films in air. Therefore, the Ge-O—
Ge backbone polymers must be produced by
photo-oxidation via the reaction of polygermyl
radicals with oxygen.

Thermal properties of polygermane
copolymer

The thermal properties of polygermanes 24
were investigated by the thermogravimetric (TG)
curve and different thermal analysis (DTA). Asa
typical example of the copolymers, TG and DTA
spectra of 4 are shown in Fig. 6. Two steps might
be distinguished: (1) from 50 to 230 °C, the
weight of 4 was almost constant, but started to
decrease at 230°C; (2) at above 250°C, a
relatively fast weight loss took place, and the
copolymer 4 lost 50% of its weight by heating
under nitrogen to 520 °C. At the same time, the
generation of benzene was detected by GC and
GC-MS. The DTA of the copolymer 4 showed
that the Ge-Ge structure changed around 360 °C.
Other films of polymers 1-3 and 5 showed
similar thermal behaviour: their weight loss
began at 285, 275, 250 and 230 °C, respectively,
and their residue volumes decreased around 50%
up to ca. 500 °C.

After the elimination of volatile compounds
such as benzene at 500 °C, a GeC and GeO,
framework may form. In fact, IR and NMR
spectra of residues of the copolymers 2—4 by a
heat treatment at 500 °C revealed the appearance
of a Ge-O—Ge and GeC framework. The forma-
tion mechanism of the GeC structure at high
temperature is not clear as in the case of
polysilanes.*

GeC/GeO, micropatterning of
copolymers

As mentioned above, the germanium—germa
nium bond in the copolymer  of
methylphenylgermylene/phenylgermyne  units
24 films changed into a digermoxane chain
(Ge—0O-Ge) by UV irradiation of the copolymer
thin films in air. The formation of germanium
carbide (Ge-C) and germanium dioxide (GeO,)
upon heating the unirradiated and irradiated
copolymer films was observed. These photo-
chemica and therma properties of the
copolymers 24 were combined to achieve
micropatterning consisting of GeC and GeO,
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Figure6 Thermogravimetric (TG) curve and differential thermal analysis (DTA) for the copolymer 4 film under nitrogen.

lines.

Figure 7 shows the micrograph of (PhMeGe),
(1) and (PhMeGe), 5(PhGe), , (4) obtained upon a
heat treatment at 500 °C after UV irradiation for
10 min with a photomask according to the
previously reported procedure.” The micrograph
of the copolymer 4 showed clear micropatterns
where the line and space resolution reached ca

5 pm. On the other hand, the micrograph of 1
was unclear. The heat treatment of (PhMeGe),
was carried out with the temperature changing
between 300 and 500°C, but only unclear
patterns were obtained. The formation of the
patterns suggests an excellent dimensional stabil-
ity of the copolymer 4 due to the Ge network. No
cracking or hole formation was observed over

R —
50 um

Figure7 Micrograph of polymers 1 (left) and 4 (right) films heat-treated at 500 °C for 1 h in vacuo after UV irradiation

for 10 min with a photomask.
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the entire area of GeC/GeO, patterning.

In conclusion, the micrograph of (PhMeGe),
aone was unclear owing to absence of for-
mation of ceramic films, but that of copolymers
(PhMeGe)(PhGe),,, in which more than 30%
phenylgermyne (PhGe),, was involved, showed
clear patterns with resolution of ca. 5 um. This
GeC/GeO, micropatterning using copolymers of
methylphenylgermylene/phenylgermyne units is
a convenient, totally dry process which has an
advantage in comparison with a wet lithography
process.

EXPERIMENTAL

Instrumentation

'H NMR spectra were recorded with a Varian
Unity—Inova 400 MHz NMR spectrometer. The
GC-MS gpectra were recorded using a JEOL
JMS-DX 303 mass spectrometer. The UV-
visible spectra were recorded on a Shimadzu UV
2200 spectrometer. Interference spectra were
observed with a Hitachi U-3500 UV-visible
spectrometer. Gas chromatography was per-
formed on a Shimadzu GC8A with 1 m 20%
SE30 and 30% Apiezon L columns. Liquid
chromatogrpahy was performed on a Twincle
with an Asahipak GS 310 column.

Materials

Polygermanes, (PhMeGe),'® and (PhGe),.”° were
prepared as described in the literature.

Preparation of

poly(methylphenylger mylene)—
poly(phenylger myne)

Polygermane copolymers, (PhMeGe),(PhGe),,
(fm=4:1, 3:2, 2:3) were prepared in basicaly
the same manner as that previously described.™®
A sodium dispersion (3.14g, 0.15mol) and
toluene (40 cm®) were added to a dry 100-cm?®
three-necked flask fitted with a condenser con-
nected to a drying agon inlet, a
pressure-equilizing dropping funnel and a mech-
anical dtirrer. Distilled methylphenyldichloro-
germane (7.0 g, 0.03 mol) and phenyltrichloro-
germane (5.1g, 0.02 mol) were added to the
stirred dispersion over a period of 5min. The
reaction mixture turned purple immediately.
After the addition of chlorogermanes, the reac-

© 1997 John Wiley & Sons, Ltd.

tion mixture was stirred under reflux for 2 h, and
then cooled to room temperature. After hydroly-
sis of 2-propanol (30 cm?®), the reaction mixture
was poured into 2-propanol (200 cm®) with
vigorous stirring, and the precipitate was gravity-
filtered and air-dried. The dried precipitate was
dissolved in toluene (300 cm?®) at 50-60 °C. After
cooling, the toluene solution was washed with
water and dried over sodium sulfate. The solvent
was removed on a rotary evaporator and the
residue dried at 80 °C in avacuum oven for 12 h
toyield 0.7 g of (PhMeGe), s(PhGe),, as a white
solid. '"H NMR (8) in C¢Dg ppm): 0.8-1.2 (m,
9H), 5.8-7.9 (m, 22H); IR (KBr, cm™%): 2903,
1579, 1482, 1429, 783, 729, 696, 577, 455.

Methods

Photodecomposition of polyger mane films

A thin film of polygermane was prepared by
spin-coating from a 5-10% THF solution (MOC,
Model/ME 300) (1000 and 2000 rpm). The
film was deposited on quartz plates
(10 mMmx30 mmx1 mm) and dried under vac-
uum (10" *mmHg; 1 mmHg=133.322 Pa) at
room temperature. The film thickness was deter-
mined by UV-vis spectrometry (0.4-0.7 pm).
The film was irradiated with a 110-W low-
pressure mercury-arc lamp (Sen Tokushu Kogen
Co. Ltd) a room temperature. The absorption
spectra of the film were recorded by UV and
UV—-vis spectrometry.

Quantum yields of polyger mane films

A thin film of polygermane was irradiated with
290-nm monochromatic light. The reaction was
followed by the change in the optical density at
290 nm, the reading of the meter being carried
out during the course of the reaction. The
quantum yield was determined with a potassium
tris)oxalato)ferrate(lll) actinometer. The details
concerning the apparatus and operation have
been published elsewhere.?

Time-resolved optical absor ption

Transient absorption spectra were measured at
room temperature with alaser photolysis system.
The system was fully integrated to a Power
Macintosh 8100/100av microcomputer. Timings
for laser pulsing, xenon lamp pulsing and shutter
control were set by a Stanford Research System
DG535 delay generator. The digitizing oscillo-
scope, monochrometer, delay generator and
power supply for a photomultiplier were inter-

APPLIED ORGANOMETALLIC CHEMISTRY, VOL. 11, 949-955 (1997)
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faced to a GPIB bus. All settings on these units
were controlled directly by the computer pro-
gram written using Lab VIEW (National
Instruments).

The fourth harmonic (A=266nm) of a
Quanta-Ray GCR-11 Nd:YAG laser with a pulse
width of 5ns was used as the exciting light
source. Time profiles of the transient absorption
at fixed wavelengths were recorded by a LeCroy
9362 digitizing oscilloscope connected with a
photomultiplier and time-resolved spectra at
several delay times were observed simultane-
ously by means of a Hamamatsu C2830
two-dimensional streak camera. Typicaly, ten
shots of signals were accumulated in the micro-
computer. To avoid the therma and
photo-degradation of the polymer matrix induced
by the intense pulsed laser light, the measuring
spotzgn the film was shifted after each excita
tion.
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