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ABSTRACT

The photo- and chemiluminescence of Wohler siloxenes, SigH, .(OH),,,, in the two oxidation stages with x = 0: yel-
low siloxene and x = 1: red siloxene were studied. During slow oxidation both compounds exhibit a shift of the photolu-
minescence spectra at room temperature, but the position of the chemiluminescence is not affected. Our results support
the buckled-layer structure of Wohler siloxenes with the Sig-ring in chair conformation as the building block. The Si-H
bonds on the ring can be successively oxidized (0 = x = 3), leading to a shift in the photoluminescence spectrum. Total
oxidation of all three Si-H bonds results in an unstable modification, which transforms rapidly to a new substance with
distinctively different optical properties. The results on siloxene have common features with measurements on porous sil-
icon. However, the quantitative differences in the spectra indicate that in porous silicon, the emission properties are not

directly associated with Wohler siloxenes.

Introduction

Silicon backbone materials' have attracted attention
recently as an alternative way to explain the strong visible
luminescence from porous silicon (PS).” In particular
siloxene and its modifications were found to exhibit very
similar optical properties compared to PS.?

We have recently identified the structure of siloxene,
which was prepared according to the method first pro-
posed by Wohler.* The x-ray single-crystal analysis identi-
fies the so-called Wohler siloxene as 2D-poly[1,3,5-trihy-
droxocyclohexasilane].”® Figure 1 gives a schematic view
of the structure. A plane of Si; atoms, similar to the corru-
gated (111) plane in crystalline Si, is terminated by H or
OH groups. The Sis-ring in chair conformation with three
Si-OH and three Si-H groups, all in axial position, is the
basic building unit for this structure.

Efficient electroluminescence (EL) was reported from
siloxene using liquid contacts.” To our knowledge, there is
only one report on solid transparent contacts, which how-
ever gave only weak EL.® The EL from siloxene is not sta-

* Present address: Robert Bosch GmbH, D-72703 Reutlingen,
Germany.

Fig. 1. Structural model of Wahler siloxene [Si;H;_,(OH);.,, x =
0: yellow siloxene]. The Si planes are terminated by H and OH
groups.
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ble, due to chemical reactions in the material. On the other
hand, chemical reactions can lead to a strong chemilumi-
nescence (CHL), a common phenomenon, which often
occurs during exothermic reactions. The energy released
during the chemical reaction is transferred to a closeby
radiative recombination center and generates the CHL.
For siloxene CHL was reported already, however, in all
cases oxidation was performed by immersing the samples
in a liquid electrolyte. Under these conditions reactions
can be quite fast and details of the changes in photolumi-
nescence (PL) can be missed.

We report in this study on CHL and PL from siloxene,
and we compare the results with published data on PS.

Experimental

Sample preparation.—Siloxene with yellow color
(called yellow siloxene in the rest of the paper) was pre-
pared according to Wohler.* As all compounds of siloxene
are sensitive to light, moisture, and oxygen, the reactions
and handlings were performed under inert gas atmosphere
(Schlenck technique and glove box with residual concen-
trations of O, and H,0 = 0.5 ppm) and under the exclusion
of daylight. About 100 mg of selected crystallites (with
faces up to 1 mm® of commercial CaSi, (Aldrich) were
immersed in 2 ml 37% HCI at 0°C in a dark tube using dry
Ar as the inert gas. After a reaction time of 3 h the result-
ing bright yellow substance was filtered and washed 10
times with 2 ml H,O (saturated with Ar) at 0°C to remove
Ca and Cl ions and then dried at 110°C in vacuum for 1 h.
A chemical analysis (Mikroanalytisches Labor Pascher,
Remagen) yields a composition of Si [atom percent (a/o)]
64.8 = 0.5%, H (a/o) 2.37 * 0.05%, O (a/o) 20 * 1%. The
ratio of Si:H:O was determined to be 6:5.6(1):3.0(1) (nor-
malized to 6 Si atoms). This is very close to the ideal com-
position (SigH4O,),.

Siloxene with red color (red siloxene) was prepared in
the following way. Again about 100 mg of selected crystal-
lites of CaSi, were kept in a solution of 1 ml 37% HCI and
1 ml 5% aqueous H,SO; under Ar at 0°C. Within a reaction
time of 3 h the color of the siloxene flakes changed from
yellow to dark red. Then the substance was filtered,
washed ten times with ethanol (2 ml), twice with dimeth-
oxyethane (1 ml), and dried in vacuum at room tempera-
ture. This material is extremely sensitive and deteriorates
quickly under ambient conditions and light. After a few
minutes the color changes from red to orange and back to
yellow. This very quick deterioration makes it impossible to
perform a chemical analysis on this compound.

Oxidation.—For the experiments =100 mg of siloxene
was powdered and filled in quartz tubes (HSQ 300) under
argon. The oxidation reaction was performed by slowly
purging the tube with pure oxygen, using a controllable
leak valve. The oxygen flow was =5000 sccm. Because of
the very slow reaction the oxidation of the same sample
took place over several days. After 5 days of oxidation
under illumination yellow siloxene turns into a white sub-
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stance (in the following called white compound 1). A
chemical analysis of the white compound 1 yields a Si:H:O
ratio of 6:5.9(1):6.2(1). Another oxidation reaction of yel-
low siloxene was performed by heating the substance in an
opened Schlenck-tube in air at 200°C for 10 min. The
chemical analysis of this white oxidation product (white
compound 2) gives a Si:H:O ratio of 6:4.2(1):9.0(1).

Optical measurements.—For the PL measurements of
the yellow and red siloxene we used the 457.9 nm line of
an argon-ion laser for excitation. The white oxidation
products (compound 1 and 2) have emissions in the blue
range and were excited by the UV lines of an argon laser
(363 nm). The excitation power was 4 mW/cm? For the
CHL measurements the laser was turned off, and the oxy-
gen gas was slowly introduced into the tube through a cap-
illary. The emission spectira were detected by a cooled
GaAs-photomultiplier with a cutoff wavelength at 900 nm.
All measurements were performed at ambient temperature
and pressure.

The measurements of the infrared transmission of the
samples was performed in a Bruker IFS 66 spectrometer.
The material had to be pressed into KBr-pellets under
inert gas.

Results

Yellow silorene.—Yellow siloxene gives rise to an
intense room temperature PL in the green range of the vis-
ible spectrum as shown in curve (b) of Fig. 2. The PL has a
maximum at 2.3 eV and a spectral width of 330 meV (full
width at half maximum = FWHM). The PL spectra after
short [30 min: Fig. 2(c)] and long [1 day: Fig. 2(d)] oxida-
tion times are presented, too. All spectra are normalized to
their maximum intensity and shifted in intensity scale for
better clarity. The relative intensities of the different spec-
tra can be derived by dividing the spectra in Fig. 2 by the
given factors. Oxidation for 1 day reduces the PL intensi-
ty by a factor of =3 as compared to the intensity of the as-
prepared sample. The PL spectra exhibit a clear shift to
smaller energies E,,,, = 2.15 eV at the beginning of oxida-
tion, there is also a remarkable broadening of the band up
to 590 meV [curve (c)]. Further oxidation (starting at ~1 h)
leads to a spectral shift back to green (2.33 eV after 1 day).

The degradation of the PL intensity with oxidation time
is strongly enhanced by illuminating the sample during
the oxidation process with the laser. Under these condi-
tions the total PL intensity decreases with a time constant
(1/e time) of about 30 min, compared to about 1 day, when
the oxidation was performed in the dark. The oxidation
under illumination for 5 days shifts the PL. more toward
blue with a maximum at about 2.45 eV, see Fig. 2(e) and is
about 160 meV broader than the one which oxidized for 1
day without illumination [see Fig. 2(d)]. The inhomogenous
oxidation generates several PL centers in this sample,
which all contribute to the broad spectral width of the PL.

The CHL of yellow siloxene after turning on the oxygen
flow is shown in Fig. 2(a). The maximum of this emission
is centered at 2.17 eV and the width of the band is
=400 meV (FWHM). Whereas the maximum of the PL
shifts with oxidation, the CHL remains at the same ener-
gy position and exhibits no pronounced increase in width.
The CHL intensity depends on the rate of the chemical
reaction, and the efficiency of transferring the excitation
to luminescing states. The CHL intensity is in our experi-
ments very low and not visible to the eye in the dark.
However, measurements performed by detecting the whole
sample emission without spectral resolution have shown
that the total luminescence intensity is about 24.000 pho-
tons/s X cm?, which is not far from the limit for light per-
ception (30.000 photons/s X ¢m?.® At a constant oxygen
flow no noticable change of the CHL intensity was
observed even after some hours and only after some days
the CHL disappeared. This behavior indicates a very slow
chemical reaction.

The reduction of PL intensities of the siloxene samples
and the shift of the PL emission is also correlated with a
change in the color of the powder, which turns to yellow-
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Fig. 2. Emission specira of yellow siloxene (a) CHL, (b] PL of the
as-prepared sample before oxidation, (¢} PL after 30 min oxidation
in oxygen gas, (tf)' PL after 1 d oxidation in oxygen gas and {e) PL
ofter 5 d oxidation in oxygen gas under illumination.

ish white after storage in oxygen atmosphere. After long
illumination times the signal reduces further and the irra-
diated areas become white. The PL emission of the sub-
stance shifts under these conditions toward the blue. Such
a relationship between the change of substance color during
oxidation with strong oxidizing acids and luminecsence
colors was already described many years ago by Kautsky et
al** It is known from Ref. 11 that siloxene undergoes struc-
tural transformations during heat-treatment, resulting in
the loss of the long-range order. In our case, light in the
presence of oxygen causes a transformation of the
SiH;(OH), planar structure by breaking Si-Si-bonds and
incorporating more oxygen. This behavior is supported by
the results of the chemical analysis of the white samples
(white compound 1), which contain a higher oxygen con-
centration [Si:H:O = 6:5.9(1):6.2(1)]. The composition indi-
cates an intermediate step of the oxidation of siloxene.
The white compound 2 produced by heat-treatment of yel-
low siloxene under oxygen has a composition of Si:H:0 =
6.0:4.2:9.0. This substoichiometric hydroxide resembles
very much the HSiO, ; reported by Kautsky,'? where all Si-
Si bonds of siloxene are oxidized into Si-O-Si. The last
step of this process would be the creation of SiO,.

The degradation of the PL after long oxidation times at
higher temperatures is related to the increased density of
dangling bonds in this material.’* A similar process was
suggested by Tischler et al.* to explain the decrease in PL
of PS in the presence of oxygen and light.

Red siloxene.—The PL emission of red siloxene (maxi-
mum at 2.17 eV, FWHM = 390 meV) before the slow oxi-
dation in oxygen gas, curve (b) of Fig. 3, is red shifted com-
pared to the PL of yellow siloxene. Red siloxene is very
reactive, resulting in a rapid disappearence of the red part
of the PL spectrum during oxidation. The PL spectrum
measured after an oxidation time of ~30 min is already
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strongly green shifted and has a maximum at 2.28 eV [see
Fig. 3(c)], very similar to the one of yellow siloxene. The
degradation of the PL intensity is also comparable to that
found for yellow siloxene.

The CHL spectrum of red siloxene shown in Fig. 3(a) is
red shifted compared to the PL, but exhibits a much sharp-
er linewidth (FWHM = 290 meV) compared to the CHL of
yellow siloxene (FWHM = 400 meV). Again the spectral
distribution and the position of the maximum of the CHL
do not change even after many hours of oxidation.

Discussion

There is a distinct difference between the PL, and CHL
spectra, which originates from the different excitation
processes. The laser excites all possible recombination
centers with different emission energies in the siloxene
structure. A change in the peak position of the PL is then
due to a change in the concentration of the different re-
combination centers. The CHL is, however, specific to the
structure of the recombination center. The chemical reac-
tion excites only one type of recombination centers with
one emission energy.

The PL spectrum of Wéhler siloxene shifts with oxida-
tion time. A similar behavior was found already in
Kautsky siloxene.' Kautsky siloxene consists of a struc-
ture similar to Wohler siloxene, however, the sixfold Si
rings are now interconnected by oxygen atoms, leading to
a Si, ring structure with all Si atoms of the ring contain-
ing one Si-H bond. In a number of experiments Kautsky
and others supported an intuitive model, where by step-
wise substitution of the six H atoms by OH groups the
color of the substance and the PL was red shifted.'*

Our measurements determine for the Wéhler compounds
a similar shift in the color of the samples and the PL,, and
we correlate this behavior also to the number and extent
of substitution of the hydrogen atoms by OH substituents.
However, contrary to Kautsky siloxene, in Wéhler siloxene
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Fig. 3. Emission spectra of red siloxene {a) CHL, (b} PL of the as-
prepared sample before oxidation, (c) PL after 3 min oxidation in

oxygen gas.
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only three Si-H bonds exist on the Si ring and only three
oxidation steps are possible. The change in PL emission of
siloxene in our case from green before oxidation into yel-
low-orange during oxidation is then ascribed to the oxi-
dation of one H atom into an OH. The energy released by
this oxidation excites the luminescence from the Si; ring.
Therefore, the position of CHL from yellow siloxene
[SigH;_.(OH),,, with x = 0] corresponds to the first oxida-
tion step, which is the red siloxene (x = 1), prepared by
wet chemical oxidation. In Fig. 4 the position and the
shape of the PL from red siloxene are identical to those of
the CHL of yellow siloxene.

The second oxidation step, the substitution of the sec-
ond H atom by OH, can be observed in the CHL of red
siloxene. The maximum of the spectrum is shifted by
about 140 meV compared to the PL of this compound. The
energy transfer to the ring seems to be very selective, only
the oxidation of the second H atom gives rise to CHL.
Oxidation of the third atom occurs, as evidenced by the
extremely broad PL spectrum of yellow siloxene after
short oxidation with a part of the emission in the red. The
CHL of this oxidation process is presumably far too weak
and not detectable in our experiment.

After oxidation of all Si-H groups on the ring, the struc-
ture changes drastically. The planar structure of siloxene
is destroyed and a substoichiometric oxide is formed. The
structural changes are clearly revealed in the infrared (IR)
transmission spectra. In Fig. 5 the IR spectra of the yellow
siloxene and the white compound 1 and 2 are shown. The
characteristic vibrational modes of the planar siloxene
structure are the Si-Si stretching vibration of the Si-plane
at 518 cm™?, the Si-H stretching mode at 2100 cm™, and
the broad O-H stretching mode at around 3400 to
3600 cm L'®* In Fig. 5(a) all three modes are present. In
addition, vibrational modes due to the imperfect structure
of our siloxene samples show up, e.g., the Si-O-Si stretch-
ing at 1050 cm ™ of oxygen atoms in the plane. Additional
weak lines at 2300 and 2900 cm ' are due to CO, absorp-
tion contained in the air and HCI vibrational modes origi-
nating from the preparation of the samples."” In the oxi-
dized samples [Fig. 5(b) and (c)] changes in the O and H
related modes appear. The Si-H mode at 2100 cm™ is
reduced, but the mode of the oxygen atoms in the plane at
1050 ecm™! increases. There is also an increase and broad-
ening of the O-H stretching mode, presumably due to the
presence of water. Pronounced changes with oxidation
occur also around 800 cm™, however, the assignment of
these modes to different Si-OH stretching modes or Si-H
bending modes is not clear at the moment.

Unfortunately, it was not possible to measure the IR
spectra of red siloxene. The preparation of the IR samples
by pressing them in KBr pellets requires some experimen-
tal steps leading to further oxidation of the samples. The
observable IR spectra of red siloxene were, therefore, very

L) T L} L T
16
3 1
14} -
7 12t -
g 101 CHL -
r
S o8t .
- Yellow Siloxene
2 el — -
@
c
% 04l ]
oz} -1
Red Siloxene
00 — -1
A I 1 . 1 1
1.4 16 18 20 22 24 26

Energy (eV)

Fig. 4. Comparison between the CHL spectra of yellow siloxene
and the PL specirum of red siloxene prepared by wet oxidation of
yellow siloxene.
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Fig. 5. Infrared transmittance of yellow siloxene (a) us;rre red,
(b) after oxidation under illumination for 5 days, and (c} after
200°C onnealing in air for 10 min. Specira are shifted in transmit-
tance for better clarity.

similar to those of samples which were oxidized under
illumination [Fig. 5(b)]. These samples, which are white
and exhibit a PL in the blue, are clearly inhomogenous.
There is still evidence for a planar structure from the
remaining absorption at 520 cm™. The Si-H mode
(2100 cm™) is reduced, but there is an increase in the OH
mode (3500 cm’) indicating the replacement of the H
bonds by OH bonds. Incorporation of additional O in the Si
plane leads also to an increase and shift of the Si-O-Si
mode. The additional Si-O-Si bonds are also responsible for
the weak absorption at 2250 cm™!, which corresponds to the
Si-H vibration with Si backbonded to three oxygen atoms.

After heat-treatment at 200°C in air (white compound 2)
the PL has a maximum at 2.6 eV (spectrum is not shown
here). We find no evidence for Si planes anymore. The IR
spectrum Fig. 5(c) shows only minor changes compared to
Fig. 5(b). There is a decrease in the Si-H modes (2100 cm™)
but still an increase in the O-H modes (3500 cm™).

The infrared spectra prove that the siloxene planar
structure is destroyed by oxidation. Oxygen is incorporat-
ed in the planes, leading to a destruction of the regular
structure. Characteristic vibrational modes associated
with the structure of the first oxidation steps are not de-
tectable by IR absorption, due to the oxidation during
sample preparation. The structures can only be monitored
by the shift of the PL and CHL toward lower energies.

There are many similarities between the CHL of siloxene
discussed here and the CHL of PS reported from other
groups. For example, McCord et al.'® observed a white
residual which remains on the surface of PS after the flash
of CHL at the end of oxidation. This corresponds to our
observations of the color change of siloxene from yellow
before oxidation to white at the end of the CHL emission.
Another common feature is that in both materials, PS and
siloxene, the CHL emission always occurs at longer wave-
lengths than the PL emission. Furthermore, the CHL and
PL in both cases are sensitive to ambient conditions. ¥
Although, there are many qualitative similarities between
the PL. and CHL of PS and Woéhler siloxenes, there is no
quantitative agreement in the spectral position and line-
width of the emission processes in the two materials.

Conclusions

The chemiluminescence of yellow and red Wohler silox-
enes under the influence of oxygen appears at energies
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smaller than the photoluminescence emission of the sub-
stances. The CHL is generated by oxidation of the Si-H
bonds of the planar structure. Three primarily different
oxidation steps are possible in yellow siloxene. The first
two of them are monitored by CHL. The degradation of the
PL intensity caused by light and oxygen is due to an irre-
versible transformation of the substance into a substoi-
chiometric oxide. Our results presented here have common
features with CHL measurements on PS, however, the
quantitative differences in the spectral positions indicate
that in PS the emission properties are not directly associ-
ated with Wohler siloxenes.
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