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Powder-x-ray-diffraction measurements on siloxene and calculations of the diffraction patterns for the
three commonly proposed structures of siloxene (SigH¢O;) clearly show that only a structure with silicon
layers is ever observed. The formation of siloxene from CaSi, is topotactic, with the Si layers remaining
intact and with no oxygen insertion into these layers. Siloxene prepared at 0°C has very little oxygen in-
corporated into the interlayer gaps, and can be described as hydrogen terminated silicon layers (SigHs),
which we call layered polysilane. Layered polysilane can be purified by reaction with aqueous HF and is

pyrophoric on contact with air.
equivalent of graphite.

INTRODUCTION

The efficient visible luminescence observed in porous Si
has been attributed by different researchers to two effects.
One explanation is the presence of nanometer-scale Si
structures in porous Si, in which quantum-size effects
occur.! ™3 The other explanation involves the presence of
chemical species such as siloxene on the surface of the
porous Si particles.* "¢ The luminescence is then attribut-
ed to the siloxene. In order to understand the lumines-
cence of siloxene, it is a prerequisite to understand the
atomic structure of this compound. However, there are
three commonly proposed structures for siloxene, with
little structural evidence for two of them.

Recently Deak et al.” showed how the visible lumines-
cence of siloxene could be explained by ‘“‘chemical quan-
tum confinement” of Si by oxygen in two of the three
proposed structures of siloxene (see Fig. 1). In these two
structures, shown in 1(b) and 1(c), oxygen atoms are in-
corporated within the silicon sheets. However, these two
structures have never been confirmed by a diffraction ex-
periment. Here, we present, to our knowledge, the first
diffraction data and calculated diffraction profiles for
siloxene samples prepared in several ways. Only one
basic structure type is ever observed [that shown in Fig.
1(a)] with silicon layers exactly as in CaSi,. This struc-
ture is in agreement with the structure proposed by
Weiss, Beil, and Meyer,? based on diffraction measure-
ments. Therefore, an alternative explanation for the
luminescence of siloxene is needed because Deak et al.”
base their arguments on structures which are most likely
fictitious.

Van de Walle and Northrup® recently calculated the
band structure of siloxene in structure A [Fig. 1(a)] and
of hypothetical SicH¢ layers assuming an interplanar sep-
aration of 4.75 A. In their SigHg structure, a Si(111) layer
is terminated above and below by H atoms. This is iden-
tical to structure A4 with the oxygen atoms removed.
Van de Walle and Northrup calculated a band gap of
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In some sense, layered polysilane can be considered the silicon

2.75 eV for SigHg and 1.7 eV for SicgH¢O;. In our experi-
ments described below, we present the first evidence for
SigH¢ layers (layered polysilane) in siloxene samples
prepared at 0°C.

EXPERIMENT

Siloxene samples were made by reacting powdered
CaSi, (Aldrich) with aqueous HCI. For some samples the
reactions were carried out at 80°C for 30 min, while for
others the reactions were carried out at 0°C for the same
time. The powders were then rinsed with water and
freeze dried in a sample chamber which could be directly
transferred to an argon-filled glove box. Some of the
samples prepared at 0°C were rinsed with aqueous HF to
remove silicon oxides. All synthesis operations were car-
ried out in a darkened room. All samples were stored in
the glove box in opaque vials. A typical synthesis pro-
duced 5 g of product. The samples prepared in the ice
synthesis were found to spontaneously combust upon ex-
posure to air. Special procedures were adopted for mea-
surements on this material.

X-ray-powder-diffraction measurements were made us-
ing a Siemens D-5000 diffractometer equipped with a
copper target x-ray tube. For the samples made at 0°C, a
holder with a vacuum-tight beryllium x-ray window (25
pm thick) was filled and sealed within the glove box. The
other samples were stable enough in air to be measured
normally, although they too did oxidize but on a time
scale of days as we show later.

IR absorbance measurements in transmission geometry
were made on the air-stable samples using a Nicolet
Fourier transform infrared (FTIR) spectrometer by press-
ing small amounts of siloxene and dry KBr into pellets.
Photoluminescence measurements were made with a Pho-
ton Technologies (South Brunswick, NJ) LS-100 spec-
trometer on the air-stable samples.

Si K-edge x-ray absorption spectra were measured at
the double crystal monochromator (DCM) beam line of
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FIG. 1. Proposed structures for siloxene after Ref. 7. The
oxygen atoms are the small solid circles and the silicon atoms
are the open circles. Hydrogen atoms are not shown. The atom
positions for a single siloxene sheet have been shown projected
into the (001) plane. Appropriate unit cells for each structure
are shown.

the Canadian Synchrotron Radiation Facility (CSRF) at
the Synchrotron Radiation Center, University of
Wisconsin-Madison. Details of the DCM monochroma-
tor have been described elsewhere.!® The energy resolu-
tion at the Si K edge is about 0.9 eV. Total electron
yield!! was employed to record the spectrum.

RESULTS AND DISCUSSION

Figure 2(a) shows measured x-ray diffraction data for
the siloxene sample made at 80°C. This material had ir
absorbance in agreement with literature data for ‘“as-
prepared siloxene” (e.g., as in Fig. 11 of Ref. 5). The
photoluminescence peaked near 550 nm, in agreement
with the literature for ‘“‘as-grown” siloxene (e.g., as in Fig.
1 of Ref. 12). Figure 2 also shows calculated patterns for
siloxene taking structures A4 [Fig. 2(b)], B, [2(c)], and C
[2(d)]. The scattering from hydrogen atoms is neglected,
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FIG. 2. Comparing the measured diffraction data of siloxene
to calculations assuming random shifts or translations parallel
to the layers between all adjacent layer pairs. (a) Data, (b) cal-
culation based on structure A4 [Fig. 1(a)], (c) calculation based
on structure B [Fig. 1(b)], and (d) calculation based on structure
C [Fig. 1(c)]. The intensity scale is logarithmic.

neutral atom scattering factors for oxygen and Si (Ref.
13) are used and the standard geometrical and polariza-
tion factors!*!3 are included in the calculation.

The calculations were made assuming that Si-Si bond
lengths were the same as in crystalline Si, Si-O bond
lengths are 1.6 A, and Si-O-Si contacts in structures B
and C are linear. Bond angles for Si were chosen to be as
close as possible to tetrahedral, but consistent with the
hypothesized structures. The unit cells used for each
structure are given in Fig. 1. The layer spacing, con-
sistent with the data, was chosen to be 5.90 A. Clearly,
structure A is in best agreement with the data because
the calculations for the other structures predict unob-
served peaks. Small sharp Bragg peaks from crystalline
Si near 28°, 47°, 56°, and 69° (an impurity in our CaSi,) are
included in the calculation to match the data.

The calculations also assume that there is a random ro-
tation or translation parallel to the layers between every
pair of adjacent layers, a characteristic known as turbo-
stratic disorder. Such an assumption makes the calcula-
tions more complex but the methods are well known. %13
This assumption is needed to model the shape of the (100)
peak near 27°, which is a characteristic “two-
dimensional” peak.'® The number of layers stacked and a
fluctuation of the layer spacing to mimic strain are in-
cluded as parameters in the calculation to fit the width of
the (001) peak near 14.2°. The major region of disagree-
ment between the data and the calculation in Fig. 2(b)
(for structure A) is near the (110) peak at 47°. Figure 3
shows that this discrepancy can be eliminated if about
60% of adjacent layer pairs are stacked in registry with
the center of a Si honeycomb directly above an Si atom in
the next layer, and the remaining 40% of layer pairs
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FIG. 3. Showing how the incorporation of registered stack-

ing improves the agreement between data and calculation in the

area of the (110) peak. P is the fraction of layers stacked with
random shifts between adjacent layer pairs.

stacked randomly. This registered stacking has been sug-
gested in the earlier work of Weiss, Beil, and Meyer.?
Figure 4 shows the complete calculation and fit to the
data for siloxene prepared at 80 °C, based on structure A.
Apart from the crystalline silicon, which is an impurity
in our CaSi,, the calculations match the data very well
provided that the scattering from a glassy phase and a
constant background are included. The contributions to
the calculated curve from the glassy phase and from the
crystalline silicon are shown also in Fig. 4. The glassy
phase is probably amorphous SiO, with x about 2 as we
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FIG. 4. (a) Calculated pattern for siloxene compared to the
data. The calculation includes siloxene according to structure
A, crystalline Si (an impurity in CaSi,), and the glassy SiO,
phase referred to in the text. The contributions from each
phase are shown in (b).

J. R. DAHN, B. M. WAY, E. FULLER, AND J. S. TSE 48

will see from the x-ray absorption measurements below.
A similar glassy phase with x about 1 can be prepared in
pure form by heat treating siloxene to 400 °C in inert gas.
This material is presumably similar to that suggested by
Ubara et al.!” Treatments at intermediate temperatures
show mixtures of the glassy phase and siloxene (structure
A), with the siloxene pattern disappearing above 300°C
in agreement with Ref. 17. At no temperature were pat-
terns consistent with structures B or C ever observed.

All infrared measurements on fresh siloxene in the
literature show Si-O-Si vibrational modes in apparent
contradiction to structure 4. However, all of our silox-
ene samples prepared according to the literature have
significant amounts of the glassy phase as measured by
x-ray diffraction. This helps to rationalize the IR results
in the literature and for our samples since the glassy
phase will have Si-O-Si contacts.

Figure 5 shows measured and calculated diffraction
data for siloxene prepared at 0°C (a), at 80°C (b), and for
a sample of the latter left exposed to light and air for 3
days (c). The patterns are visually quite different. The
calculation for the exposed siloxene is identical to that of
the 80°C material from which it was made except that
the relative intensity of the glassy phase peaks have been
increased. This is evidence for the slow oxidation of the
material directly to the glassy a-SiO, phase when exposed
to light and air. The calculation for the material made in
ice was made by removing the oxygen atoms from the
structure and reducing the amount of glassy phase rela-
tive to Fig. 5(b). The oxygen atoms interfere destructive-
ly with the Si atoms at the (001) peak, so removing them
is the best way to increase this peak intensity to match
experiment. The good agreement with the data strongly
suggests the existence of SigH¢ layers, which we call lay-
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FIG. 5. Diffraction patterns and calculations for (a) siloxene
prepared at 0°C, (b) siloxene prepared at 80°C [same as Fig.
4(a)], and (c) siloxene prepared at 80°C, then left exposed to air
and light for 3 days. The calculations have been offset vertically
for clarity.
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ered polysilane.

The layer spacing of layered polys11ane differs from
that of siloxene. To fit the data in Fig. 5(a), c=5.50 A
was used, while to fit the data in Fig. 5(b), c=5.90 A was
used. This change is caused by a shift of the (001) peak to
larger angle in Fig. 5(a) compared to Fig. 5(b). The pres-
ence of the oxygen in the interlayer van der Waals gaps
causes this expansion. The good fit in Fig. 4 does not
necessarily prove that the siloxene structure contains OH
groups in the interlayer gaps, only that oxygen, perhaps
in Si-O bridges or as intercalated water, resides in the
gaps. Moreover, the in-plane lattice constant is the same
for both materials because of the strong Si-Si bond which
is near 2.35 A for most materials.

To further test for the existence of layered polysilane,
we measured the Si K-edge absorption of siloxene
prepared at 80°C, and of siloxene prepared at 0°C fol-
lowed by HF rinsing and vacuum drying. The latter sam-
ple was transferred to the ultrahigh-vacuum (UHYV)
chamber using an argon-filled glove bag, as it is pyro-
phoric in air. All samples were measured at the same
resolution. Figure 6 shows the spectra for crystalline Si
(rinsed in HF before introduction into UHYV), and the
two siloxene samples. Notice that the absorption edge of
the siloxene samples is shifted to higher energies relative
to crystalline Si similar to that observed for porous Si
samples.?

More important here is the larger peak near 1847 eV in
the siloxene sample made at 80°C, which is absent in the
HF treated sample. The absorption spectrum of SiO, is
dominated by exactly such a peak!® suggesting that the
siloxene prepared at 80 °C contains substantial SiO,. This
is consistent with the diffraction results for the sample
made at 80°C which requires a glassy component (prob-
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FIG. 6. K-edge x-ray absorption spectra for crystalline Si
(solid line), siloxene prepared at 80°C (small-dashed line), and
for layered polysilane (long-dashed line). The inset shows the
shift of the K edge for the siloxene and polysilane samples rela-
tive to crystalline Si.
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ably amorphous SiO,) in the calculation to explain the
measurement as shown in Fig. 4. The HF treated sample
clearly contains little SiO, in agreement with other recent
work.!®

Infrared measurements made (to be published else-
where) on the HF treated sample shows only Si-Si and
Si-H vibrational modes with no evidence for Si-O-Si,
Si-OH, or O-H modes. The sample was immersed in
mineral oil (Nujol) for the measurement to avoid air ex-
posure since the material is pyrophorric in air. This is
taken as further evidence that the material is layered
polysilane.

Figure 7 shows the x-ray diffraction pattern of the
HF-rinsed material and two calculations assuming that
the material is layered polys1lane The layer spacing was
chosen to be 5.40 A and the in-plane hexagonal lattice
constant was 3.83 A. No glassy phase is included in the
calculation at all. Si atoms are located at
+(1/3,2/3,0.075) and H atoms are located at

+(1/3,2/3,0. 28). This gives a Si-Si bond length of exactly
2.35 A and a Si-H bond length of 1.15 A. [This describes
a Si(111) layer terminated above and below by H atoms.]
The H atoms were included in the intensity calculation,
even though their scattering power is very weak com-
pared to Si. For one calculation the layers were stacked
with a random shift (parallel to the layers) between each
pair of layers. To fit the width of the (001) peak, a crys-
tallite with ten Si-H sandwiches was used. Clearly the
calculation assuming random stacking does not repro-
duce the peak shapes of the (100), (110), or (111) peaks,
but the relative intensities of the peaks are well matched
using the most reasonable structure for layered polysi-
lane.

Also shown in Fig. 7 is the result of an improved calcu-
lation incorporating registered stacking shifts between
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FIG. 7. The measured powder-x-ray-diffraction pattern for
layered polysilane (dotted line) and two calculated patterns as
described in the text. Random stacking of the SigH layers is as-
sumed in the lower calculation (dashed line) which has been
shifted downward for clarity. Miller indices of the peaks from
layered polysilane and crystalline Si (an impurity in our CaSi,
are shown). Peaks from the beryllium window are indicated.
The peak at 23.5 also arises from the Be window.
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adjacent layers. For this calculation we assumed that
random shifts were between 35% of adjacent layer pairs,
and included registered shifts of (+1/3,+2/3,0) (45%),
(—1/3,—2/3,0) (15%), and (0,0,0) (5%) between the
remaining adjacent layer pairs. The rest of the parame-
ters were kept the same as those in the other calculation
shown. We do not claim to have determined the stacking
sequence exactly, as other stackings give similar agree-
ment. We stress, however, that the intensity ratios of the
calculated peaks is in good agreement with the measured
peaks. If other atoms (such as oxygen) are included in
the interlayer gaps, the (001) peak is rapidly suppressed
and such calculations cannot match the data.

The (001) peak of the layered polysilane (Fig. 7) is
sharper than the (001) peak of the sample at 0°C which
was not HF treated [Fig. 5(a)]. The latter sample also
had some glassy SiO, impurity present. Possibly, the
glassy phase forms between the H-Si-H layers as the lay-
ered polysilane is oxidized, leading to interlayer strain
[broader (001)] peak and an increased layer spacing.

The formation of silanelike layers during the reaction
of CaSi, and HCI is consistent with the pyrophoric na-
ture of molecular silanes which are flammable in air but
stable in dilute mineral acids.’® If no oxidation occurs,
then the most natural reaction is an ion exchange

3CaSi,+6H " —SigHg+3Ca?" |

leaving the Si layers intact. Our data for the samples
prepared at 0°C are entirely consistent with this reaction.
The layer spacing of the material prepared at 0°C
without HF rinsing is only 5.50 A, the smallest ever re-
ported for siloxene, again consistent with only a small
amount of interlayer oxygen. The layer spacing for the
layered polysilane (Fig. 7) is 5.40 A.

Other workers have also proposed the existence of
two-dimensional silicon-network compounds.?’ In Ref.
20 calculations of the band gap, E,, of a variety of linear
and planar silicon polymers gave E,=4.0 eV for linear
polysilane (SiH,),, E,=2.5 eV for a material apparently
similar to the layered polysilane discussed here, and
E,=1.1 eV for crystalline silicon. These results show the

g
importance of the dimensionality of the silicon network
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on the resulting band gap. These ideas may be important
in understanding the luminescence in porous Si.

CONCLUSION

To summarize, we have found that siloxene “as
prepared” is only found in the layered-silicon structure
shown in Fig. 1(a). There is no diffraction evidence for
oxygen incorporation within the silicon layers as hy-
pothesized in some earlier works [e.g., as in Figs. 1(b) and
1(c)]. Upon heating in inert gas or upon exposure to light
and air it transforms to a glassy SiO, phase with no
diffraction evidence for the formation of the other two
previously proposed siloxene structures at any tempera-
ture. Therefore, we believe that several of the siloxene
structures proposed in the literature [i.e., those shown in
Figs. 1(b) and 1(c)] have no experimental justification.

By preparing siloxene at 0°C, we have been able to
dramatically reduce the oxygen content of the material,
and have prepared silicon layers terminated above and
below by hydrogen atoms. This preparation step elimi-
nates the glassy SiO, impurity phase and also the oxygen
in the van der Waals gaps. We call this exciting new ma-
terial layered polysilane. Layered polysilane has hexago-
nal layers with an in-plane lattice constant of 3.83 A.
The layers are stacked with a layer spacing of 5.4 A, and
some random rotations or translations (turbostratic disor-
der) are found between adjacent layers. The fractional
atomic coordinates of the Si and H atoms in the unit cell
are Si at =(1/3,2/3,0.075) and H at =(1/3,2/3,0.28). Be-
cause of the similarity of this honeycomb-layered struc-
ture with that of graphite, layered polysilane can be con-
sidered the silicon equivalent of graphite.

ACKNOWLEDGMENTS

We thank T. Tiedje, J. N. Reimers, and T. Van Buuren
for numerous useful discussions; U. Von Sacken and Q.
Zhong for assistance with the IR measurements; and S.
Holdcroft for assistance with the luminescence experi-
ments. Funding from the Natural Sciences and Engineer-
ing Research Council of Canada is acknowledged.

*To whom correspondence should be addressed.

IL. T. Canham, Appl. Phys. Lett. 57, 1046 (1990).

2T. Van Buuren, Y. Gao, T. Tiedje, J. R. Dahn, and B. M. Way,
Appl. Phys. Lett. 60, 3013 (1992).

3V. Lehmann and U. Gosele, Appl. Phys. Lett. 58, 856 (1991).

4P. McCord, S-L. Yau, and A. J. Bard, Science 257, 67 (1992).

SM. Stutzmann, J. Weber, M. S. Brandt, H. D. Fuchs, M.
Rosenbauer, P. Deak, A. Hopner, and A. Breitschwerdt,
Festkoerperprobleme 32, 179 (1992).

6M. S. Brandt, H. D. Fuchs, M. Stutzmann, J. Weber, and M.
Cardona, Solid State Commun. 81, 307 (1992).

7P. Deak, M. Rosenbauer, M. Stutzmann, J. Weber, and M. S.
Brandt, Phys. Rev. Lett. 69, 2531 (1992).

8A. Weiss, G. Beil, and H. Meyer, Z. Naturforsch. Teil B 34, 25
(1979).

9C. G. Van de Walle and J. E. Northrup, Phys. Rev. Lett. 70,

1116 (1993).

0B, X. Yang, F. H. Middleton, B. G. Olsson, G. M. Bancroft, J.
M. Chen, T. K. Sham, K. Tan, and D. J. Wallace, Nucl. In-
strum. Methods Phys. Res., Sect. A 316, 422 (1992).

113 Stohr, R. Jaeger, J. Feldhause, S. Brenan, D. Norman, and
G. Apai, Appl. Opt. 19, 3911 (1980).

12], Hirabayashi, K. Morigaki, and S. Yamanaka, J. Non-Cryst.
Solids 59+ 60, 645 (1983).

B[nternational Tables for X-Ray Crystallography, edited by J. A.
Ibers and W. A. Hamilton (Kynoch, Birmingham, England,
1969), Vol. 4, p. 71.

14H. Shi, J. N. Reimers, and J. R. Dahn, J. Appl. Crystallogr.
(to be published).

15C. Drits and D. Tchoubar, X-Ray Diffraction from Disordered
Lamellar Structures (Springer-Verlag, Berlin, 1991).

16B, E. Warren, Phys. Rev. 9, 693 (1941).



48 STRUCTURE OF SILOXENE AND LAYERED POLYSILANE (SigHg) 17 877

17H. Ubara, T. Imura, A. Hiraki, I. Hirabayashi, and K. Mori- 363, 331 (1993).

gaku, J. Non-Cryst. Solids 59+ 60, 641 (1983). 19A. F. Cotton and G. Wilkinson, Advanced Inorganic Chemis-

18For example, see, T. K. Sham, D. T. Jiang, I. Coulthard, J. W. try, 3rd ed. (Wiley, New York, 1972), p. 318.
Lorimer, X. H. Feng, K. H. Tan, S. P. Frigo, R. A. Rosen- 20K. Furukawa, M. Fujino, and N. Matsumoto, Macro-
berg, D. C. Houghton, and B. Bryskiewicz, Nature (London) molecules 23, 3423 (1990).



