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Structure and optical properties of the planar silicon compounds polysilane and Wboler siloxene
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The two-dimensional silicon backbone structure of planar polysilane ardénsiloxene is responsible for
their exciting luminescing properties. We have prepared single crystals of siloxene by a topotactic reaction
from crystalline CaSi. The chemical composition was determined[8$H ;(OH)3],. The x-ray crystal
structure analysis identifies the so-called Wér siloxene as 2D-pofi,3,5-trihydroxocyclohexasilahe
Polysilane exhibits the same structural properties but with a chemical compdsiighiz],. The optical
properties(infrared transmission, photoluminescence, excitation spectroscbplyese well-defined materials
are presented. A heat treatment above 350 °C in vacuum dfla/giloxene results in a destruction of the
planar 2 [Si~] structure by internal rearrangements, which is evidenced by the x-ray-diffraction pattern and
characteristic changes in the optical spectra. The involvement dfia/siloxene in the optical properties of
porous Si is critically reviewed.S0163-1827)02844-Q

[. INTRODUCTION ture is not very sensitive to the stacking of the layers but is
largely determined by the structure within a single layer.
The discovery of the strong visible luminescence in po-Small siloxenic clusters exhibit already all necessary proper-
rous silicort has initiated a renewed interest in the opticalti€s to explain the optical spectfdn particular, clusters with
properties of various silicon compounds and their possibl@XYgen bridging bonds exhibit the highest stability.
use in optoelectronic applications. In particular, silicon- _1he geometrical structure of the so-called Méy silox-

) - o ne (siloxene prepared according to the recipe given by
o e ottt e s 75 vestgated by Weis, Bl and Mer
luminescence froF;n porous 3iA recent r(’aviev%// is given in Although Weisset al. claim that the structure of sionﬁc(aEne

i . : : that they determined was prepared according to Kautsk
Ref. 3. Unfortunately, the controversial discussion on th y brep g Y

- . ) - e(Kautsky siloxengtheir preparation is indeed identical to the
origin of the strong luminescence in porous silicon and th&yghier method. From their x-ray-diffraction data they pro-
participation of siloxene was based on not properly def'”ecbose the planar structure given in Figal The structural

siloxene samples. The knowledge about the chemical conghanges in Wholer siloxene with thermal treatment were
position and the ground-state geometry is, however, a prestydied by Ubaraet al'! A thermal anneal at 300 °C in
requisite to understand the optical properties of siloxene. vacuum destroys the two-dimensional ordered structure and

Siloxene is synthesized by a topotactical reaction fromransfers it into a three-dimensional disordered structure.
CaSi,, a layered material with Si corrugat€till) layers that An elaborate x-ray-diffraction study was recently pre-
are linked by the Ca ions. During the synthesis the layered Siented by Dahn and co-work&$® on differently prepared
structure remains. Whereas most of the structural informawohler siloxene samples. The authors observe however only
tion on the siloxenes was developed intuitively by chenfists, sharp x-ray-diffraction patterns from the 2D planar structure
there exist a few theoretical and experimental studies oshown in Fig. 1a). From their investigation Dahet al. have
three possible structures shown in Fig. 1. The structure desevere doubts that the planar structures presented in Figs.
picted in Fig. 1a) consists of Sil11) layers terminated 1(b) and Xc) exist.
above and below by OH groups and H atoms, respectively. Several x-ray-absorption studies on siloxene are
In the other structures oxygen atoms are inserted in the Seported®'®and the oxidation state Gi1) for Wohler si-
plane leading to silicon wire§Fig. 1(b)] or to Sig rings loxene was established. But due to different sample treat-
separated by oxygdirig. 1(c)]. ments these papers also report controversial results.

Dez et al® presented calculations on the stability and In this paper, we present a study on the structural and
energy-band structure of the different structures. The enemptical properties of two-dimensional silicon layers, which
getically most favorable configuration, which also was assoare the backbone in Witer siloxene and planar polysilane.
ciated with the visible red photoluminescen&) in porous  We will first describe a method to prepare crystalline silox-
Si, was calculated to be the structure shown in Fig).1 ene with the ideal chemical compositiongHiz(OH); and
Similar results on the geometric and electronic band strucwe shall identify the structure by powder and single crystal
ture for the structure given in Fig.(d are calculated by x-ray diffraction. The characteristic photoluminescence, in-
more sophisticated methofihe planar structures Figs(k} frared transmission and excitation spectra of this material
and Xc) with oxygen in the planes were not studied in thesewill be presented and compared to those of layered polysi-
calculations, because the energetically most favorable bonldne. The structural and optical changes of these materials
angle of Si-O-Si bonds deviates from 180°, which shouldafter annealing in vacuum are presented and the involvement
lead to nonplanar configurations and a three-dimensionalf the annealed compounds in the strong visible lumines-
(3D) cross linking. However, in all structures the band struc-cence from porous silicon is discussed.
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FIG. 1. Structural models of the different modifications of silox¢B8gO3Hg): (a) Si planes terminated by H and OH grougis) Si
chains andc) Sig rings interconnected via oxygen bridges and terminated by hydrogen. Light colored atoms symbolize Si, small dark atoms
hydrogen and larger dark atoms oxygen.

Il. SAMPLE PREPARATION rinsed twice with agueous HF at 0°G ml 10% HF in
AND EXPERIMENTAL DETAILS H,0). Thereafter, the greenish-yellow samples were filtered,
washed with 5 ml HO and then dried in a vacuum of 18
bar at 120-130 °C for 1 h. The preparation was performed in

The siloxene samples were prepared according to the darkened room. The chemical analysis of the layered pol-
method described by Witer® The starting material for the ysilane yields a ratio of Si:H:0= 6:6.51):0.851), which
siloxene is the Zintl phase Casin solid form. CaSj exists  indicates a low content of OH groups in the layered structure
in three crystallographic modifications, namely TR3 and[SigHsedOH)ogd.

TR6, which are both trigonal rhombohedral and differ by ~ The as-prepared Witer siloxene and the layered polysi-
their stacking sequences, and one metastable, high-pressi@@e were annealed in vacuum (fObap for 30 min at
tetragonal modificatioh’*® The commercially available temperatures in the range from 120-350 °C. The changes in
CaSi, consists of the two modifications TR35% and TR6  the chemical and optical properties were studied. At 200 °C
~35%. We also used the pure modification TR6 for the synH> gas starts to evolve and the chemical composition
thesis of siloxene, without any differences in the optical datechanges. The chemical analysis of a Mé sample

of the final product. annealed at 350°C for 2.5 h yields a Si:O:H ratio of

We have optimized Whlers method of preparation with 2:0.951):0.731). Annealing of the siloxenes in oxygen gas
respect to the reproducibility of the chemical analytical re-was studied in Ref. 20 and leads to Si@ith optical prop-
sults. About 100 mg of selected CaSirystallites(Aldrich) erties different from those of the vacuum annealed samples.
with faces of~10 mnt were immersed in 2 ml 37% HCI All samples were stored in ampoules, which were sealed
(p.a) and stored under argon ambient in a dark tube at 0 ocunder inert gas conditions to avoid oxidation in air. The op-
After a reaction time b3 h the resulting bright yellow lay- tical measurements were performed with the samples in the
ered compound was filtered off and washed with deionized@mpoules.
water (O, free, saturated with Ar inert gast 0 °C to re-
move Ca and Cl ionéCl test with AgNG;). The free Cl was B. X-ray measurements
removed totally by washing up to 10 times with 2 m)@. For powder diffraction, the samples were mechanically
Thereafter, the orange sample was dried in a vacuum ajrinded to avoid texture and preferred orientation. The dry
107° bar at 110 °C for 1 h. The chemical analy$Mik- powder was filled into a 0.2 mm glass capillary and sealed
roanalytisches Labor Pascher, Remagen, Gerjngields a  under inert gas conditions. The powder diagrams were re-
ratio of Si:H:O= 6:5.61):3.0(1) normalized to six Si atoms, corded using Culk radiation and Bragg Brentano geometry
very close to the composition of the ideal composition(STOE powder diffractometgr
[SigH3(OH) 3], . Traces of Cl, found in the chemical analy- Layered compounds, like the siloxenes, experience by the
sis, are due to physically adsorbed impurities on the surfacgrinding a shift of the individual layers leading to a large
of the platelets. amount of stacking faultsturbostatic disorder In general,

For the preparation of layered polysilane part of thepowder diagrams have to be corrected for the disorder intro-
freshly prepared Waler siloxene was washed with water and duced during sample preparatithiThe corrections are well

A. Sample preparation
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A powder pattern of a freshly prepared Wer siloxene
sample is given in the top part of Fig. 2. Several Bragg
reflections due to siloxene and crystalline %i-$i) can be
identified. The assignment of the different peaks is according
to the structural analysis of siloxene presented below as well
as to the known reflections from-Si. The intensities of the
reflections from 1,3,5-trihydroxosilane were calculated for
an ideal powder and neglect the effects of the layered struc-
known but involve some ambiguity. Therefore, for layeredture. Therefore, a direct comparison of the measured and
compounds a precise structural analysis is achieved onlyalculated intensities shown in the upper and lower part of
from single-crystal studies. Small crystalline platelets wereFig. 2 is not possible. Thé001) Bragg reflection at 14.2°
selected and mounted in a glove box with baked-out silicorfrom siloxene exhibits an observed full width at half maxi-
grease into a small capillary, which was sealed under Amum (FWHM) of <0.6°, which is remarkably smaller com-
atmosphere. The handling had to be performed with gregtared to the reflections observed by Dahn and
care, because the platelets are sensitive to mechanical strege;workers®13(2.8°). The reduced width of the peaks in our
which would lead to a distortion of the layered material. sSamples indicates a better crystallinity of the stacked layers
Orientation photographs of thek0 and hOl orientations ~and a more homogeneous composition in our samples.
were taken with the precession method using Motéadia- The intensity ratio of the do_ublet structure at 4[khe
tion. Intensities at 20 °C were collected either via an imagd110 and(111) reflectiong from siloxene was interpreted by
plate diffractometetStoe IPDS, Stoe & Cie., Darmstadir Dahn et al. as due to a preferential stacking of the Si

a four-circle diffractomete(Stoe STADI 4, Stoe & Cie., layers.® In_their samples_ almost 40% o_f the layers are
Darmstadt stacked randomly. A stacking sequence with only 20% of the

layers stacked randomly would fit our doublet structure
nicely.

The powder diffraction pattern exhibits a broad structured
background at small scattering angles. We have not at-

All samples synthesized in this study were characterizegempted to fit the background properly, as was reported in
by their infrared(IR) transmission and photoluminescence Ref. 12. Our experience with these fitting procedures is that
(PL) spectra at room temperature. Usually, if not otherwiseone should be very cautious with the determined structural
noted, the samples are at normal pressure in a quartz ardetails. In the following we will present the powder patterns
poule under inert gagAr) during the PL measurements. Ex- without subtraction of the background.
citation for the photoluminescence measurements is by the We observe in almost all our siloxene powder patterns
325 nm line of an He-Cd laser, the excitation power is 4traces of crystallinex-Si in concentrations up to 1%. In the
mW/cm?. The emission spectra were dispersed by a SPEYowder pattern shown in the top of Fig. 2 we have indicated
monochromator f{(=0.75 m) and detected by a cooled GaAs the possible reflections from the small-Si crystallites.
photomultiplier with a cutoff wavelength at 900 nm. Simple These traces are already present in the educt La8ere is,
photoncounting was used to record the data. All spectra prdiowever, the possibility that in the course of the preparation
sented were properly corrected for the sensitivity of the PLx-Si is produced through the formation of Si-Si bonds.
set up. The IR transmission was determined by a Bruckefhese reactions are well known from the Zintl phases KSi
IFS 66 Fourierspectrometer. Small amounts of powderedRef. 22 and LizNaSig (Ref. 23. We therefore used for
samples €1 mg and dry KBr(300 mg had to be pressed starting material only the modification TR6 of CaSwhich
into pellets within the glove box for the IR measurements. was free ofa-Si crystallites. The Wholer siloxene from this

80
Scattering angle (2 9)

FIG. 2. Powder diagram of Wher siloxeng(top) and calculated
Bragg reflections using data from Tabléblottom). The position of
the reflections fronw-Si are given in the center. In the top diagram
we have marked the reflections fromSi by *.

C. Optical measurements
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FIG. 4. Top: Precession photograpioK «;
3h) with (hk0) and hO0l) reflexesa* ,b*,c* are
the reciprocal lattice vectors. Bottom: Crystal
structure  of  2D-poljl,3,5-trihydroxocyclo-
hexasilang with the three disordered sites of the
hydroxyl proton.

material shows also no contamination due to thé&i. A The x-ray single-crystal analysis identifies the Mér si-
typical powder diffraction pattern is shown in Fig.(Gpper loxene as a 2D-poj\t,3,5-trihodroxocyclohexasilaheTable
part). The position of the Bragg reflections are identical tol summarizes all crystallographic details of this structure.
those presented in Fig. 2. The sharpness of the reflectionkhe single-bond distanced(Si-Si) for the fourfold-
and the resolved separation of ttid0) and(111) reflections  coordinated Si is found to be 234 pm, which is similar to the
indicates again an almost ideal stacking of the layers. bond length ina-Si, d(Si-Si)=235.2 pnm? The distance is
In Fig. 3 (lower curve the diffraction pattern of layered somewhat larger in organosubstituted polysilanes and de-
polysilane is shown. The positions of the reflections are idenpends on the nature of the substitu&htn silicides with
tical to those of Whler siloxene except for the peak at more electropositive elements these distances are larger, be-
15.9°, which is due to the Bragg reflections from the planarcause Coulomb interactions and the cations influence the
Si layers. The separation between the layers shrinks in pobond length. In most materials the values for the Si-H bond
ysilane compared to Whier siloxene(see Table . length scatter between 130 and 155 pm, we derive a value
Annealing the as prepared \Wer siloxene in vacuum at d(Si-H)=154 pm for the Whler siloxene. The angle Si-O-H
around 300 °C slowly destroys the planar structure. Our reis found to be 115°.
sults are similar to the data presented in Ref. 11. No shift of The observed symmetry for thekO projection is trigonal,
the layer separation is observed after the annealing steps. however, this is not in agreement with the highest possible
The oxidation of the Whler siloxenes at room tempera- symmetry of the individual silane layer. Taking the orienta-
ture up to 200 °C was studied in Ref. 20. Already at room

temperature the oxidation destroys the planar structure and TaALE I. Crystallographic details of
leads to a smeared out x-ray-diffraction pattern. 2[Poly-1,3,5-Trihydroxocyclohexasilahedeal spacegrou3mil
(Nr. 156); Z=1/3 SigH3(OH)3; a=380 pm;c=604 pm; common
B. Single-crystal x-ray investigation U=225 pn?; 18 hk0; R=0.083.

Orientation photographs of thekO and hOl layer are

shown in the upper part of Fig. 4. The single crystal reflec—Atom Stie X y z
tions of a layered structure are clearly visible. The diffractionsi(1) 1b 1/3 2/3 0
patterns were analyzed and corrected by standard methodgz) 1b 1/3 213 —0.2650
used in the x-ray analysis of single crystals. For tH&®  1/3 (1)@ 3d 0.1956 —X —0.3350
projection a total of 18 reflections was used for the refinegi(z) 1c 2/3 1/3 0.1350
ment with thesHELX program’* The refinement converged 1y()a 1c 2/3 13 0.3900

at R=0.083, yielding the positions for the atoms except hy-
drogen. 4z parameters and proton positions not yet refined.




13136 U. DETTLAFF-WEGLIKOWSKA et al. 56

1.1
1o — PLWohlersiloxene |1~
m e—o PLE 2.25eV 2 10 |
= c
S o8} E]
3. . —_— og -
S 05 £ 2
< < = 3
T 06 _— ~ S o8t
2 2 o
2 a S o7
L f — . -
g o4 B3 @ AN
£ 02 £ 2 Si-0-Si
- S 06
o o2f w £ Si-H
o ‘e Si-plane
g 05
1] 01 h " R
2 3 4 = o4l Wodhler siloxene
Energy (eV) 03 . . . .
0 1000 2000 3000 4000

FIG. 5. Photoluminescence and photoluminescence excitation
spectra of as prepared Wer siloxene. Detection energy for the
PLE spectrum was 2.25 eV. FIG. 6. Infrared absorption spectrum of as preparedhiafo

siloxene.
tion of the hydroxyl proton into account, the symmetry of a
layer should be orthorhombimmm The observation of stretching mode at 1050 cit of oxygen atoms bonded to
trigonal symmetry can be explained by a static or dynamidwo Si atoms either in the planes or connecting the planes.
disorder or by the formation of twins(a so-called Weak absorptions at 1400, 2300, and 2900 érare due to
“Drilling” ). different CO,, CH, and HCI vibrations, where C and Cl are
residuals from the sample preparation.

Wave number (cm™)

C. Optical properties of siloxenes 2. Layered polysilane

1. Wahler siloxene In the upper part of Fig. (8) the PL spectrum of a pol-

The room-temperature PL spectrum of an as-preparelsilane sample is shown. The PL maximum is at 2.30 eV and
Wohler siloxene sample has a maximum at 2.30 eV and &e FWHM is 660 meV. The FWHM is very large compared
FWHM of 300 meV(Fig. 5). The PL spectrum is asymmet- 0 that of Wanler siloxene. We find, however, for some of
ric with a low-energy tail. The external quantum efficiency the polysilane samples a much smaller FWHM #00
determined from a powdered sample is 10%. The PLE curv&eV. At the moment it is not clear which preparation step is
detected at the maximum of the PL peak shows a pro[esponSible for the Varying linewidth. For Comparison, the
nounced maximum at 2.6 eV. The onset of the PLE spectrurfL spectrum of a Wialer siloxene powder is included in Fig.
is around 2 eV. The sharp maximum of the PLE indicates &(0). This material was dried after preparation in a vacuum
direct excitonic transition at 2.6—2.7 eV in the planar struc-for 14 h at room temperature. Part of the powder was used
ture of Wdhler siloxene. Efficient excitation of the green PL
is achieved with laser energies in this energy region. The S
results on the present samples are very similar to those pre- 800 S
sented in Ref. 26 although, due to the better sample quality
the spectral positions of the PL and PLE maxima and the
associated linewidth are slightly different.

The Waler siloxene sample prepared from the TR6 400 L
modification of CaSj, which contained no crystalline Si -
contamination, exhibits the same strong PL band at the same 200 ...//M‘\—_‘ (©
energy position. The PLE of the powder is also very similar @
to the spectrum given in Fig. 5. The argument given by Pin- \\\_‘___________
izzotto et al?’ that Si nanocrystals in the siloxene samples . . s
are responsible for the strong visible PL of siloxene is there- 1.5 20 25 3.0
fore not supported by experiment. Energy (eV)

The IR transmission of Vider siloxene shown in Fig. 6

600 | (@

Intensity (arb. units)

exhibits characteristic vibrational mod&The Si-H stretch- FIG. 7. Phot_olumllnesce"nce spectra from different siloxene
samplesia) polysilane;(b) Wohler siloxene, as prepared, annealed

. o .
ing mode at 2100 Cr‘rl , @ broad O-H Stretchlgg mo.de at at RT in a vacuum for 14 h(c) same aga) but with an additional
around 34003600 crii and @ mode at 520 ¢, which 5" a1 4 120 °C in vacuurt) same agb) but with an addi-
was tentatively assigned to.a Si-Si vibration of t_he Si planetional 30 min anneal at 300 °C in vacuurte) same agb) but with
The later mode at 520 cnt is always observed in samples 5, aqgitional 30 min anneal at 350 °C in vacuum. All samples were
that exhibit the planar structure in x-ray diffraction. A de- siored in vacuum during the measurements. The arrows indicate the
tailed analysis of the 520 ci' mode in deuterated Wder  ghifts of the spectra after breaking the vacuum with Ar under nor-
siloxene is under way and will be published elsewlére.  ma| pressure. The length of the arrow indicates the shift measured
In addition to the characteristic modes from the idealseveral days after breaking the vacuum. The marks on the arrows
Wohler siloxene structure, modes due to the imperfect strucindicate the shifts measured af h of breaking the vacuum. For
ture of our siloxene samples show up, e.g., the Si-O-Sbetter clarity we shifted the spectra vertically.
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3.0 3. Heat-treated Whler siloxene
polysilane

The optical properties of hder siloxene are changed by

aer thermal annealing in vacuum. Our results are similar to those
I Wéhler siloxene reported in Ref. 31, although the details of the spectra are
2or different. The annealing was performed in a vacuum at tem-

Wahler siloxene (annealed 300°C) peratures up to 350 °C. The color of the samples changes
VAR from yellow to brown with annealing at 300 °C for 30 min.
Wohler siloxene (annealed 350°C) The change in the PL spectra is shown in Fidsl) and 7e).
Heat treatments at around 300 °C lead to pronounced shifts
of the PL band towards smaller energies. Annealinghi#o
siloxene at 350° C for 30 min results in the largest shift. The
. - . - . - . ' maximum of the PL is at 1.4 eV under these annealing con-
0 1000 2000 3000 4000 . . .
ditions[see Fig. Te), maximum not shown due to the cut off
of the GaAs photomultipilier usédBy varying the annealing
FIG. 8. Infrared transmission from different siloxene samples:conditions (temperature and timeve are able to shift the
() polysilane;(b) Wohler siloxene, as prepared, annealed at RT inMax of the PL band from 2.1 to 1.4 eV. The intensity of the
a vacuum for 14 h(c) same agb) but with an additional 30 min PL band decreases with the annealing. Ab®we400 °C we
anneal at 300 °C in vacuunig) same agh) but with an additional ~ could not observe any P(down to 1 eV.
30 min anneal at 350 °C in vacuum. The spectra were shifted ver- There is only a small change in the position of the PL
tically for better clarity. maximum in the annealed samples after breaking the vacuum
of the quartz ampoule containing the samples, but the PL
intensity increases when the samples are measured under
normal pressure.

15|

Transmittance (arb. units)

0.5 -

Wave number (cm™)

for the preparation of the polysilane powder. Spect(ajris
also f'rom th? as-prepared Wer siloxene powder, QNh'Ch The IR transmission of the vacuum annealed samples re-
was, in addition, anljealed n vacugmi@ h at 120 C’_ 4 flects the destruction of the planar siloxene structure Figs.
standard procedure in our preparation to r"educe _the time (c) and &d). The mode at 520 cm* of the Si planes di-
drying the samples. The PL spectra of bothMéo siloxene  inishes and the oxygen vibration, characteristic for a three-
powders in Figs. (b) and 7c) are very similar but redshifted §imensjonal bonding increases with annealing. Hydrogen-
compared to the spectrum shown in Fig. 5. related modes decrease in intensity with annealing time, in
We have tracked down the origin of the different spectralaggreement with the reduced hydrogen concentration in these
positions of the otherwise identical samplesme prepara- samples. Our results are very similar to those reported by
tion, same chemical composition, same x-ray-diffraction patUbparaet al!!
tern, same IR transmissipto the different ambients of the During annealing at around 300 °C the PLE spectra
samples during the measurements. In Fig. 5 the sample wahange drastically. The excitonic peak at 2.6 eV disappears,
as usual kept in a quartz ampoule under Ar gas at normaind an exponential increase, similar to the Urbachtil
pressure to avoid the oxidation of the siloxene sample. Theisordered semiconductors, appears. The optical gap is re-
spectra shown in Fig. 7 belong to a series of samples wherguced with the annealing.
we studied the annealing properties under vacuum. All spec-
tra shown in Fig. 7 are, therefore, from samples that were
stored and measured in the quartz ampoules under vacuum. IV. DISCUSSION
After opening the ampoules under inert gas, the PL spectra
show immediately a blueshift, which after several days
brings the spectral position back to that of the samples which The crystal structure of Wher siloxene develops from
were never stored in vacuum. We indicate in Fig. 7 the specthe two-dimensional planar Si layef (Si~]) with —H and
tral shift of the PL maxima after opening the ampoule by—OH ligands. The structure of 1,3,5-trihydroxo-
arrows. The final position is only reached after several days;yclohexasilane is in agreement with the observed chemical
whereas the mark on the arrow indicates the spectral positioanalysis and spectroscopic data. In the lower part of Fig. 4
2 h after opening of the ampoules. Polysilane and as prewe present a schematic model of the planar structure derived
pared Wailer siloxene show almost the same total shift offrom the single-crystal x-ray analysis. The three disordered
200 meV. There is also an increase in PL intensity aftesites of the hydroxyl proton are schematically indicated. The
breaking the vacuum. For most samples we measure a factsilicon skeleton is analogous to that of individual layers of
of 2—3 increase in intensity. gray arsenic.
The infrared transmission of layered polysilane below 900 In Table Il we compare the lattice constants of different
cm~ ! is quite different from that of Wialer siloxene[Figs.  silane derivates with those @f-Si and CaSj. The lattice
8(a) and 8b)]. Vibrational modes due to oxygen are drasti- parameters for Wder siloxene are derived from the single-
cally reduced. The modes of Si-H and the vibration of the Sicrystal analysis whereas the parameters for the layered pol-
plane are dominant. Two additional modes around 850 angsilane originates from the analysis of the x-ray powder pat-
890 cm ! are due to Si-H vibrations. The two modes cor- tern. The error in the determination of the lattice parameters
respond to the 845 cm' scissor wagging mode and the 890 are =1 pm for Wdhler siloxene and:3 pm for polysilane.
cm~! bending mode of polymerized silicon dihydride in All compounds listed in Table Il exhibit a very simila
a-Si:H3° axis, indicating identical Si-Si arrangements, theilaxes,

A. Structural details
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TABLE Il. Comparison of lattice parameters for different silane  During thermal anneal in vacuum at around 300 °C the
derivativesa gives the length of the unit cell$rigonal setting for two-dimensional planar structure is destroyed by oxygen in-
a single silicon layer. The lengthgives either the distance between sertion and cross ||nk|ng The band gap shrinks from 2.7 to

layers or the bond lengtti(Si-S in the case ofx-Si. 1.9 eV as is evidenced by the onset of the PL spectra. Hy-
drogen is lost from the compound but the Si:O ratio of 2:1

Compound alpml  c[pm] Ref. remains constant.

SigH3(OH)5 380 604 This worklexpt) Oxidation of Wadnler siloxene leads aIreadyﬁ(;t room tem-

SigH 383 557 This workiexpt) perature to a destruction of the planar structurelhe PL

shifts first with oxidation to smaller energi€som 2.3 to 2.0

o’ 65 o8I0 [[fi](fe’;p;f) eV) but with increasing oxidation the PL is blueshiftesp to
SiGHs(OH)s 383 £00 [12.13 (expt) 2.4 e\). The composition of the ider siloxene changes
o8 : P with oxidation to a substoichiometric hydroxide with Si:O:H
SigH3(OH)5 383 532 [6] (calc) ratio equal to 1:1.5:1.
S!GHG 383 540 [12] (expty The change of the PL spectral position and intensity with
S'GH_G 383 478 [6] (calc) the ambient in our annealing studies shows the strong influ-
CaS}, (TR3)(c/3) 3820  532.7 [17] (expt) ence of adsorbed molecules between the layers of the planar
CaS, (TR6)(c/6) 3855 5107 [19] (expt) structure. Pressure effects which change the bonding length
@-Si(2,=543.102 pm 3840 2352 [25] (expt) or angles can be excluded. The blue shift of 200 meV from

vacuum to normal air pressure is much larger and in opposite
direction to that expected from hydrostatic pressure measure-
however, differ substantially depending on the nature of thenents on Waler siloxene® No changes of the x-ray reflec-
substituents and/or the method of preparation. The relativelfions were observed after opening the evacuated ampoules.
long ¢ axis reported by Weiss, Beil, and MeYenight indi-
cate a higherOH content in their compound. The calcula- C. Wohler siloxene versus porous silicon
tions by Van de Walle and N_orthrﬁ_pevea_ll a layer separa-  ag prepared Whler siloxene is usually wrongly refer-
tion of only 532 pm, again quite different from the enced as the material responsible for the strong PL in porous
experimentally determined 604 pm in our Wer siloxene. gj As we have shown in this study, the position of the PL
Layered polysilane exhibits the same in-plane lattice conaximum for this compound is well in the gre€a.3 eV),
stant but a smaller separation of the planes. whereas the strong RT PL in porous Si exhibits a maximum
The three-dimensional precession x-ray data need furthgp ihe red(1.8 e\). Brandtet al2 proposed that as-prepared
analysis, to determine possible short-range ordering effect§oxene samples had to be heat treated in oxygen atmo-
of the layers. In a humber of experiments we have observegphere below 400 °C, to shift the PL maximum from green
additional superstructure reflections which result from &g the red color of porous silicon. During oxidation the oxy-
threefoldc axis. In addition a careful analysis of the intensity gen was believed to switch into the Si plane and a change
distribution of the reflections is under way which will allow om structurea to ¢ shown in Fig. 1 takes place. In our
us to determine the ordering of the layers. recent stud$? we could indeed show that the PL of \Wer
siloxene shifts under slow oxidation towards the red with
max at 2.0 eV, but further oxidation leads to a pronounced
blue shift. Under no experimental conditions of oxidation it
The electronic band gap of the planar siloxene structuravas possible to reach a maximum of the PL at 1.8 eV. The
shown in Fig. 1a), which is terminated by OH and H groups, chemical composition changes under oxidation to ,SiO
was calculated with different methods. &@eet al. obtain  with x close to 2.
with semiempirical methods a band gap energy of 2.7 eV. In the present study, we are able to shift the maximum of
Van de Walle and Northripand Takeda and Shiraishi the PL from 2.3 to 1.4 eV, by annealing of \Mer siloxene
used density functional methods and obtained a direct banith vacuum at temperatures around 300 °C. The composition
structure with a band gap of 1.7 eV. These calculated valuesf the samples changes again to $jut with x close to
should be compared to our measurements, where a maximu@5. During the annealing the oxygen from the OH ligands is
of the PL is found at 2.3 eV and the maximum for the PLE isincorporated into the ideal Si planes of Wer siloxene and
at 2.7 eV. destroys the planar structure. Calculations by Pederson
The electronic structure of layered polysilane was firstet al.’ indicate that bridging oxygen between Si atoms leads
studied by Takeda and ShiraisiAn indirect gap at 2.48 to an energetically favorable structure. We can speculate that
eV and a nearby direct gap at 2.63 eV were calculated. Ane dominant building unit could be the sixfold Si ring,
similar behavior, with somewhat larger gap enerdiesli-  which is isolated by bridging oxygen from other rings. We
rect gap at 2.75 eV, direct gap at 2.95)evas determined by agree with Dahret al1? that the ideal structure shown in Fig.
Van de Walle and NorthrupFirst experimental evidence for 1(c) which was proposed by Kautsyand emphasized by
layered polysilane was presented by Datrall?> We have  Brandtet al? is not realized in the vacuum annealed Méy
performed a PL study on this material. The maximum of thesiloxene. We recently successfully prepared siloxene that
strong PL is found at 2.5 eV and the maximum of the PLEseems to have the structural properties shown in Fig. 1
spectrum is at 2.7 eV, in good agreement with the theoreticalhe optical properties of this material are, however, different
predictions. From the strong PL intensity it is difficult to from those found for the ViMlder siloxene. Details of this
attribute the PL to an indirect optical transition. study will be presented in a forthcoming publication.

B. Optical properties
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Our IR transmission, PL and PLE spectra of vacuum an=750 nm, freshly prepared siloxene max~a620 nm, and
nealed Waler siloxene are very similar to those reported inannealed siloxene max at540 nnj clearly indicates a
Refs. 2 and 28 and we believe the annealing conditions usedrong preparation of the annealed siloxene samples. Appar-
there (pressed powder in ampoules were heated ih@ir-  ently, Shamet al. annealed at 400° without specifying the
respond better to an anneal in vacuum than an oxidatioambient. From our oxidation stuth/we believe that an
process. The optical properties of the vacuum annealedxygen-rich compound was formed, which certainly should
Wohler siloxene are very similar to those found in porous Sinot be identified with porous Si.
which exhibits the strong red RT PL. Therefore the proposal A characteristic feature of porous silicon is the polariza-
made in Ref. 2 that siloxene derivatives generated from aton memory effect of the P£2~**We have preliminary re-
prepared siloxene by annealing should be seriously discussedits on a very similar effect in our Witer siloxene samples.
in the light of recent publications. Annealed Whaler siloxene exhibits polarization degrees

The K- and L-edge x-ray absorption of porous Si, as- comparable to porous silicon. Crystalline Wer siloxene
prepared siloxene, and layered polysilane show remarkablgowever shows a pronounced polarization only if the excit-
similarities?® Base_d on the argument given in Refs. 16 anding laser is polarized parallel to theaxis of the layers. A
36, that porous Si can be predominantly oxygen free, DahRietajled investigation is underway and will be published
and co-workers discard the possibility of siloxene in the po-gisewhere.
rous Si layers and propose that porous Si may consist out of 1 4re were several proposals to explain the optical prop-

{thlySIIIa(l’jle(“Sqlszng) Iaye.rs. HOV\ﬁV er, az wel hg\lve ShOW{] 2'n5erties of porous silicon by a combination of nanocrystals and
IS study the maximum of 'ayered polysilane 1S at 2.5¢ ¢, -q layerglike SiO,) or surface statedike specific mol-
eV, far off from the position of the strong PL in porous Si. L A, .
&cule$. Bridging of nanocrystals by oligosilane bridges was

There are also several publications that question the dire . ; : .
involvement of hydrogen in the PL layers of porous Si. I:romproposed, and the optical properties were attributed to exci-

a combined study of the IR transmission and PL on porous Stions in the bridging moleculésee the discussion in Ref.

no correlation between the hydrogen vibrational modes and)- All these models require both constituents, nanocrystals

the PL spectra could be establisRe® and an involvement @nd surface states or molecules to account for the optical

of polysilane in the strong PL from porous Si has to beProperties in porous silicon. The nanocrystals are necessary

denied. to model the absorption properties of the excitation light,
The chemical composition of porous silicon was deter-whereas the visible PLin the red originates in the surface

mined by several different methods. Infrared absorption ofayers of the nanocrystals. The siloxene derivates discussed

freshly prepared porous silicon showed no oxygen-relateéh this paper can be identified with the species on the surface

vibrational modes? Although the authors give no PL spectra of the nanocrystals. However, in pure siloxene layers pre-

of their as-prepared material they emphasize that the maxpared from CaSi no nanocrystals are needed to account for

mum of the PL is similar to that reported by Brarettal?>  their optical properties.

The lack of oxygen in porous Si is for the authors strong

evidence that siloxene i 3(OH) 5 is not responsible for the

PL in porous Si. We find a close resemblance of the IR V. SUMMARY

spectra given by Tischlaat al>® for porous Si with the spec-

trum shown in Fig. 8 for polysilane. Under certain conditions We have studied the fascinating optical properties of lay-

we find in as prepared porous Si samples a very similar IRered silicon planes in Whder siloxene and polysilane. The

spectrum but the PL spectrum shows in this case a maximumstrong PL at RT can be tuned from 2.5 to 1.4 eV by heating

at around 2.3-2.5 eV. the samples in vacuum. We have prepared single crystalline
The chemical composition of porous Si samples that exsiloxene and polysilane samples and have identified their

hibit a PL max at 1.45 eV were determined by several austructural properties. The thermal anneal leads to a destruc-

thors. Canhanet al** use a SIMS analysis to determine O, trion of the Si planes, which is evidenced by changes in the

H, Si, and C concentrations. Interesting changes in the conk.ray diffraction and the infrared spectra. We discuss recent

position of porous Si layers were detected with storage timgypjications on the origin of the strong PL in porous Si and

in air. HOWeVer, the determination of absolute and relativ%upport the arguments that vacuum annea'e"cthnox_
concentrations by SIMS is very difficult due to the Comp|i— ene is responsib|e for the Strong PL in porous Si.

cated matrix of porous Si. Alternative ion beam techniques
that determine the composition are used in Ref. 41. A rela-

tive composition was determined as,gD; ,C; JH 15, very ACKNOWLEDGMENTS
close to the composition of annealed Wer siloxene SjO,,
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