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1. Introduction 

Silicon (Si) is the second most abundant element (Clarke number ~26%) on Earth and exists 
mainly in the oxidized silicate (SiO2) form. Si sources are neither localized in very specific 
regions nor are they noble. However, crystalline (c-Si) and amorphous (a-Si) silicons remain 
the most fundamental, purely inorganic materials used for microelectronics, optoelectronics, 
and photonics because the lithographic and p-n doping processes are already well-
established in industry. To produce these materials, vacuum and vapor-phase deposition 
processes and mechanical slicing/polishing techniques of Si-wafers are invariably utilized. 
However, these techniques require the use of an expensive XeCl excimer laser for annealing 
of a-Si; this step is followed by a crystallization process to prepare a poly-Si thin film 
transistor (TFT) from a a-Si thin film, which is deposited using a highly dangerous SiH4–
Si2H6 chemical vapor deposition (CVD) process. 

1.1 Physical and chemical approaches for controlling the band gap of crystalline 
silicon  

There are many types of Si-based materials ranging from zero-dimensional (0D) 
nanocrystalline silicon (nc-Si) and nanoparticles, one-dimensional (1D) polysilane and 
nanowire, and two-dimensional (2D) Si-skeletons, including Si-Si bonded network 
polysilyne (SNP), Wöhler siloxene, and Si/SiO2 superlattice, to three-dimensional (3D) Si-
skeletons, including c-Si and a-Si (Table 1). 
The fundamental materials for microelectronics, c-Si and a-Si, are poor UV-visible-near IR 
emitters with low quantum yields (F) of ~10-2% at 300 K because of their narrow band gap 
(1127 nm, 1.1 eV) with indirect electronic transitions (Lockwood, 1998; Yu & Cardona, 2005). 
Since the first reports of fairly efficient photoluminescence (PL) in the visible–near IR region 
from nc-Si (Furukawa & Miyasato, 1988; Takagi et al., 1990; Kanemitsu et al., 1993; 
Kanemitsu et al., 1995; Kanemitsu et al., 1996; Wilson et al., 1993) and porous Si (Cullis & 
Canham, 1991; Cullis et al., 1997; Lehmann & Gösele, 1991; Heitmann et al., 2005), extensive 
research efforts have been expended to produce Si with efficient, tunable UV-visible 
emission. To effectively confine a photoexcited electron-hole pair (exciton) within Si’s Bohr 
radius (rB) of ~5 nm (Lockwood, 1998; Yu & Cardona, 2005), various low-dimensional Si-
based materials have been theoretically (Takeda & Shiraishi, 1997; Takeda & Shiraishi, 1998; 
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Brus, 1994; Alivisatos, 1996) and experimentally explored as follows: (a) 0D and 1D 
materials as visible-near IR emitters, including nc-Si and nanoparticles (Holmes et al., 2001; 
Grom et al., 2000; Kovalev et al., 1998; Gelloz et al., 2005; Walters et al., 2006; Jurbergs et al., 
2006; English et al., 2002; Fojtik & Henglein, 1994; Li et al., 2004; Liu et al., 2005; Choi et al., 
2007; Watanabe, 2003; Pi et al., 2008; Liu, 2008; Bley & Kauzlarich, 1996; Mayeri et al., 2001; 
Zou et al., 2004; Zhang et al., 2007; Wilcoxon et al., 1999; Hua et al., 2006; Nayfeh & Mitas, 
2008) and Si nanowires (Qi et al., 2003; Ma et al., 2005); (b) 1D materials as exitonic UV 
emitters, including chain-like polysilane (Fujiki, 2001; Hasegawa et al., 1996); (c) 2D Si 
skeletons as visible emitters, including Si-Si bonded network polymers (SNP) (Takeda & 
Shiraishi, 1997; Bianconi et al., 1989; Bianconi & Weidman, 1988; Furukawa et al., 1990; 
Wilson & Weidman, 1991), Wöhler siloxenes (Brandt et al., 2003), and a Si/SiO2 superlattice 
(Lu et al., 1995). Although SNPs have been regarded as soluble precursor polymers of a-Si 
(Wilson & Weidman, 1991) and 2D-Si nanosheets (saturated, bonded "sila-graphene") 
(Brandt et al., 2003; Nesper, 2003), further studies on the pyrolytic products of SNP 
derivatives and their inherent photophysical properties in a vacuum at low temperature 
have not yet been reported. 
 

4A-

elements 

Dimensionality and Eg (eV) (Brus, 1994; Takeda & Shiraishi, 1989) 

3D 
2D 

 

1D 

 
C 5.5 (IG) – ~8 
Si 1.1 (IG) 2.3 (IG and DG) ~4 (DG) 
Ge 0.7 (IG) 1.8 (IG and DG) ~4 (DG) 
Sn 0.1 – ~ 3 (DG) 
Pb ~0 – – 

Table 1. Schematic concept of skeleton dimensionality and elements. DG: Direct gap, IG: 
Indirect gap. 

Solution processing of metal chalcogenide semiconductors to fabricate stable and high-
performance transistors has recently been developed (Alivisatos, 1996). To produce c-Si, a-Si, 
and new Si-based materials with controlled optical band gaps, low-cost solution and 
thermal production methods that are environmentally friendly and safe and can deposit Si 
on a plastic film at lower temperatures (below 250 °C) using soluble Si-source materials are 
greatly preferable. Among the Si source materials, organosilicon compounds may be some 
of the most promising candidates to satisfy the above criteria in actual Si-device fabrication 
processes because organosilicon compounds are usually air-stable, non-toxic, non-
flammable, non-explosive, and soluble in common organic solvents. 
Through re-evaluation of previously reported research, we endeavor to advance our 
knowledge and understanding of Si-related materials science. Among the Si-related 
materials mentioned above, SNPs are especially interesting as soluble precursor polymers 
to pyrolytically transform into 3D Si-skeleton materials. In this chapter, we establish 
strong evidence that SNP is one of the most promising, air-stable, soluble Si-source 
materials for the straightforward production of c-Si, a-Si, and controlled bang-gap Si-
based materials via simple control of the organic side groups of SNP as well as the 
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vacuum pyrolysis conditions, including the pyrolysis temperature, pyrolysis time, and the 
presence of a trace amount of air.  

1.2 Soluble silicon network polymers bearing organic groups 

Various SNPs can be prepared via a one-step condensation reaction of the corresponding, 
non-flammable, non-toxic alkyltrichlorosilanes with sodium in 50–60% yield at 120 °C in 
inert organic solvent. A liquid NaK alloy and ultrasonic wave (USW) irradiation were 
applied in the preparation of the first SNP (Bianconi et al., 1989; Bianconi and Weidman, 
1988). Subsequently, the use of Na metal with catalytic amounts of crown ethers readily 
afforded these SNPs in milder and safer conditions without USW irradiation, as shown in 
Scheme 1 (Furukawa et al., 1990).  
 

 
Scheme 1. General synthesis and vacuum-pyrolysis procedures for the preparation of SNPs. 

In the present study, SNPs were prepared by the modified Na-mediated reduction 
(Wurtz-Kipping reaction) of the corresponding alkyltrichlorosilanes in the presence of 12-
crown-4-ether as co-catalyst under a N2 atmosphere (Fujiki et al., 2009). The SNPs were 
protected from contact with air and moisture during all of the synthetic procedures, 
including preparation, isolation, and sample enclosure in a glass tube. The SNPs were 
typically synthesized as shown in Scheme 1. For example, methylcyclohexane (4 mL, 
dried over 4 Å molecular sieves) containing Na (0.43 g, 19 mmol) and 12-crown-4-ether 
(0.02 g, 0.11 mmol) was placed in a four-necked 100 mL flask and refluxed at the relatively 
high temperature of 120 °C with vigorous mechanical stirring. To this mixture, n-
butyltrichlorosilane (0.98 g, 5.1 mmol) dissolved in methylcyclohexane (4 mL) was added 
drop-wise. After the addition was complete, the solution was stirred for 1 h and then 
allowed to cool to room temperature. The reaction vessel was transferred to a glove box 
filled with 99.9% N2 gas. To remove excess Na and NaCl, the reaction mixture was filtered 
using a fluorinated membrane filter (0.50 m pore size) under pressure to yield a clear 
yellow solution containing n-butyl-substituted SNP (n-BSNP). The polymer was isolated 
by precipitating the solution in dry acetone and then dried in the glove box via connection 
to an external vacuum pump. Ethyl, n-propyl, i-butyl, n-pentyl, n-hexyl, n-octyl, n-decyl, 
n-dodecyl, and 3,3,3-trifluoropropyl-substituted SNP derivatives were similarly prepared 
as soluble polymers. Only methyl-substituted SNP was insoluble in all solvents, due to its 
very short alkyl group. The yields of SNPs ranged from 40–50%. Weight-averaged and 
number-averaged molecular weights (Mw and Mn) of the soluble SNPs ranged from 3–43 x 
103 g mol-1. Freshly-prepared SNPs did not exhibit any IR absorption due to the Si-O-Si 
stretching vibration of the oxidized Si-Si bond around 1000–1100 cm-1. 
A methylcyclohexane solution of SNPs was transferred into glass tubes (ID 5 mm, OD 7 
mm); the inner wall of the tube was manually coated with the solution, and the solution was 
dried by blowing with N2 gas. The SNP films deposited in the glass tubes were connected to 
a two-way vacuum bulb. The glass tubes coated with the SNP films were removed from the 
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glove box and sealed using a hand-burner using vacuum techniques (0.3 Torr by rotary 
pump or 5 x 10-5 Torr by a Pfeiffer turbo molecular pump). For pyrolysis experiments and 
photoluminescence (PL)/PL excitation (PLE) measurements, the glass tubes were placed 
into a housing made of an aluminum block and then onto a digitally-controlled hotplate 
(Thermolyne), and the temperature of the housing was monitored with a chromel-alumel 
thermocouple. 

1.3 Pyrolysis of Si-containing polymers 

Pyrolysis of several Si-containing polymers, including poly(dimethylsilane) (Yajima et al., 
1978), polycarbosilane (PCS) (Liu et al., 1999; Schmidt et al., 1991), and polysilane-containing 
chlorine (Martin et al., 1997), is well-known to produce -silicon carbide exclusively (-SiC). 
This fact engendered the idea that SNPs might also produce -SiC as a result of pyrolysis. 
However, thermogravimetric (TG) and isothermal thermogravimetric (ITG) analyses of ten 
SNPs in a stream of pure nitrogen gas indicated that elemental Si was produced. 
 

 
Fig. 1. Thermogravimetric (TG) and differential thermogravimetric (DTG) analysis curves of 
n-BSNP and i-BSNP in a N2 atmosphere (heating rate = 5 °C min-1). 

 

 
Scheme 2. Proposed mechanism of the -H shift from the alkyl group to the Si-Si bonded 
skeleton. 

The TG analysis data showed that SNPs undergo degradation in two steps (Fig. 1). With 
the exception of sterically-overcrowded isobutyl- and trifluoropropyl-substituted SNP 
derivatives (i-BSNP and FPSNP), most SNPs began to degrade at ~300 °C (not shown 
here), suggesting that an alkylene moiety is eliminated due to a -H shift from the alkyl 
group to the Si skeleton, followed by the release of H2 gas from the Si-H bond at ~450 °C. 
In contrast, the i-BSNP and FPSNP derivatives began to degrade at temperatures as low as 
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~250 °C. The proposed SNP pyrolysis mechanism is shown in Scheme 2. ITG data for 
SNPs at 500 °C as a function of pyrolysis time (Fig. 2) suggests that the observed weight 
loss of the SNP after prolonged (90 min) pyrolysis corresponds to a residue of pure Si (not 
SiC), regardless of alkyl side group (Fig. 3). This result was further confirmed by scanning 
electron microscopy (SEM)/X-ray photoelectron spectroscopy (XPS)/energy dispersive  
X-ray spectroscopy (EDS) analyses of the product yielded by pyrolysis of n-propyl-SNP 
and n-butyl-SNP (n-BSNP) at 900 °C, which showed that the surface was oxidized, as 
evidenced by 1:1 signals of Si and O but no detectable C signal due to SiC (Fig. 4 and  
Fig. 5). 
 

 
Fig. 2. Isothermal thermogravimetric (ITG) analysis curves of n-BSNP in a stream of N2 gas 
at selected temperatures. ITG curves between 450 °C and 500 °C appeared to be reversed. 
This result was reproducible, probably due to rapid evolution of some volatile products 
from n-BSNP during prolonged heating at 450 °C. 

 

 
Fig. 3. Weight loss values of ten SNPs bearing different alkyl side chains upon pyrolysis at 
500 °C for 90 min. Filled circles and dotted lines are experimental and calculated weight 
values for elemental Si, respectively. 
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Fig. 4. Scanning electron microscope (SEM) images of n-propyl SNP pyrolyzed at 900 °C in a 
N2 atmosphere (scale bars: left, 100 m, and right, 1 m). 

 
 
 

 
Fig. 5. Surface analysis of n-BSNP and n-propyl SNP by SEM and energy dispersive X-ray 
spectroscopy (EDS) before and after pyrolysis at 900 °C. 
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Scheme 3. The pyrolysis of octa(tert-butyl)octasilacubane (Furukawa, 2000). 

 

 
Scheme 4. The pyrolysis of hydrogenated polysilane prepared via a four-step synthesis from 
diphenyldichlorosilane as a starting material (Shimoda et al., 2006). 

Based on pyrolysis experiments with PCS (Liu et al., 1999; Schmidt et al., 1991), -H 
elimination from alkyl C-H (Scheme 2) is postulated to be the key for producing elemental Si 
without significant interference by the Kumada rearrangement reaction responsible for 
SiC production (Shini and Kumada, 1958). Peripheral SNP structures may be terminated 
with Si-Cl and Si-H, as exemplified in chlorine-containing polysilane (Martin et al., 1997). 
For most SNPs, the existence of Si-Cl and Si-H bonds were evidenced by 29Si-NMR signals at 
~30 ppm and from the FT-IR signal around 2080 cm-1, respectively (Fujiki et al., 2009). The 
free Cl atom from the Si-Cl bond may catalyze efficient -H elimination. This unexpected 
result may be a common feature of reactions involving Si-Si bonded molecules and 
polymers bearing appropriate side groups in an oxygen-free environment. Indeed, an Si-Si 
bonded cubic molecule with bulky organic groups, tert-butyl-containing octasilacubane was 
transformed into an a-Si film via pyrolysis in a vacuum at 350–450 °C (Scheme 3) 
(Furukawa, 2000). A polycrystalline Si thin film with a high-carrier mobility was prepared 
via pyrolysis of a Si-Si bonded linear polymer, (SiH2)n, at 300–550 °C in an oxygen-free glove 
box (Shimoda et al., 2006). This hydrogenated polysilane was produced by a four-step 
synthesis, including a photo-induced ring-opening process, using diphenyldichlorosilane as 
a starting material (Scheme 4). 
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2. A new family of silicon network polymers as a precursor for c-Si, a-Si, and 
other Si-based materials 

2.1 Controlled vacuum pyrolysis with a trace amount of air 

TGA and ITGA data for the ten SNPs in pure N2 gas (99.99%) indicated that elemental Si 
was produced. To confirm this result, laser Raman scattering spectra and microscope 
imaging of the n-BSNP pyrolyzed at 500 °C for 10 and 90 min were compared with the 
freshly-prepared n-BSNP film (Fig. 6). Several particles with a size of ~30 m were observed 
in the n-BSNP pyrolyzed at 500 °C for 90 min. The regions with a metallic luster showed a 
sharp Raman resonance at 508 cm-1 due to nc-like-Si particles, whereas regions with a non-
metallic luster (amorphous regions) showed a very broad Raman shift at ~480 cm-1, similar 
to the freshly-prepared n-BSNP film. 
 

 
Fig. 6. Laser Raman scattering spectra and optical microscopy images of n-BSNP pyrolyzed 
at 500 °C. 

2.2 Photophysical properties: photoluminescence and absorption spectra 

The photoluminescence (PL) emission spectra of the ten soluble SNPs (Scheme 1) were 
measured between 460 nm and 740 nm (2.70-1.68 eV) at 77 K and at room temperature with 
controlled pyrolysis temperature (200~500 °C) and time (10~90 min) in a vacuum. The 
changes in the PL spectra of n-BSNP and i-BSNP films excited at 360 nm and 77 K, treated at 
several different pyrolysis temperatures for 10 and 90 min, are summarized in Fig. 7 
(bottom) along with several color photographs of these n-BSNP films (Fig. 7, top).  
Before pyrolysis, the freshly-prepared n-BSNP film emitted a yellowish PL, corresponding 
to a band maximum at 560 nm, with two fast lifetime components of 1.3 and 5.8 nsec. When 
the film was treated at 250 °C for 90 min, the PL band was markedly blue-shifted, exhibiting 
a blue PL band at 460 nm. 
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Fig. 7. Emission color photographs (top) and PL spectra (bottom) of n-BSNP and i-BSNP 
films pyrolyzed at different pyrolysis temperatures for different time periods (excited at 360 
nm at 77 K). 

 

 
Fig. 8. UV-visible absorption spectra (normalized at 300 nm) of n-BSNP films pyrolyzed at 
different temperatures. 
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When the virgin films were treated at 300 °C for 90 min, the PL band was shifted slightly to 
green, corresponding to a peak maximum at 520 nm. Conversely, when the freshly-prepared 
films were treated at 350 °C, 400 °C, and 450 °C for 90 min, the PL wavelength was 
progressively red-shifted to orange at 580 nm, to red at 640 nm, and to deep-red at 680 nm. 
Similarly, the i-BSNP film progressively shifted first towards the blue region and then 
towards the red region. When the freshly-prepared i-BSNP film was treated at 500 °C for 10 
min, the deepest red PL, corresponding to a peak maximum at 740 nm, was observed. Both 
n-BSNP or i-BSNP treated at 250–300 °C for 90 min exhibited a greenish-white emission to 
the naked eye. 
When the freshly-prepared n-BSNP film was extensively heated at 500 °C for 90 min, it 
became a lustrous, metallic film that emitted a very weak, deep-red PL at approximately 680 
nm with a marked decrease in intensity that was one-sixth that of the sample treated at  
500 °C for 10 min. Figure 8 shows these marked, progressive blue- and red-shifts in the  
UV-visible absorption edge of pyrolyzed n-BSNP films maintained in sealed tubes at 
increasing pyrolysis temperatures. This change in the UV-visible absorption edge 
corresponds well to the blue- and red-shifts of the PL bands. It is noteworthy that the SNP 
film treated at 500 °C clearly showed broad absorption bands in the range of 350–600 nm, 
indicating that a significant change occurred in the Si-Si bonded skeleton.  
 

 
Fig. 9. PL excited at 360 nm, PL excitation (PLE) monitored at 540 nm, and UV-visible 
absorption spectra with their corresponding second derivative spectra for the air-exposed 
nc-like-Si particles dispersed in n-hexane. 

Although exact F values for these films were not determined, they were assumed to be 
several% (not exceeding 10%) at 77 K, and the PL intensities of the films at room 
temperature decreased by one-sixth compared to those at 77 K. This estimation was based 
on the fact that the F value of virgin n-BSNP in THF solution at room temperature is ~1% 
using 9,10-diphenylanthracene as the reference (F ~97% in methylcyclohexane). As for the 
n-BSNP film pyrolyzed at 300 °C, the PL band at 560 nm with excitation at 370 nm had fast 
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and slow lifetime components of ~5 nsec and >10 nsec, respectively, at 77 K. This short 
lifetime can be compared to the long lifetime of c-Si of 4.6 hrs (Lockwood, 1998; Yu and 
Cardona, 2005). An oxygen molecule may be inserted into the SNP skeleton because the SNP 
film was sealed in the presence of a small amount of air (~3x10-1 Torr). In fact, the film 
sealed in a trace amount of air (~5x10-5 Torr) exhibited a major PL band around 550 nm that 
was almost unchanged, even after thermal treatment at 200 and 300 °C. Controlling the time 
and temperature of the air-oxidation and pyrolysis of the virgin SNP film may thus facilitate 
fine tuning of the PL wavelength between 460 nm (2.70 eV) and 740 nm (1.66 eV). 
 

 
Fig. 10. HRTEM images of the air-exposed nc-Si particles. Left-side image: Baum-küchen-
like, multi-layered structures with circular shapes and ~0.34 nm spacing. Right-side image: 
Baum-küchen-like, lamellar shapes with ~0.37 nm spacing. Surface profile at indicated 
location. Scale bar is 5 nm. 

When the very weakly emitting Si particles in deep-red, which were produced by the 
pyrolysis of n-BSNP at 500 °C for 90 min, were exposed to air, the PL switched abruptly to 
an intense sky-blue color (= 430 nm). The air-exposed Si particles, dispersed in common 
organic solvents at room temperature, exhibited an extremely high F of 20–25% and a short 
lifetime of ~5 nsec, probably due to the presence of siloxene-like, multi-layered Si-sheet 
structures. 

 En = 2/2m�(/na)2, purely electronic transitions with n (1) 
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 En = (n + 1/2) ,� purely vibronic transitions with n (2) 

The PL (excited at 360 nm), PL excitation (PLE, monitored at 540 nm), and UV-visible 
absorption spectra of the air-exposed Si particles dispersed in n-hexane are shown with the 
corresponding second derivative spectra in Fig. 9. Based on the second derivative spectra, 
the apparent broad PL, PLE, and absorption spectra consist of at least five well-resolved 
bands with almost equal energy spacing (1650 ± 100 cm-1 for the UV-visible absorption 
spectra, 1580 ± 200 cm-1 for the PL spectra, 1470 ± 70 cm-1 for the PLE spectra). 
This periodic behavior may be related to the combination of bands arising from the Si-Si 
stretching mode (~460 cm-1) of the 2D-like Si skeleton and the Si-O-Si stretching mode 
(~1100 cm-1). Specifically, a coupling between an electron (from the Si-Si skeleton) and a 
phonon (from the Si-O-Si stretching vibration) is responsible for the strongly blue emission, 
due to the loss of translational symmetry. If the multiple electronic transitions in the PL, 
PLE, and UV-visible spectra came from purely electronic origins within the 2D structure, the 
energy separation (En) should obey the inverse square of the quantum number, n (Eq. 1). If 
the transitions were connected to vibronic transitions, the separation would be related to n 
in a parabolic potential well (Eq. 2). The unexposed nc-like-Si samples may be of the former 
type due to very weak electron–phonon coupling, whereas the air-exposed nc-like-Si 
particles are presumably an example of the latter case [Yu and Cardona, 2005; Konagai, 
1987; Davies, 1998, Colvin et al., 1994]. 

2.3 Structural analysis of the pyrolytic products by high-resolution transmission 
electron microscopy and laser Raman spectroscopy 

The blue- and red-emissive structures of the air-exposed Si particles in the pyrolysis 
products were investigated by high-resolution transmission electron microscopy 
(HRTEM) with EDS. The HRTEM images of the air-exposed Si particles are shown in Fig. 
10. The majority of the image regions show finely featured nc-Si particles with a diameter 
of ~1 nm and a lattice spacing of ~2.5 Å. EDS analysis revealed the existence of oxygen in 
the image regions with a Si/O ratio of ~1/3. It is interesting that the two HRTEM images 
clearly show ‘Baum-küchen-like’ multi-layered structures; the left-side image in Fig. 10 
shows circular shapes with ~3.4 Å spacing while the right-side image in Fig. 10 shows 
lamellar shapes with ~3.7 Å spacing. The n-BSNP exhibited a d-spacing of 5.5 nm (2 ~16°, 
CuK) in a WAXD pattern, indicating that an interlayer spacing was present between n-
BSNP multi-sheets, whereas the pyrolyzed n-BSNP does not show any ordered structures. 
These layered structures imply that the air-exposed Si particles have a 2D-Wöhler-
siloxene structure (Brandt et al., 2003, Nesper, 2003) separated by a highly stretched  
Si-O-Si bond with an opened Si-O-Si bond angle, which is regarded to be a chemically 
well-controlled Zintl phase. The origin of the blue-shifted PL band at 250 °C is assumed to 
be due to the partial oxidation of the SNP single-sheet when oxygen gas in the sealed tube 
is consumed during pyrolysis. 
In nearly oxygen-free sealed conditions, a blue-shifted PL was not observed when the SNPs 
were treated at 200–300 °C. The origin of the progressively red-shifted PL band at more 
elevated temperatures can be conjectured to be multi-layered with the spontaneous, stacked 
structure of 2D-SNP single-sheets, formed through the elimination of the organic moieties 
and hydrogen during pyrolysis. The PL wavelength is variable according to the thickness of 
the Si film (Lu et al., 1995). When an Si-Si bond length projected in the stacking direction is 
assumed to be 1.85 Å, the Si layer number extrapolated from the PL peak wavelength can be 
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calculated using EPL (eV) = 1.6 + 0.7/dSi2, which is given for the Si/SiO2 superlattice (Lu et 
al., 1995). 
 

 
Fig. 11. Estimated numbers of Si multi-layers extrapolated from the PL peak energy of n-
BSNP and i-BSNP, based on the equation (EPL(eV) = 1.6 + 0.7/dSi2) for the Si/SiO2 
superlattice (Lu et al., 1995). 

 

 
Fig. 12. Proposed scheme for changes in the structural hierarchy of SNP from 2D single-
sheet to quasi-3D multi-sheets based on a Wöhler-siloxene-like structure with and without 
Si-O-Si interlayer spacers. 

The PL energy in eV is plotted as a function of estimated thickness and number of Si layers 
in Fig. 11. When the pyrolyzed SNP without organic or H moieties was exposed to air, the 
spontaneous insertion of oxygen atoms into the multi-layer Si ultrathin films occurred, 
resulting in the formation of a periodic (Si)1/(SiO2)1 superlattice (Lu et al., 1995) identical to 
the Wöhler-siloxene multi-layers (Brandt et al., 2003) with Si-O-Si interspacing. A previous 
study predicted that a Wöhler-siloxene structure bearing oxygen moieties would be highly 
emissive due to changes in electronic transitions from indirect- to direct-type band 
structures (Kanemitsu et al., 1993). This change results from characteristic –n orbital mixing 
of the 2D-Si  electrons with the lone pair electrons of oxygen at the band-edge states for an 
ideal 2D-Si polymer bearing OH and H side groups (Takeda and Shiraishi, 1993). 
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Based on the results shown above, a change in hierarchical structure based on a model of 
Wöhler-siloxene multi-sheet layers separated by an Si-O-Si linkage at elevated pyrolysis 
temperatures, followed by exposure to air, is proposed in Fig. 12. 

2.4 Circularly polarized light from chiral SNPs 

The generation, amplification, and switching of circularly polarized luminescence (CPL) and 
circular dichroism (CD) by polymers (Chen et al., 1999; Oda et al., 2000; Kawagoe et al., 
2010), small molecules (Lunkley et al., 2008; Harada et al., 2009), and solid surface crystals 
(Furumi and Sakka, 2006; Krause & Brett, 2008; Iba et al., 2011) have received considerable 
theoretical and experimental attention. 
 

 
Scheme 5. Soluble, optically-active SNPs bearing chiral organic groups. 

 

 
 

    

Fig. 13. UV-visible, PL, CD, and CPL spectra of 1S, 2S, and 2R in THF at 25 °C. 

CPL is inherent to asymmetric luminophores in the excited state, whereas CD is due to 
asymmetric chromophores in the ground state. The first chiroptical (CPL and CD) properties 
of three new SNPs bearing chiral alkyl side groups (Fukao & Fujiki, 2009) were recently 
demonstrated for poly[(S)-2-methylbutylsilyne] (1S), poly[(R)-3,7-dimethyloctylsilyne] (2R), 
and poly[(S)-3,7-dimethyloctylsilyne] (2S) (Scheme 5). 
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This study revealed that only 1S, bearing β-branched chiral groups, clearly showed an 
intense CPL signal at ~570 nm with F of ~1% along with corresponding Cotton CD signals 
in THF solution at room temperature (Fig. 13). In contrast, 2R and 2S, which possess γ-
branched chiral groups, did not exhibit any CPL signals although they did exhibit CD 
bands. By analogy to the optically inactive SNPs described above, optically active SNPs 
might be candidates for use as Si-source materials in the production of a-Si and c-Si films 
that exhibit circular polarization via controlled vacuum pyrolysis. 

2.5 A Ge–Ge bonded network polymer (GNP) as an SNP analogue 

Our understanding of the Si-Si bonded network polymeric materials led us to investigate a 
2D Ge–Ge bonded network polymer (GNP) as a soluble model of insoluble polygermyne. A 
common approach for studying Si- and Ge-based materials is to effectively confine a 
photoexcited electron-hole pair within the Bohr radius (rB) for Si (rB ~5 nm) and for Ge  
(rB ~24 nm) (Gu et al., 2001). However, research on low-dimensional Ge-based materials has 
been delayed due to the limited synthetic approaches available for preparing soluble Ge–Ge 
bonded materials using organogermanium sources, which are 1000 times more expensive 
than the corresponding organosilane sources. Several Ge-based materials were recently 
fabricated using the molecular beam epitaxy (MBE) technique in an ultrahigh vacuum using 
inexpensive Ge-based inorganic sources, rapidly increasing their potential use in the fields 
of physics and applied physics. 
In the area of solid-state physics, Kanemitsu, Masumoto, and coworkers observed a broad 
PL band at 570 nm (2.18 eV) for microcrystalline Ge (c-Ge) embedded into SiO2 glass at 
room temperature (Maeda et al., 1991). Stutzmann, Brandt, and coworkers reported a near 
infrared PL band at 920 nm (1.35 eV) for multi-layered Ge sheets produced on a solid 
surface, which is a pseudo-2D multi-layered Ge crystal known as polygermyne synthesized 
from Zintl-phase CaGe2 (Vogg et al., 2000). However, c-Ge, polygermyne, and polysiloxene 
are purely inorganic and are thus insoluble in any organic solvent. 
 

 
Scheme 6. Synthesis of soluble n-butyl GNP. 

In 1993, Bianconi et al. reported the first synthesis of GNP via reduction of  
n-hexyltrichlorogermane with a NaK alloy under ultrasonic irradiation (Hymanclki et al., 
1993). However, the photophysical properties of GNP have not yet been reported in detail. 
In 1994, Kishida et al. reported that poly(n-hexylgermyne) at 77 K possesses a green PL band 
with a maximum at 560 nm (2.21 eV) whereas poly(n-hexylsilyne) exhibits a blue PL band 
around 480 nm (2.58 eV) (Kishida et al., 1994). 
By applying our modified technique to a soluble GNP bearing n-butyl groups (n-BGNP) and 
through careful polymer synthesis (Scheme 6) and measurement of the PL, we briefly 
demonstrated that n-BGNP exhibits a very brilliant red PL band at 690 nm (1.80 eV). This 
result was obtained using a vacuum at 77 K without the pyrolysis process; under these 
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conditions, n-BSNP reveals a very brilliant green-colored PL band at 540 nm (2.30 eV) (Fig. 
14) (Fujiki et al., 2009). This result differs from that of a previous report of green PL from 
poly(n-hexylgermyne) (Kishida et al., 1994). 
 

 

 
Fig. 14. Photographs (left) and PL spectra (right) of n-BSNP and n-BGNP films excited at 365 
nm at 77 K. 

By analogy with the SNPs described above, GNP may have potential uses as NIR emitters 
and narrow band gap materials with a loss of organic moieties by the pyrolysis process. In 
recent years, several studies have demonstrated the preparation and characterization of 
Ge nanoclusters capped with organic groups. Watanabe et al. elucidated that pyrolysis 
products of soluble Ge-Ge bonded nanoclusters capped with organic groups offer high-
carrier mobility and optical waveguide with a high-refractive index value in 
semiconducting materials (Watanabe et al., 2005). Klimov et al. recently reported the 
presence of a near IR PL band at 1050 nm (1.18 eV) with a fairly high F of 8% for nc-Ge 
capped with 1-octadecene, enabling a great reduction in Ge surface oxidation due to 
formation of strong Si–C bonds (Lee et al., 2009). The study of GNP pyrolysis is in 
progress and will be reported in the future. 

2.6 Scope and perspectives 

In recent years, solution processes for the fabrication of electronic and optoelectronic 
devices, as alternative methods to the conventional vacuum and vapor phase deposition 
processes, have received significant attention in a wide range of applications due to their 
many advantages, including processing simplicity, reduction in total production costs, 
and safety of chemical treatments. Particularly, the utilization of liquefied source material 
of an air-stable, non-toxic, non-flammable, non-explosive solid may be essential in some 
potential applications in printed semiconductor devices for large-area flexible displays, 
solar cells, and thin-film transistors (TFTs). Recent progress in this area has largely been 
focused on organic semiconductors with -conjugated polymers due to their ease of 
processing, some of which have a relatively high carrier mobility that is comparable to 
that of a-Si. 
Because of their ease of coating and dispersion in the form of ‘Si-ink’ in comparison to II-VI 
group nanocrystals [Colvin et al., 1994], soluble SNP, GNP, and their pyrolysis products can 
serve as Si-/Ge-source materials for the production of variable range Si-based and/or Si-Ge 
alloyed semiconductors at room temperature. The ionization potential of the pyrolyzed Si 
materials range between 5.2 and 5.4 eV while the electron affinity ranges between 4.0 and 
3.2 eV (Lu et al., 1995). These values are well-matched with the work-functions of ITO and 
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Al/Ag/Mg electrodes. Recently, air stable red-green-blue emitting nc-Si was achieved using 
a SiH4 plasma following CF4 plasma etching (Pi et al., 2008). As an alternative method, laser 
ablation of bulk c-Si in supercritical CO2 after excitation with a 532-nm nanosecond pulsed 
laser yielded nc-Si that could produce blue, green, and red emitters. (Saitow & Yamamura, 
2009). As we have demonstrated, controlled vacuum pyrolysis using a single SNP source 
material, possibly including GNP source material, should offer a new, environmentally 
friendly, safer process to efficiently produce red-green-blue-near infrared emitters, thin 
films for TFTs, and solar cells because the required technology is largely compatible with 
XeCl excimer laser annealing and the crystallization process for making poly-Si TFTs from a-
Si thin films deposited using the SiH4–Si2H6 CVD process.  
The dimensionality of inorganic materials makes it possible to tailor the band gap value, as 
shown in Table 1. Soluble SNP and GNP, because of their ease of coating and dispersion in 
the form of "Si-ink" and "Ge-ink", may serve as controlled soluble Si/Ge source materials 
without the need for the SiH4/GeH4 CVD process. Our results provide a better 
understanding of the intrinsic nature of pseudo-2D Si electronic structure by varying Si 
layer numbers. The chemistry of SNP vacuum pyrolysis opens a new methodology to safely 
produce a-Si, c-Si, Si-based semiconductors, and alloys with Ge. 

3. Summary 

Although c-Si is the most archetypal semiconducting material for microelectronics, it is a 
poor visible emitter with a quantum yield of 0.01% at 300 K and a long PL lifetime of several 
hours. Pyrolysis of chain-like Si-containing polysilane and polycarbosilane has previously 
been shown to efficiently produce -SiC; however, our TGA and ITGA pyrolysis 
experiments with various soluble SNPs indicated that elemental Si is produced. The SNP 
was transformed into a visible emitter that is tunable from 460 nm (2.7 eV) to 740 nm (1.68 
eV) through control of the pyrolysis temperature and time (200–500 °C, 10-90 min). 
Moreover, air-exposed nc-like-Si, produced by pyrolyzing SNP at 500 °C, showed an intense 
blue PL with a maximum at 430 nm, a quantum yield of 20–25%, and a short lifetime of ~5 
nsec; furthermore, these particles disperse in common organic solvents at room 
temperature. HRTEM, laser-Raman, and second-derivative UV-visible, PL, and PLE spectra 
indicated that the siloxene-like, multi-layered Si-sheet structures are responsible for the 
wide range of visible PL colors with high quantum yields. Circular polarization for SNPs 
bearing chiral side groups was also demonstrated for the first time. Through an analogous 
synthesis to that of green photoluminescent SNPs, the Ge-Ge bonded network polymer, 
GNP, was determined to be a red photoluminescent material. 
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