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Abstract This work reports on the mechanisms behind

the sol–gel synthesis and versatile luminescent behavior of

sol–gel silica-based materials based on hexamethoxydisi-

lane (Hexamet) or hexaethoxydisilane (Hexaet) innocuous

monomers, at different annealing temperatures. The

resulting as-synthesized materials exhibit an intense pho-

toluminescence (PL) band in the blue region of the spec-

trum, whose maximum shifted in the region of

430–650 nm by applying an annealing process at different

temperatures in the range of 350–1,000 �C. This behavior

could be attributed to the presence of different silica matrix

defect-related luminescent mechanisms. PL emission bands

of the Hexamet-derived materials prepared at higher T up

to 1,300 �C slightly shifted and appeared in the region of

400–700 nm. However, those Hexaet-derived materials

annealed at T between 1,000–1,150 �C showed bands

peaking at and above 800 nm, these being related to a

quantum confinement effect induced by the presence of

silicon nanocrystals (Si_nc) within the polymer matrix.

Based on studies carried out by different microscopy and

chemical analysis techniques, the origin of the PL behavior

was attributed to the kinetics of the hydrolysis and con-

densation reactions being different for each monomer,

which generate different intermediates and eventual

structures during the annealing process. The superior tun-

able luminescent performance of these environmentally-

friendly materials provides them with the potential for the

fabrication of silicon-based light sources.

Keywords Sol–gel silicon oxide � Alkoxydisilane �
Silicon nanocrystal � Photoluminescence

1 Introduction

Even though the luminescent properties of silicon oxide

(SiO2) have been known for decades, it was not really after

the discovery of room temperature visible photolumines-

cence from porous silicon [1], that countless studies,

focused on silicon-based light-emitting materials, have

been published worldwide [2–8]. The efforts have been

directed to incorporate optoelectronic capabilities to the

mature and well developed microelectronic technology.

Different mechanisms have been used to explain the

observed luminescent behaviors, ranging from simple sil-

icon oxide matrix radiative defects [9, 10], quantum con-

finement in silicon nanostructures (nanocrystals or

nanoclusters, Si_nc here after) embedded in the silicon

oxide matrix [11, 12], excitonic states localized in the

interface between Si_nc and the oxide matrix [13, 14], and

the presence of certain silicon related compounds [15, 16].

However, an absolute correspondence of the different

proposed models with all of the observed experimental

results has not been reached so far.

Sol–gel technology includes simple, versatile, advanta-

geous and well-studied synthetic processes for material
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fabrication, being extensively documented for silica-glass

production [17]. Sol–gel technology has shown the poten-

tial for obtaining SiO2 and Si_nc/SiO2 nanocomposite

materials in the form of thin films as well as in bulk

structures of any required shape with the adequate struc-

tural and optical properties for the fabrication of light

sources. In particular, several works have reported on the

synthesis of sol–gel based materials with in situ (bulk [18]

and thin film [19] configurations) and ex situ [20, 21]

formation of Si_nc. However, some important drawbacks

have been identified, such as the use of hazardous chemical

precursors, like the traditional triethoxysilane (TREOS)

showing a flash point of 10 �C, and the complexity of the

technological process, respectively.

Our group is engaged in the systematic development and

study of silica-based luminescent materials, obtained by

sol–gel processing of two innocuous alkoxydisilanes, that

is hexaethoxydisilane and hexamethoxydisilane. Both

precursors are stable at room temperature and can be easily

manipulated under usual laboratory conditions. Our aim is

to obtain either a silicon excess for the further segregation

of Si_nc through a thermal annealing, or the presence of

oxygen defect (radiative) centers in as-synthesized mate-

rials, since both chemical precursors have a silicon–silicon

bond in their structural units. In a previous work [22], we

reported about the synthesis of three sets of bulk materials

by using the two above mentioned precursors and their

mixtures, as well as the observation of important differ-

ences in their luminescent behaviors, especially after

thermal treatments in an inert atmosphere in the tempera-

ture range of 950–1,150 �C. It was firmly established by

Raman Spectroscopy and by Time-Resolved Photolumi-

nescence (TR-PL) Spectroscopy that the luminescence of

materials prepared with hexaethoxydisilane, annealed in

the mentioned T range, is due to a quantum confinement

effect taking place in the Si_nc segregated during anneal-

ing. However, no formation of nanocrystals occurs during

the synthesis of materials with hexamethoxydisilane and

their luminescence should be associated to oxide matrix

defect radiative centers. In the present work, the attention is

paid to explain such radically different behavior after the

annealing process of both types of materials on the basis of

differences in the kinetics of the hydrolysis and conden-

sation reactions taking place during the polymer formation

of both precursors. A wider range of annealing T was

explored, from 350 to 1,300 �C. Structural and optical

properties of the obtained materials are analyzed by spec-

tral photoluminescence, Fourier transform infrared spec-

troscopy (FTIR), X-ray photoelectron spectroscopy (XPS),

high resolution transmission electron microscopy

(HRTEM) and elemental chemical analysis techniques.

From these studies, we pretend to elucidate the mecha-

nisms that govern the material syntheses and their

luminescent behavior according to data reported in the

literature.

2 Experimental

2.1 Synthesis of the SiO2-based materials

Hexaethoxydisilane (C12H30O6Si2; Hexaet) and hexa-

methoxydisilane (C6H18O6Si2; Hexamet) were purchased

from ABCR GmbH & Co. KG (Germany) and used as

received. All other chemicals were of analytical reagent

grade. One set of bulk samples was prepared for each of the

two above-mentioned precursors.

Two sets of samples were prepared, one for each of the

silane precursors mentioned above. Set 1 was made as

follows. The sol solution was prepared by mixing Hexaet

with ethanol (EtOH) in a 2:1 ratio (v:v). The resulting

solution was subsequently diluted two-fold in acidic water

pH 5 (DI water pH was adjusted to five with diluted HCl)

and then was vigorously stirred at room temperature in a

sealed disposable beaker for 2 h. During this step, the

material started to condense. After that, small holes were

opened in the lid of the beaker and the polymer material

was left to further condense and age for at least 2 days at

room temperature, until a solid was obtained. Finally, the

sol–gel material was dried in a furnace at 80 �C for 48 h.

Set 2 samples were prepared using the same protocol but

exchanging the Hexaet silane precursor by the Hexamet

one. For both sets, the resulting as-synthesized materials

were then annealed in a N2 atmosphere for 1 h at tem-

peratures in the range 350–1,300 �C. The raising and

decreasing temperature rates were 5 �C/min from and up to

room temperature, respectively. This sol–gel synthesis

process can be considered as environmentally friendly

since both silane precursors are innocuous, they can be

manipulated under room laboratory conditions and the pre-

polymerization solution was prepared just in an ethanol–

water solution.

2.2 Photoluminescence studies

PL spectra in the range of 350–1,000 nm were obtained by

means of an Ocean Optics QE65000 spectrometer with an

integration time of 1 s, unless stated otherwise. They were

corrected with the spectral response of the setup. Contin-

uous wave excitation was accomplished by using the

325 nm line of a 30 mW He–Cd laser. A 350 nm long pass

filter was utilized to eliminate laser radiation from the

emergent beam, which was collected by a lens system and

directed to a microscope objective coupled to a 1 mm silica

core optical fiber.
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2.3 Structural characterization

ATR-FTIR spectra were obtained with a Bruker spectro-

photometer, model TENSOR27 (Bruker Optics GmbH,

Germany), including an attenuated total reflectance module

(ATR), in the range 500–4,500 cm-1 with a resolution of

2 cm-1. TEM micrographs were obtained in a JEM 2011

microscope (Jeol Ltd., Japan) at 200 kV acceleration

voltage and 0.18 nm resolution. XPS analysis was carried

out in a K-Alpha—Thermo Scientific spectrometer

(Thermo Fisher Scientific Inc., USA) using a monochro-

matized Al Ka source (1,486.6 eV). Survey spectra and

spectra of Si and O peak regions were recorded at pass

energies of 200 and 50 eV, respectively. Irradiation was

carried out perpendicular to the sample surface, the sample

spot diameter being 50 lm. Samples were previously

etched with a beam of Ar? ions in order to neglect possible

contributions from adsorbed gaseous species on the mate-

rial surface. The percentages of the different elements in

the samples were calculated using the atomic sensitivity

factors provided by the XPS equipment. Elemental chem-

ical analysis was carried out using a CHNS Thermo Sci-

entific Flash 2000 analyzer (Thermo Fisher Scientific Inc.,

USA). Some 0.7–2.7 mg of each material were burned in

an oxygen atmosphere at 1,200 �C and the resulting com-

bustion products analyzed by gas chromatography.

3 Results

Figure 1 depicts the room temperature PL behavior of

Hexaet-derived materials (set 1), as synthesized and

annealed at temperatures in the range 350–1,300 �C.

Spectra were split into three graphs depending on the T

annealing range, for clarity of presentation. The spectral

response in Fig. 1a for those materials annealed between

RT and 700 �C shows a band peaking at ca. 430 nm. Upon

increasing the T stepwise from 700 to 1,000 �C, this band

was firstly divided into two overlapped signals and in turn

shifted towards longer wavelengths, with all bands peaking

below 600 nm (Fig. 1b). It is worth noting how the PL

intensity abruptly decreased for the material at 700 �C and

was kept very low for all those ones synthesized in the

700–1,000 �C range. Six materials were prepared and

annealed in the range from 1,000 to 1,300 �C. Here a single

band peaking at ca. 800 nm was recorded. It can be seen in

Fig. 1 a–c Photoluminescence spectra of Hexaet-derived materials

annealed at different temperatures. Spectra at Ts of 700 and 1,000 �C

are repeated in a, b and b, c, respectively, for comparison purposes.

These T were chosen on the basis of the significant changes taking

place in the luminescent behavior of the material (d) Normalized

response
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Fig. 1c that the corresponding PL intensity sharply

increased for those samples annealed at T up 1,150 �C and

then it decreased and was very low for those ones treated at

higher Ts (1,250 and 1,300 �C). Figure 1d shows the nor-

malized signals of those representative materials in the

whole T range tested, where the shift of the PL band peak

can be clearly compared.

Figure 2 shows the PL spectra of Hexamet-derived

materials (set 2) prepared and recorded under the same

experimental conditions as those for Hexaet-derived sam-

ples. The intense band peaking at wavelengths below

450 nm was also observed with these materials annealed at

T below 850 �C (Fig. 2a). At higher Ts, the band shifted to

longer wavelengths, showing peaks between 500 and

650 nm. Figure 2b also shows the normalized signals to

better compare the changes in the PL band wavelength of

all the tested Hexamet-derived materials.

Table 1 gathers spectra relevant information such as the

wavelength for the different PL bands shown in Figs. 1 and

2, as well as those structures that might be related for them.

In order to better visualize the shift of the PL peak wave-

length with the annealing T, Fig. 3 is also included. Sim-

ilarities as well as important differences are observed for

both sets of materials, depending on the thermal process

parameters, as will be discussed in the next section.

Fig. 2 a Photoluminescence spectra of Hexamet-derived materials.

b Normalized response

Table 1 Photoluminescence bands identified in the spectra of Figs. 1 and 2, and the types of defects that can be associated with according to

literature

Wavelength/nm (eV) Sample (T range/�C) Association References

430 (2.90) Hexaet (RT-850)

Hexamet (RT-850)

Oxygen deficient centers [23, 24]

507 (2.44) Hexamet (1,050) E’ centers or H defects [25, 26]

550 (2.25) Hexaet (700–850)

Hexamet (1,150)

590 (2.10) Hexaet (950)

Hexamet (1,250)

H defects (Si–OH, Si–H) [25]

650 (1.90) Hexamet (1,350) Non-bridging oxygen hole centers (NBOHC) [27, 28]

800 (1.55) Hexaet (1,000–1,100) Si nanoclusters [19, 29, 30]

820 (1.50) Hexaet (1,150)

857 (1.44) Hexaet (1,150 for 3 h)

Fig. 3 Dependence of the PL band with the material annealing T
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The different behavior shown in the materials prepared

using each precursor, especially those annealed at T above

1,000 �C might be related to the different structures of the

initial polymeric matrices. Figure 4 shows TEM images of

as-synthesized materials. The Hexaet-derived material

shows a more uniform structure while the Hexamet-derived

one appeared to be formed by aggregation of sub-micron

sized particle units.

ATR-FTIR spectra of the as-synthesized polymers also

accounts for these similarities and differences between the

two materials (Fig. 5). Two more intense bands at 1,630

and 3,300 cm-1 were recorded with the as-synthesized

Hexamet- material, these being ascribed to the water and

silanol (Si-OH) group content of the material, respectively.

A close-up look to the bands that appear in the

1,400–600 cm-1 region of the spectra of the as-synthesized

materials and those annealed at two representative tem-

peratures, that is 450 and 1,150 �C, reveal four character-

istic bands at 797, 876, 946, 1,046 and 1,167 cm-1.

Table 2 summarizes this information together with the

assignments for each band that have been previously

reported in the literature. Important differences due to the

intensity and presence or absence of some of these bands

also account for the different structural and luminescent

behavior of the tested materials. Among them, that one at

876 cm-1 may be related to the presence of defects in the

SiO2 structure.

XPS studies were also carried out to give more insight

about the structural differences of the synthesized materi-

als. Spectra corresponding to Hexamet- and Hexaet-

Fig. 4 Low magnification TEM images of as-synthesized a Hexaet-

and, b Hexamet-derived materials

Fig. 5 ATR-FTIR spectra of the, a as-synthesized materials and,

b those annealed at 450 and 1,100 �C
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materials, as-synthesized and annealed at 1,150 �C are

shown in Fig. 6. Three signals corresponding to Si2p, Si2s

and O1s were clearly visible in all the spectra. These were

centered at around 104 eV, 154 eV and 533 eV,

respectively, which appear to correspond to a SiO2 gel

basic structure (data extracted from LASURFACE.com

database), as is the case considering the sol–gel synthesis

process carried out in this work. The XPS analysis of the

as-synthesized Hexaet-derived material showed a roughly

7.3 % Si excess in a substoichiometric SiO2 structure

whereas this excess decreased to around 3.7 % in the

Hexamet-derived material counterpart. The Si excess val-

ues were kept nearly constant in both the Hexaet-derived

(ca. 7.0 %) and the Hexamet-derived (ca. 3.0 %) materials

annealed at 1,150 �C.

Fig. 6 XPS survey spectra of a Hexamet-derived and b Hexaet-

derived materials as synthesized and annealed at 1,150 �C

Fig. 7 HRTEM images of the Hexaet-derived material (a) and

Hexaet-derived material (b) annealed at 1,150 �C

Table 2 FT-IR bands identified in the spectra of the sol–gel materials

and their corresponding assignments

Wavenumber/

cm-1
Assignment Reference

797 ms(Si–O–Si) [31, 32]

876 Si–OH [31, 32]

Si2O3 (sub-oxidized Si species) [33]

H–Si–O hybrid vibration

(830–875 cm-1)

[31]

Si–H (usually between

700 and 1,010 cm-1)

[34]

946 m(Si–OH) [31, 32]

1,046 mas(Si–O–Si) [31, 32]

1,167 mas(Si–O–Si) [31, 32]

1,630 d(H–O–H) [34]

3,300 m(Si–OH) [32]
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Figure 7 shows a high resolution TEM (HRTEM)

micrograph of a Hexaet-based sample annealed at

1,150 �C, in which some nanocrystals are observed. In

particular, a nanocrystal of about 3 nm diameter with an

interplanar distance of about 0.34 nm (measured with the

HRTEM analysis software), attributed to crystalline silicon

(111) planes, is labelled. As mentioned above, the presence

of Si_nc for samples of this set annealed at 1,050–1,150 �C

was previously demonstrated by Raman and TR-PL

Spectroscopic techniques, as explained in Ref. [22]. The

spectral behavior for Hexamet-based samples (set 2) is

completely different. The presence of Si_nc was observed

neither by HRTEM nor by Raman and TR-PL Spectros-

copies at any annealing temperature.

4 Discussion

4.1 Mechanisms behind the material syntheses

The sol–gel chemical process that rules the formation of

the as-synthesized materials presented in this work could

explain the similarities in their recorded PL luminescent

behavior but also the marked dissimilarities found upon

these materials were submitted to an annealing process in a

wide T range. Hexaethoxydisilane and hexamethoxydisi-

lane share a structurally equivalent generic basic unit

(Scheme 1, 1). The processes of hydrolysis and conden-

sation reactions taking place during the polymer formation

with both precursors were analyzed in detail.

Both molecules are silane monomers of the type

(OR)3Si–Si(OR)3, where –OR is a hydrolysable ethoxy or

methoxy group, respectively. It is known that the kinetics

of the hydrolysis and condensation reactions strongly

depends on the solution pH [35]. At the acidic pH used in

this work, the alkoxy (ethoxy or methoxy; –OR) group

could be protonated, so that a water molecule could react

with a silane molecule and carry out a nucleophilic sub-

stitution with one of these groups, thus liberating an

alcohol molecule (ethanol or methanol; ROH) and gener-

ating a silanol group (Si–OH) (Scheme 1, 3). These reac-

tions are relatively slow in acidic medium, considering the

intermediate species and their relative stability [35].

Nevertheless, the kinetics of these reactions is also strongly

dependent on the –OR group.

Considering just the solution pH and taking into account

that –OR groups are more electron donating than hydroxyl

groups (–OH), the more –OR groups replaced by –OH

groups, the less stabilized the transition state (Scheme 1,

2), and so the hydrolysis reaction rate decreases in the

order of (OR)2(OH)Si–Si(OH)(OR)2 [ (OR)(OH)2Si–

Si(OH)2(OR) [ (OH)3Si–Si(OH)3). This makes the first

hydrolysis reaction to be the fastest and the generated –OH

group rapidly condense with another –OH group to give

rise to a siloxane (:Si–O–Si:) species (Scheme 2, 4), in

turn liberating a water molecule. This polymerization

process gives rise to open linear-like polymer structures,

which eventually cross-linked upon hydrolysis of the other

–OR groups, thereby resulting in dense, compact, homo-

geneous and transparent silicon oxide-based polymer

structures.

However, as mentioned above, due to steric effects

being different for methoxy- and ethoxy-groups, methoxy

groups are more prone to be protonated, this making the

hydrolysis reaction rate to be faster than that involving the

ethoxy groups. Therefore, it is more likely that when

working with hexamethoxydisilane other intermediate

species resulting from several hydrolysis reactions under-

went by the same molecule, such as (OR)(OH)2Si–

Si(OH)2(OR) or (OH)3Si–Si(OH)3 are being produced

before the condensation reactions take place. This effect

gives rise to the initial formation of polymer condensation

points (highly cross-linked polymeric particles) from which

the polymer grows and cross-links to eventually form an

opened and highly porous opaque silicon oxide-based

polymer structure.

Such differences could be clearly visualized in the as-

synthesized Hexamet- and Hexaet-derived materials under

the naked eye. The former was a white opaque and to a

certain degree dust-like material, whereas the latter was a

hard, dense and translucent solid. Also, the low-magnifi-

cation TEM images in Fig. 3 show particle-like and more

uniform structures in each material, respectively. These

differences still persisted following the annealing pro-

cesses. Nevertheless, a mechanically stable ceramic mate-

rial was produced in both cases.

SiRO

Si

OR

RO
OR

RO
OR

SiRO

Si

OR

RO
OH

RO
OR

H+ + ROH

SiRO

Si

OR

RO
OR

RO
OR

+ H3O
+

H2O H
δ+

δ+

1 2 3

Scheme 1 Sol–gel acidic

hydrolysis
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It has been previously reported that, upon a thermal

treatment carried out at T around 200 �C or below, both

hexaethoxydisilane and hexamethoxydisilane could form

reactive species called silylenes (Scheme 3, 5) [36]. These

molecules are unstable and highly reactive [37]. On one

hand, it has been demonstrated that they rapidly react by

insertion with Si–O bonds and produce trisilane structures

(Scheme 4, 6) [38]. On the other hand, they could insert

into O–H bonds of alcohol molecules present in the sample

and generate Si–H bonds in the polymeric network

(Scheme 5, 7) [36, 39]. Both chemical reactions would

give rise to completely different defects in the resulting

SiO2 polymeric structure that would account for the PL

luminescence performance, as explained below.

4.2 Structural and luminescent analysis of materials

as synthesized and annealed in the range

of 350–750 �C

The structural characterization carried out with both

materials support the above synthetic processes. The FT-IR

absorption bands of the as-synthesized materials with

maxima around 3,300 and 1,630 cm-1 are assigned to the

–OH bond stretching and H2O bending, respectively

(Table 2). It can be seen in Fig. 5a that the Hexamet-

derived material contains more water and a significantly

higher amount of –OH groups that may be ascribed to free

silanol (:Si–OH) groups in the polymer matrix. This

would be in agreement with the higher degree of hydrolysis

of the methoxy groups, mentioned above. In this context,

another side effect could be taking place. –OH groups

bound to a Si atom are more electron withdrawing than the

corresponding –OR counterparts, which makes the Si–Si

bond to be more unstable. Taking into consideration the

bond dissociation energies of both Si–Si and Si–O bonds

[40], it could be assumed that Si–Si bonds can be more

easily hydrolyzed as the number of –OH groups bound to

each Si atom increases. Thus, this is more likely to happen

when synthesizing Hexamet-derived materials. Indeed, this

assumption is in agreement with results obtained from the

XPS analysis shown in Fig. 6 that indicate a higher Si

excess in a substoichiometric SiO2 structure for the as-

synthesized Hexaet-derived material than for the Hexamet-

derived material counterpart.

Both :Si–Si: and Si–OH species likely present in the

as-synthesized materials, as described above, can be con-

sidered as oxygen deficient centers of a SiO2 network [41].

It has been reported that these defects may be responsible

for the blue PL recorded at around 2.90–3.20 eV

(430–390 nm) [23, 24]. The PL spectral behavior observed

SiRO

Si

OR

RO
OH

RO
OR

H+

+
SiRO

Si

OR

RO
OH

RO
OR

Si

Si

OR

OR

OR

SiRO

Si

OR

RO
O

RO
OR

OR

OR

+ H3O
+

4

Scheme 2 Sol–gel

condensation reaction

SiRO

Si
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RO
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RO
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SiRO
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+ Si:

RO

RO

5

Scheme 3 Silylene formation from a hexalkoxydisilane

Si:
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Si
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RO
OR

RO
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+
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Si
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RO
Si

RO
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OR
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RO

RO
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Scheme 4 Silylene insertion in

a Si–O bond

+Si:

RO

RO

SiRO

H

OR

RO

O

H

R

7

Scheme 5 Silylene insertion in an O–H bond
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for Hexaet- and Hexamet-derived materials, as-synthesized

and annealed in the temperature range from 350 to 750 �C

(please, compare Fig. 1a, b and 2a and see values in

Table 1) show bands in this region. However, the PL

intensity differs in both materials and also seems to depend

on the material annealing T. Hexaet-derived samples show

PL spectra whose intensity is significantly low for those as-

synthesized, annealed at 700 and 750 �C comparing with

that recorded with those ones annealed in the 350–650 �C

range. Considering the hydrolysis and condensation reac-

tions taking place with this material and the fact that the as-

synthesized sample may contain a certain amount of non-

hydrolyzed ethoxy groups, as pointed out above, the

annealing processes in the 350–650 �C range might pro-

mote the generation of Si–OH groups and in turn an

increase of the PL intensity. Upon raising the annealing T,

these groups may further condense to give siloxane (:Si–

O–Si:) bonds, which would result in decrease of the

material PL intensity. Hexamet-derived materials, which

contain a higher amount of Si–OH groups in the as-syn-

thesized sample, show a higher PL intensity than that

recorded with the as-synthesized Hexaet-derived counter-

part (Fig. 2a). When the annealing T is raised up to 750 �C,

more Si–OH groups may be generated in the sol–gel matrix

and their subsequent condensation induced the initial

increase and subsequent decrease of the recorded PL

intensity, respectively.

However, other simultaneous reactions could be taking

place in this T range (350–750 �C) considering that the

absorbance values of those ATR-FTIR peaks at 3,300 and

1,630 cm-1, assigned to the –OH and H2O species, sig-

nificantly decreased for both materials when annealed at

450 �C (Fig. 5b). It has been reported that oxygen deficient

centers of different nature could be created in the annealing

T range used in the preparation of these samples (Table 1

and references therein), which might contribute to the

changes of the photoluminescence behavior shown in

Figs. 1 and 2.

ATR-FTIR spectra of Hexamet- and Hexaet- derived

materials synthesized at different Ts, show four bands in

the region between 600 and 1,400 cm-1 (Fig. 5), which

can be assigned to the bending and stretching of Si–OH and

Si–O-Si bonds, in accordance with previously reported

works about the characterization of SiO2-based structures

(Table 2 and references therein). Moreover, a fifth band at

around 876 cm-1 was also identified. A literature search

about the assignments of this band evidenced that this band

could be related to the vibration of Si–O bonds in free

silanol groups in a silicon oxide structure but also to Si–Si

bonds in sub-oxidized silicon structures (:Si–Si:) or Si–

H bonds (Table 2 and references therein). The presence of

these :Si–Si: and Si–H chemical moieties in the mate-

rial structures would be in agreement with the formation of

silylene intermediates and the trapping of these highly

reactive species by insertion into Si–O and O–H bonds,

respectively, as explained in the previous section. In this

context, the band is clearly visible in the spectra of the as-

synthesized Hexaet-derived and Hexamet-derived materi-

als. By contrast, a more accentuated band appeared in the

spectrum of the Hexaet-derived material annealed at

450 �C while it fades in the spectrum of the Hexamet-

derived one annealed at the same T. Whether this band is

assigned to sub-oxidized silicon species would suggest a

higher density of Si–Si bonds in the as-synthesized Hexaet-

derived material. If Si–H bonds are responsible for this

band, this is also more likely to take place in the Hexaet-

derived material than in the Hexamet-based one.

4.3 Structural and luminescent analysis of materials

annealed in the range of 750–1,300 �C

The PL behavior of the Hexaet-derived materials (Fig. 1b

and 1c) and Hexamet-derived materials (Fig. 2b) annealed

in this T range significantly changed with respect to that

one shown in the materials synthesized at lower T. These

differences could also be explained on the basis of struc-

tural changes taking place during the annealing process and

that have been described above. Green-yellow PL bands

peaking at 507, 550 and 590 nm, that appeared in the

spectra of these materials have been previously ascribed to

E’ centers and H defects present in the material structure

(Table 1 and references therein). Hexamet-derived samples

annealed at Ts between 1,050 and 1,250 �C clearly showed

such behavior. Indeed, ATR-FTIR spectrum of the Hexa-

met-derived sample annealed at 1,100 �C shows a small

band at 876 cm-1, which pointed out that Si–H bonds are

still present in the sample. This was confirmed by ele-

mental chemical analysis that showed the unambiguous

presence of H, which would then be an indication of the

presence of such kind of defects in the structure of the

Hexamet-derived materials. Similarly, Hexaet-derived

materials annealed in the T range between 700 and 950 �C

also show these bands.

However, the PL spectra of Hexaet-derived materials

annealed at 1,000 and above and Hexamet-derived ones at

1,250 �C and above are radically different (Figs. 1c, 2a).

The PL maximum of Hexaet-derived samples drastically

red shifts to about 800 nm when the temperature increased

from 950 to 1,000 �C (Table 1) and the PL intensity

drastically raises from 1,050 �C on, with a maximum value

at 1,100 �C. The shape-line and spectral position of these

spectra clearly suggest the evolution toward a radiative

mechanism by quantum confinement in Si nanocrystals

(Si_nc) embedded in a SiO2 matrix (Table 1 and references

therein). The disappearance of the ATR-FTIR band at

876 cm-1 for the Hexaet-derived sample annealed at
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1,100 �C evidenced the consumption of Si–H bonds at such

high T and the diffusion of Si within the material matrix to

generate Si_nc, as previously reported [42]. This process

was confirmed by elemental chemical analysis showing

that no H was present in the sample chemical structure.

Also, the HRTEM micrograph in Fig. 7a show the presence

of Si_nc for a sample of the Hexaet-derived material

annealed at 1,150 �C. As already mentioned above, the

formation of these nanostructures was previously demon-

strated by Raman and TR-PL spectroscopies [22].

The annealing temperature has a decisive influence on

the crystal growth process and consequently on its eventual

size. Indeed, it is suggested that Si_nc are auto-assembled

from individual atoms due to processes of Si diffusion,

nucleation and crystallization. These processes are ther-

mally stimulated. An evidence of this phenomenon can also

be shown in the decrease of the PL intensity when the

material was annealed at 1,150 �C and the weak signals

recorded with those ones annealed at 1,250 and 1,300 �C.

This suggests the increase of the Si_nc particle size with T,

which in turn induced the red shift of the PL band shown in

the spectra in the 1,150–1,300 �C T range as well as the

decrease of the quantum confinement effect that was

eventually lost when the T was raised to 1,300 �C.

Hexamet-derived materials did not contain any Si_nc as

evidenced by HRTEM (Fig. 7b) and by Raman Spectros-

copy [22]. Furthermore, PL spectra peaked below 700 nm

even for samples annealed at T as high as 1,350 �C (PL

band at 650 nm, Table 1), which can be considered as an

indication of absence of a quantum confinement radiative

mechanism. Consequently, the presence of other mecha-

nisms possibly associated to defects of the silicon oxide

matrix such as non-bridging oxygen hole centers

(NBOHC), as previously reported (Table 1 and references

therein), may be considered.

XPS analysis of samples annealed at 1,150 �C were also

in agreement with these structural differences that would

give rise to such different photoluminescence behavior

(Fig. 6). The values of Si excess of both materials were of

the same order of magnitude to those shown by the as-

synthesized materials, which points out that the different

kinetics of hydrolysis and condensation during the corre-

sponding sol–gel syntheses were responsible for such

drastic change in their luminescent performance.

As a useful overview of the material PL shift taking

place with the annealing T, the normalized responses of

Hexaet- and Hexamet-derived materials are shown in

Figs. 1d and 2b. Also, the dependence of the PL peak

wavelength with T is depicted in Fig. 3. It is clearly seen

how the spectra of both materials shifted to higher wave-

lengths as the T was increased. However, in the Hexaet-

derived material, a radical change took place when this T

was above 1,000 �C, which, as described above, was

directly related to the formation of Si nanocrystals.

Deconvolution of the PL spectrum recorded at 1,150 �C

showed two peaks at 780 nm and 850 nm, with relative

areas of 0.26 and 0.74, respectively. These values unam-

biguously point out to the luminescence being mainly

related to quantum confinement in the nanocrystals. By

contrast, in the Hexamet-derived material, PL maxima are

always below 800 nm. Deconvolution of the corresponding

PL spectrum at 1,150 �C also showed to peaks at 548 nm

and 754 nm, with relative areas of 0.95 and 0.05, respec-

tively. From this data, the luminescence could solely be

associated to defects present in the material structure.

5 Conclusion

Two sets of luminescent silica-based sol–gel materials

were synthesized using two different silane monomers both

bearing a Si–Si bond and compared in terms of their

luminescent performance. The mechanisms that govern the

different luminescent behavior appear to be related to

significant structural differences between the two sets of

materials, as supported by ATR-FTIR, XPS, HRTEM and

elemental chemical analyses. The different kinetics of the

reactions taking place during the corresponding sol–gel

syntheses may be responsible for such differences. These

reactions could be modulated so that materials with tailor-

made luminescent performance could be easily synthe-

sized. The simple and cost-effective sol–gel process

applied in this work as well as the excellent luminescent

properties of the resulting materials make the presented

approach to be of practical use for the inexpensive fabri-

cation of light sources, provided that the corresponding

efficiency studies are achieved. Additionally, this sol–gel

process is compatible with microfabrication techniques and

as such could be implemented for the integration of these

components into photonic integrated circuits.
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