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Highly efficient photoluminescence of SiO, and
Ce-SiO, microfibres and microspherest
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Semiconductor nanocrystals and nanostructures have been extensively studied in the last few years due
to their interesting optical and optoelectronic properties. Nevertheless, combining precise photolumine-
scence properties with controlled morphologies of SiO, is a major hurdle for a broad range of basic
research and technological applications. Here, we demonstrate that microemulsion droplet interfacial
elasticity can be manipulated to induce definite morphologies associated with specific intrinsic and
extrinsic photoluminescent defects in the silica matrix. Thus, under precise experimental conditions
hollow crystalline and compact amorphous SiO, spheres showing ultraviolet-photoluminescence and
helicoidal fibrils of Ce-doped amorphous silica with violet-blue emissions are obtained. Overall, it is
demonstrated that the combination of microemulsions and doping represents an easy strategy for the
design of specific nanoscale structures with high efficiency photoluminescence. The detailed structural
analysis provided in the present work is expected to be useful as accurate information on assessment of

www.rsc.org/dalton technological nanostructures.

1. Introduction

Since the discovery of strong luminescence in silicon clusters
at room temperature,’ modern electronics has focused on
silicon dioxide for the manufacture of optoelectronic devices,
especially blue and ultraviolet (UV) luminescence devices.
Several studies have addressed the problem of augmentation
and stabilization of luminescence emission with different
treatments, such as electron irradiation,? thermal treatment’
and ion implantation.” Also significant effort has been
devoted to the shape-controlled synthesis of semiconductor
and metal oxide colloidal nanocrystals.” But it remains a chal-
lenge to create silicon materials possessing a specific morpho-
logical structure associated with defined photoluminescence
emissions. Therefore, the development of synthetic methods
for the preparation of complex micro- and nanostructured
materials with tailored size and morphology is of great
importance.® Among the strategies in use, based on bio-
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inspired morphogenesis, the synthesis via organized reaction
environments is especially attractive to manipulate the nuclea-
tion and growth of complex inorganic materials.”" In this
regard, multiphase systems such as W/O microemulsions are
thermodynamically stable with a continuous oil phase and
compartmentalized aqueous domains covered by surfactant
molecules, thus able to constrain and pattern the deposition
of spatially confined inorganic precursors.” Particularly, the
microemulsion-mediated hydrothermal method has been
shown to be useful in the synthesis of a variety of 1-D nano-
structures. Single-crystalline nanowires/nanorods of Cds,"
BaF,,"? Sn0,,"* AlPO,-5,"° and Ca;o(PO,)s(OH),'® have been
successfully obtained by reverse micelles under hydrothermal
conditions. In previous work,"” the authors successfully used a
bottom-up anionic reverse microemulsion-based method as a
nano-reactor to control the growth of 3D opal-CT materials
with an unusual fibrous microstructure. Depending on the
microemulsion template system, such materials also showed
band gap values comparable to those obtained for silicon
based metal oxide semiconductors and ultraviolet light
photoluminescence (UV-PL).

Here, we have extended our study to evaluate different
effects on the starting nano-reaction media in order to create a
material with definite morphological characteristics associated
with specific luminescent properties. Although all the aspects
inherent to the microemulsion have been evaluated, we have
focused on the effects of the microemulsion oil phase and
the introduction of rare earth (RE) organic molecules on the
interfacial rigidity and its impact on the material morpho-
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crystalline and photoluminescence properties of the SiO,
matrix. Under specific experimental conditions, SiO, struc-
tures with definite morphologies and specific UV-A, UV-B and
blue emission centers are created. The obtained result pro-
vides novel information on the complex process of UV-light
emission in oxidized porous Si (OPS) and Si-nanostructures
(SNS) and can address the new challenges evoked by the
design of evolutionary devices applied for example in optical
data storage.

2. Experimental
2.1 Materials

Hexadecyl-trimethyl ammonium bromide (CTAB, MW =
364.48 g mol™"', 99% Sigma), isooctane (Merck, MW = 114.23 g
mol™, § = 0.688 g cm™), n-heptane (Merck, MW = 100.21 g
mol™, 6 = 0.684 g cm™), n-hexane (Merck, MW =
86.18 ¢ mol™", § = 0.6548 g cm>), cyclohexane (Merck, MW =
84.16 g mol™", § = 0.776 g cm™>), butyl alcohol (ButOH, Merck,
MW = 74.12 ¢ mol™, § = 0.810 g cm™), cerium valerate
(Ce(val);, MW = 443.1 g mol™") and sodium tetraethyl ortho-
silicate (TEOS, Aldrich 98%) were used without further purifi-
cation. For microemulsion preparation, only triple-distilled
water was used.

2.2 SiO, synthesis

Experiments were performed on water/CTAB-ButOH/alkane
microemulsion systems. The composition of the micro-
emulsion is given in terms of weight fractions (wt%). Micro-
emulsion systems of 16.76% of CTAB, 13.90% of 1-butanol,
59.29% of oil phase and 10.05% of aqueous phase were pre-
pared using the injection method,"® by mixing an appropriate
quantity of water with a CTAB solution in oil. The resulting
microemulsions were placed in Teflon-stoppered test tubes
and aged for 24 h at 25 °C before use. Four microemulsion
template systems were tested using isooctane, n-heptane,
n-hexane and cyclohexane as the oil phase. As the critical
micellization concentration (CMC) of CTAB in water'® is low
compared with the concentration used here, it can be pre-
sumed that all the surfactant molecules are localized at the
interface between water and oil. To obtain the SiO, materials,
11.6 ml of TEOS were dissolved in 2 ml of water and stirred for
10 minutes at 500 rpm. Then, a solution of 1.1 g of NaOH in
20 ml of water was added drop-by-drop to the TEOS solution
whilst stirring. A minute later, the above described micro-
emulsion systems were poured into the mixture and stirred for
5 minutes. The resulting gels were left for 8, 15, and 24 h in an
autoclave at 100 °C. The obtained materials were filtered,
washed with triple-distilled water and left to dry at room temp-
erature. Finally, they were calcined for 7 h at various temp-
eratures from 500 °C to 800 °C in an air flux.

2.3 Ce0,-SiO, synthesis

For the synthesis of Ce-Si materials, the procedure was similar
to the preparation of Si materials except for the dissolution of
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1% of Ce(Val); in ButOH before its incorporation into the
microemulsion mixture.

2.4 CeO, nanoparticle synthesis

For CeO, nanoparticle synthesis two microemulsion systems
were prepared: (i) microemulsion A containing 12.78% of
CTAB, 9.58% of 1-butanol, 44.71% of oil phase, 31.93% of
aqueous phase and 1% of Ce(Val); and (ii) microemulsion B
containing 12.78% of CTAB, 9.58% of 1-butanol, 44.71% of oil
phase, 31.93% of aqueous phase and 1% of NaOH. The two
stable microemulsions using the above compositions were
mixed together using a magnetic stirrer for 1 h. The resulting
microemulsion developed a yellowish hue, indicating the
formation of CeO, nanoparticles, which were extracted by
centrifuging at 10 000 rpm for 10 min. The CeO, nanoparticles
were then washed with ethanol and stored as a dispersion in
ethanol.

2.5 Field emission scanning electron microscopy (FE-SEM)

Field emission scanning electron microscopy (FE-SEM) was
performed using a ZEISS FE-SEM ULTRA PLUS. Resolution:
0.8 nm at 30 kV; accelerating voltage: 0.02 V-30 kV (continu-
ously adjusted in steps of 10 volts); magnification range
12-1 000 000%; sizes of openings: 7.5 pm, 10 pm, 20 pm,
30 pm, 60 pm and 120 pm. Local compensation of charge, by
injecting nitrogen gas.

2.6 Transmission electron microscopy (TEM)

Transmission electron microscopy was performed using a
Philips CM-12 transmission electron microscope equipped
with a digital camera MEGA VIEW-II DOCU and operated at
120 kv with a magnification of 730 000x. High resolution
transmission (H-TEM) microphotographs were taken using
a Libra 200 FE OMEGA transmission electron microscope oper-
ated at 200 kv with a magnification of 1000000x. Ob-
servations were made in a bright field. Powdered samples were
placed on copper supports of 2000 mesh.

2.7 X-ray powder diffraction

Powder X-ray diffraction (XRD) data were collected with a
Philips PW 1710 diffractometer with Cu K, radiation (4 =
1.5418 nm) and a graphite monochromator operated at 45 kV,
30 mA and 25 °C. Sample diffractograms were compared to the
RUFF database:*” R061107.9 for o-cristobalite, R090042.9 for
orthorhombic a-tridymite and R050379-9 for cerianite.

2.8 UV-vis and fluorescence spectroscopy

The UV-vis and fluorescence absorption spectrum was
recorded at 298 K by a UV-vis-NIR scanning spectrophotometer
(Beckman, model DU 640) and a Varian Cary Eclipse spectro-
fluorometer respectively, using a 1 cm path length quartz cell.
The spectrum was obtained for the Si1, Si2, Si-Cel, Si-Ce2
materials and CeO, nanoparticles that had been sonicated
in ethanol to yield homogeneous dispersions. Pure ethanol
solution was used as a blank.
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2.9 Nitrogen adsorption isotherms

The nitrogen adsorption isotherms at 77.6 K were measured
with a Micrometrics Model Accelerated Surface Area and Poro-
simetry System (ASAP) 2020 instrument. Each sample was
degassed at 373 K for 720 min at a pressure of 10™* Pa.

3. Results and discussion
3.1 Synthesis conditions

3.1.1 Silicon oxide materials. Several factors should be
considered carefully when selecting the appropriate synthesis
conditions for a specific reaction in a reverse microemulsion
system, since the composition of the microemulsion solution
affects not only its stability but also the formation of nano-
materials. Micelle formation by CTAB has been studied widely
by several investigators. In the presence of oil, a co-surfactant
(short-tailed alcohols) and water, CTAB molecules can form
microemulsions. In our case, at low water content, aggregation
of CTAB molecules in non-polar liquids has the inverse struc-
ture of aggregates in aqueous solution. Such aggregates
present the polar heads packed together to form a central core
surrounded by the hydrocarbon tails, which are often referred
to as a reversed microemulsion, or a water-in-oil (W/O) micro-
emulsion. Alcohol molecules are located between the hydro-
carbon chains and near the polar heads of the surfactants.
Water molecules are necessary to form reversed micro-
emulsions and are located mainly in the polar core.*" There
are two types of water molecules in the interior of micro-
emulsion droplets: (i) bound water, attached to the polar head
group of surfactant molecules, and (ii) free water, referring to
the bulk water inside the nano-droplet. According to the phase
diagram of the pseudo-ternary system (water/CTAB-ButOH/
oil),>* we work within the isotropic fluid phase (L,) where the
structures of aggregates are only spheres. The dynamic nature
of the reversed micelles plays a key role in the formation of the
final morphology. This, in turn, is closely related to the rigidity
of the nano-droplets oil-water interface. The film flexibility
was increased by augmenting oil molecular weight (from cyclo-
hexane to iso-octane®) approaching the instability boundary
microemulsion conditions. Fig. 1 shows the SEM microphoto-
graphs of the four materials obtained by TEOS hydrolysis
inside microemulsion droplets of different film rigidity, after
hydrothermal treatment (100 °C, 24 h) and -calcination
(650 °C, 7 h) in an air flux. It can be seen that when cyclo-
hexane or n-hexane were used as the oil phase, dense spheres
of 0.7 and 2.5 pm diameter are obtained (Fig. 1a and 1Db).
Nevertheless, hollow spheres of 10.4 pm diameter are formed
when the oil phase used in the template microemulsion is
n-heptane (Fig. 1c). Size distribution histograms are shown in
ESLT Then, if the oil phase is changed to iso-octane a material
with a nano-sheet structure is obtained (Fig. 1d and ESIT). All
materials show perforations on their structures, however the
analysis of N, adsorption-desorption data did not evidence
the existence of a relevant porous structure or important
surface area values (ESIT). So it was supposed that perforations
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Fig. 1 SEM microphotographs of the SiO, materials obtained by TEOS hydro-
lysis inside (a) water/CTAB-ButOH/cyclohexane, (b) water/CTAB-ButOH/n-hexane,
(c) water/CTAB-ButOH/n-heptane and (d) water/CTAB-ButOH/isooctane
microemulsions.

are due to the sample degradation by electron beam incidence
during microscopy observations.

To explain the different morphologies we must take into
consideration that reactions involved in this silica synthesis
include first the hydrolysis of TEOS and then the condensation
(i.e., polymerization) of hydrolyzed silica species (i.e., mono-
meric and polymeric silica reacting units) in the presence of a
base catalyst, NaOH. Formation of colloidal particles in W/O
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microemulsions occurs not only through the polymerization of
monomeric reactants into polymeric reacting species but also
the subsequent polymerization of polymeric units into even
larger ones. This polymerization process usually occurs
through the dynamic fusion and fission of W/O micro-
emulsion droplets which host reacting species and undergo
incessant Brownian motion.>® For those surfactant films with
lower deformability or a stronger attachment to droplets, as
happened when n-hexane or cyclo-hexane were used as the oil
phase, interdroplet open water channels are less likely to occur
for reacting species to pass through. With fewer interdroplet
dynamic exchangers, reacting species tend to retain and grow
in their respective droplets. TEOS hydrolysis involved both
bound and free water inside nano-droplets leading to the for-
mation of solid spheres of smaller size. When the film rigidity
is decreased (by using n-heptane), the interdroplet exchange
increases. Because the TEOS hydrolysis is rather slow®* com-
pared with the exchange of microemulsion droplet water con-
tents, we supposed that the silica condensation involved only
the bound water in the microemulsion interior. Free water
molecules provide a means of hydrogen bonding between
silica nuclei to sterically stabilize them in the oil continuum.
In this case, bigger hollow spheres were obtained. By increas-
ing a bit more the film flexibility, using iso-octane as the oil
phase, an unfavorable larger deformation of surfactant film
was achieved. The droplets coalesce and open water channels
are likely to appear leading to microemulsion phase separation
and a final nano-sheet structured material.

There is no direct correlation between the droplet size and
the obtained sphere sizes.>* To elucidate this, we have to take
into account that in our case the synthesis is performed
through a hydrothermal treatment. Essentially, under hydro-
thermal conditions, an oriented aggregation mechanism is
usually adopted.” In the oriented aggregation mechanism,
precipitation within spherical water droplets initially results in
the formation of surfactant encapsulated primary nano-
particles which subsequently undergo oriented aggregation to
induce the formation of inorganic crystal structures with
dimensions considerably larger than the templates.>* By sub-
jecting the water/CTAB-ButOH/iso-octane microemulsion to
the effects of hydrothermal treatment, reverse micelles are
broken as shown in the oriented aggregation mechanism and
due to their flexible interface the nano-droplets merge adopt-
ing a bicontinuous structure. When n-hexane, cyclohexane and
n-heptane are used as an alternative to iso-octane, the nano-
droplet films seem to be rigid enough to prevent the formation
of interconnected channels. In light of the obtained results, it
was found that the hydrothermal treatment is a crucial point
in the synthesis of materials. Therefore, for those micro-
emulsion systems giving rise to spheres different times of
treatments were tested.

Fig. 2 shows the SEM microphotographs of materials
obtained from water/CTAB-ButOH/cyclohexane, water/CTAB-
ButOH/n-hexane and water/CTAB-ButOH/n-heptane template
microemulsions after 8, 15 and 24 h of hydrothermal treat-
ment. For all materials the number of spheres increases with
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Fig. 2 SEM microphotographs of the SiO, materials obtained by TEOS hydroly-
sis inside (a) water/CTAB-ButOH/cyclohexane, (b) water/CTAB-ButOH/n-hexane,
and (c) water/CTAB-ButOH/n-heptane after 8, 15 and 24 h of hydrothermal
treatment.
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Fig. 3 X-ray diffraction patterns (XRD) of the SiO, materials obtained by TEOS
hydrolysis inside (a) water/CTAB-ButOH/cyclohexane, (b) water/CTAB-ButOH/
n-hexane, (c) water/CTAB-ButOH/n-heptane and (d) water/CTAB-ButOH/isooctane
microemulsions.

the time of hydrothermal treatment while their dimensions
are preserved. No differences in the material morphology were
seen after 24 h of hydrothermal treatment.

Changes in the film rigidity also have a significant effect on
materials microstructure, as we can appreciate from inspection
of the materials X-ray diffraction patterns, Fig. 3. Only

water/CTAB-ButOH/n-heptane template material presents
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Fig. 4 TEM and H-TEM microphotographs of SiO, materials obtained by TEOS
hydrolysis inside (a, ¢) water/CTAB-ButOH/n-hexane, (b, d) water/CTAB-ButOH/
n-heptane microemulsions. (e) Cristobalite selected-area electron diffraction
(SAED) patterns extracted from the Fourier transform (FFT) of H-TEM images by
digitalized image processing.

crystallinity, denoting that SiO, crystal formation and growth
requires a certain elasticity in the oil-water interface. The
structure of the crystalline phase exhibits XRD patterns
strongly resembling that of a-cristobalite with a slight broaden-
ing of the Bragg reflections. To distinguish between a poorly
crystallized o-cristobalite phase and a kind of hydrous silica
phase (opal-CT), we undertook a deep inspection of the
material microstructure. The material does not present shifts
to larger d-spacing that are characteristic of opal CT due to the
presence of tridymite-type stacking faults in the [111] direction
of the cristobalite three-layered structure.”> The absence of
stacking disorder was corroborated by high resolution trans-
mission electron microscopy (H-TEM), Fig. 4d. We could also
evidence the formation of cristobalite by the evaluation of the
selected-area electron diffraction (SAED) patterns that can be
extracted from the Fourier transform (FFT) of high resolution
TEM images by digitalized image processing, Fig. 4e. The pres-
ence of a single set of Bragg reflections in the corresponding
SAED pattern confirms the material crystalline nature. The
results obtained for macroscopic ensembles of SiO, by using
XRD and for microscopic segments of SiO, from the SAED
patterns®® are consistent with the presence of cristobalite.
Usually, the products obtained by alkoxide hydrolysis are
amorphous or poorly crystallized, and subsequent calcinations
are necessary to obtain the desired crystalline nanophase. The
effect of calcination temperature was also evaluated. The X-ray
diffraction patterns (XRD) of materials calcined at 500, 550,
650 and 800 °C were recorded (ESIf). Calcination has no effect
on amorphous materials, denoting that crystal nuclei are
formed during the hydrothermal treatment. For CTAB-ButOH/
n-heptane template material, the decrease in the full width at
half-maximum (FWHM) of peaks with increasing temp-
erature indicates an increase of the material crystallinity. No
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considerable differences were seen between the material
calcined at 650 and 800 °C.

Those synthesis conditions that resulted in homogeneous
amorphous solid (Si1) and partially crystalline hollow (Si2)
spherical structured SiO, were then applied to the preparation
of Ce-doped silicon oxide materials.

3.1.2 Cerium-doped silicon oxide materials. The solubility
of optically active rare-earth ions in various silicon materials is
universally low due to the mismatch of ionic radii and the
strong covalent bonding of the matrix network.”” It is recog-
nized that it is very difficult to incorporate high concentrations
of optically active rare-earths into silicon materials through
equilibrium techniques such as the sol-gel method.>® The
incorporation of different proportions of Ce(Val); into the
microemulsion system was tested, verifying that more than 1%
of Ce(Val); destroy the microemulsion system. Otherwise, a
lower amount of cerium may not have any effect on the
material PL properties. The selected concentration of cerium
was chosen based on a compromise between the stability of
the emulsion and the optical properties of materials. Fig. 5
shows the SEM microphotographs of the obtained Si-Ce
materials. It can be seen that a morphological transformation
of pure silica materials occurred. Sil material constituting
dense spheres of about 2.5 pm in diameter is transformed into
a helicoidally fibrillar structure material of more than 20 pm
length and 0.5 pm in diameter. Nevertheless, the Si2 material
with a hollow spherical structure (d ~ 10.4 pm) is changed to a
small sized (d ~ 1.2 pm) solid spherical arrangement. The
presence of Ce(Val); bulkier groups modifies the packing para-
meter and, in turn, influences the radius of curvature of the
microemulsion droplet in a way that causes an increase of the
oil-water interface stiffness. It also manipulates the interfacial
organization by affecting the compactness of the film and its
temporal stability. There is experimental evidence that the
addition of co-surfactants to ternary stable microemulsion

Sy — - .
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Fig. 5 SEM microphotographs of the SiO, and Ce-doped silica materials tem-
plated by (a) water/CTAB-ButOH/n-hexane, (b) water/CTAB-ButOH-Ce(Val)s/
n-hexane, (c) water/CTAB-ButOH/n-heptane and (d) water/CTAB-ButOH-
Ce(Val)s/n-heptane microemulsions.
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systems has a similar effect.”®?® In those cases the modifi-
cation of the interfacial composition could drive variations in
both the structure and the dimensions of the aggregates.>* For
an interfacial curvature (1/R) we expect an energy contribution
per unit area of the form®!

L
RoR ' 2R?

(1)

F=y

where y is the interfacial tension, R, is the natural radius of
curvature of a spherical micelle and R is the microemulsion
droplet radius under given constraints (a given volume of
water fraction ¢y and associated with ng surfactants cm™).
Here 1/R, is the spontaneous curvature and can be of either
sign (positive when the trend is toward direct micelles). The
parameter K has the dimension of energy and may be called
the rigidity of the interface. The addition of a co-surfactant or
any molecule that incorporates into the micro-droplet interface
may act strongly on 1/R, and also on K modifying the inter-
facial curvature energy contribution, . We think that a similar
effect is caused by the interfacial presence of Ce(Val);
molecules. It should be noted that this effect is of particular
relevance in the systems under study because the CTAB can
not form reverse micelles in alkanes without the assistance of
a co-surfactant due to its unfavorable packing parameter. In
both materials, no alteration of crystalline microstructure can
be appreciated by ceria incorporation. Fig. 6 shows the XRD
patterns of Si-Ce2 material. The silica microstructure is main-
tained, while new diffraction peaks resembling cerianite
(CeO,) appeared. The diffraction peaks observed show a good
match with those of bulk cerium oxide. There is a considerable
broadening of the peaks, suggesting that these particles are
very small in dimension. Using the Scherrer formula,** the
average size of the particles was estimated to be around
4.3 nm. Similar results were obtained for Si-Cel (ESIT). The
observation of material microstructure by TEM (ESI}) revealed
the presence of small particles of CeO, (d ~ 5 nm) in the bulk
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Fig. 6 X-ray diffraction patterns (XRD) of the spherical Ce-doped crystalline
silica  material templated by a water/CTAB-ButOH-Ce(Val)s/n-heptane
microemulsion.
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Scheme 1 Schematic representation of synthesis conditions and the resultant
structures obtained.

of SiO, material. For comparison purposes, CeO, nano-
particles were prepared using the same microemulsion system
in the absence of a silica precursor showing identical diameter
and crystalline phase (ESIT). Similar results were found in the
literature.®® The final synthesis conditions and the morpho-
logical and microstructural properties of the different prepared
materials are summarized in Scheme 1.

3.2 Photoluminescence

Structural, optical and electrical properties in silica materials
can be dramatically changed by manipulating the presence of
defects in the silica matrix. Such defects are classified accord-
ing to their structure and size (point defects), dislocations
(linear defects) and plane defects; they can be induced by
tuning the material manufacturing process. In the previous
section we have shown how the synthesis procedure can be
altered to fabricate materials of different morphology and
microstructure. Here we examined how the applied synthesis
conditions induce intrinsic and extrinsic point defects on the
silica matrix that are responsible for their ultraviolet photo-
luminescence (PL) properties.

3.2.1 Intrinsic point defects. Intrinsic point defects
involve atoms of the host matrix only, i.e. vacancies (the host
atoms are missing) and self-interstitials (additional host atoms
at an interstitial position).*® In order to elucidate the energy
structure of the luminescent defects and to better understand
the mechanisms responsible for their radiative relaxation, we
measured the PL and PL excitation spectra at room temp-
erature. Fig. 7a and 7b show adsorption and PL emission
spectra of poorly crystalline SiO, material (Si2). Both adsorp-
tion and emission spectra were deconvoluting into a sum of
Gaussian shapes. The adsorption spectrum is dominated by

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 Photoluminescent (a) absorption and (b) emission of Si1 material.
Similar results were obtained for Si2 material.

two high intensity bands centered at 4.6 and 4.8 eV that can be
assigned to the presence of surface and bulk NBOHC (non-
bridging oxygen hole center) and interstitial O;. The NBOHC
defect can be visualized as the oxygen part of a broken bond.
It is electrically neutral and paramagnetic and represents the
simplest elementary oxygen related intrinsic defect in silica.
The most unique fingerprint of this centre is the 1.9 eV lumi-
nescent band in the red region of the visible light spectra.
Moreover, in the gas phase, O, dissociated into two atomic
oxygens (20) at Av > 5.1 eV, the same can be expected to occur
in silica glass following a photolytic reaction.>* The atomic
oxygen appearing as a result of this reaction might be expected
to be relatively mobile in silica even at room temperature; then
they can interact with other oxygen molecules to form ozone
(O3) as occurs in the earth’s atmosphere. It is believed that O3
molecules are responsible for both the 4.8 eV absorption and
the 1.9 eV luminescence in certain oxygen-rich silicas, which
usually is attributed to the NBOHC by many authors.>**> By
inspection of PL emission spectra, it can be appreciated that
emission bands peaking at 1.9 eV characteristic of the
above mentioned point defects are not present. Nevertheless
there are two intense bands centered at 3.9 and 4.1 eV that
correspond to isolated silanol and OH-related centers.

This journal is © The Royal Society of Chemistry 2013

Silanol and OH-related centers can be produced by a recom-
bination of NBOHC or interstitial oxygen with hydrogen-
related defects. Hydrogen is used to passivate the silicon or
oxygen dangling bonds in the SiO, network and is often in-
corporated unintentionally into SiO,. This passivation also
decreases the number of non-bridging oxygens. Since it is
commonly found in silicon dioxide, some authors®*** con-
sidered hydrogen to be an intrinsic defect (H(1) center,
=Si-H-, =Si-Si-Si=) with absorption bands at 4.8-6 eV and
not registered PL emission. This group can act simultaneously
as an electron and a hole trap.

Other bands of minor intensity are identified in absorption
spectra with their correspondent PL emissions; those are
assigned to different diamagnetic oxygen-deficiency centers
(ODC) most commonly denoted as a neutral oxygen vacancy
(ODC(1)) and two fold coordinated silicon denoted as
=Si-- (ODC(u)), and paramagnetic E’' centers. The ODC(1) rep-
resents one of the essential defects in all silicon dioxide modi-
fications in the form of simple oxygen vacancies; here two Si
atoms could relax and form a silicon-silicon bond (relaxed
oxygen vacancies, =Si-Si=) or stay in unstable interaction
conditions and form an unrelaxed oxygen vacancy (=Si---Si=).
Each one of them could be a precursor for the other under
some circumstances and both are considered as key in many
defect-type generations and transformations in the silica
matrix. The 7.6 eV absorption band has been ascribed to the
ODC(1).*® This band is absent in our materials absorption
spectra, while two PL bands at 4.4 eV and 2.7 eV have been
observed under excitation at 5 eV. Such bands indicate the
interaction of ODC(u) with ODC(1). Based on their lifetimes,
the 4.4 eV and 2.7 eV bands have been attributed to singlet-
singlet (S; — S,) and triplet-singlet (T, — S,) transitions. The
origin of ODC(u) associated with the optical absorption band
at 5 eV is still a matter of controversy. The first model hypo-
thesis suggested that ODC(u) is a neutral diamagnetic oxygen
vacancy, later two other models described the ODC(u) as
twofold coordinated silica or an unrelaxed oxygen vacancy.
The oxygen vacancy model was further supported by the
finding that two-photon photobleaching of SIODC(11) generates
E'-centers.>® By an inspection of Si1 material spectra we can
note the presence of absorption and emission bands of low
intensity centered at 5.4 eV and 3.8 eV respectively that can be
assigned to E'-like centers. These findings support the oxygen
vacancy model for generation of the ODC(u) defect in our
materials. Four main types of E' centers, labeled E'y, E's, E,,
E’s, have been identified in vitreous silica.>® The absorption
band centered around 5.4 eV is signaled as characteristic of
the E's defect. In the silica network E'g features a proton
trapped in the oxygen vacancy and the silicon atom contains
the unpaired spin relaxed outwards, i.e., the interaction of the
unpaired spin associated with a long-bond silicon with the
hydrogen atom is weak enough to not saturate each other.
The presence of such a defect also supports our previous
assumption related to the presence of H defects.

The shape of the emission spectra is sensitive to
the photon excitation energy as we can appreciate from the

Dalton Trans., 2013, 42, 7991-8000 | 7997



Intensity

390
360
£
=
z
< 330
300
260 280 300
Ag/nm
450
420 5
Intensity
390 0
7,333
14,67
360 22,00
£ 29,33
- 36,67
Z 330 44,00
< 51,33
58,67
300 66,00
73,33
80,67
270 88,00
95,33
102,7
240 110,0
220 240 260 280 300
Agy/ NM

Intensity

0
12,31
24,62
36,92
4923
61,54
73,85
86,15
98,46
110,8
123,1
135,4
147,7
160,0
A/ nm
. IntenSIty
240 260 280 300

0

4,667
9,333
14,00
18,67
23,33
28,00
32,67
37,33
42,00
46,67
51,33
56,00
60,67
65,33

70,00

Ag/ nm

Fig. 8 PL-PL excitation (PLE) patterns of the compact amorphous SiO, spheres (Si1), the hollow crystalline SiO, spheres (Si2), helicoidally fibrillar Ce-doped amor-
phous silica (Si-Ce1) and compact spherical Ce-doped crystalline silica (Si-Ce2) at room temperature.

inspection of the PL-PL excitation (PLE) patterns of the
compact amorphous SiO, spheres (Si1) and the hollow crystal-
line SiO, spheres (Si2) at room temperature, Fig. 8a and 8b.
This suggests the presence of overlapped levels in the material
rather than one specific defect with a well-localized energy
level. In spite of material crystallinity both PLE profiles present
a similar absorption-emission pattern. This is due to the fact
that short-range order defects in the silicate structure are
determined mainly by silicon-silicon and silicon-oxygen inter-
actions rather than by interactions between oxygen atoms.>*
Nevertheless, the effect of the amorphous state goes beyond
merely introducing isotropy and the inhomogeneous broaden-
ing effects: it provides new structural degrees of freedom for
defect formation. Defects whose properties are determined in
the first order by interactions within a single SiO, tetrahedron
like dangling-bond type defects, NBOHC, E-like surface
centers and ODC(u) cannot occur in pure crystalline material
due to the steric limitation, such defects seem to be peculiar
to the glassy state only.>® The manifestation of such defects in
both tested materials indicates the prevalence of amorphous
phase effects over crystalline ones.

3.2.2 Extrinsic point defects. Extrinsic point defects
involve atoms chemically different from the host crystal, such
as those used for electric doping. Fig. 9 shows the room-
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Fig. 9 PL-PL excitation (PLE) patterns of CeO, nanoparticles.

temperature PLE profile of CeO, nanoparticles. It is dominated
by maximum emissions at 345 nm (3.65 eV) and 360 nm
(3.44 eV) when exciting in the 287-300 nm (4.13-4.32 eV)
range. The UV light peaks at 360 nm and 345 nm are the usual
ones observed®® in CeO, materials and could be explained by
charge transitions from the 4f band to the valence band of
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CeO,. CeO, is a wide band gap semiconductor, whose calcu-
lated gap is about 3.37 eV (ESIf); it is easy to observe the
hopping from Ce 4f to O 2p (exciting at 4w > 3 eV). In addition,
the defect levels localized between Ce 4f and O 2p can result in
wider emission bands. Cerium can exist in both trivalent
and tetravalent forms by losing two 6s electrons and either
one or two 4f electrons. Ce"" is optically inactive due to the
lack of 4f electrons. As the materials were prepared under
oxygen rich conditions, most of the Ce ions are quadrivalent
and possibly in the form of CeO,. Since Ce*" ions are the
dominant species in the prepared samples only a few optically
active Ce®* ions exist, so the corresponding emission intensity
is low.

Fig. 8c and 8d show the PLE maps for both prepared Ce
doped silica crystalline and amorphous materials at room
temperature. The PL emissions of both samples mismatch
with the emissions of the previously analyzed SiO, and CeO,
materials. All emissions have higher intensity and a narrower
range of Jgx than the CeO, materials, probably due to an
increase of the Ce**/Ce** ratio. The major point is the displace-
ment of PL bands at minor Agx; only significant PL emissions
were obtained by exciting at iv > 5 eV. Here the effect of the
amorphous and crystalline phase is considerable, i.e., fibrillar
Ce-doped amorphous silica material (Si-Ce1) shows a broad
PL peak at 3.63 eV (341 nm), Fig. 8d, while the Ce-doped
crystalline silica compact spheres (Si-Ce2) show two PL bands
centered at 3.02 eV (410 nm) and 2.50 eV (495 nm), Fig. 8c.

For Ce-doped amorphous silica material we supposed that
both Ce®" ions and radiative oxide defects could be responsible
for the emission bands. Defects, including oxygen vacancies in
the CeO, crystal with electronic energy levels below the 4f
band, possibly act as radiative recombination centers for elec-
trons initially excited from the valence band to the 4f band of
the oxide. This claim is consistent with an enhanced adsorp-
tion tail below 3 eV in nonstoichiometric CeO, that was
observed and attributed to the presence of oxygen vacancies.’”
Luminescence from optically active rare-earth ions is mainly
attributed to their intra 4f or 5d-4f transitions. Intra-4f tran-
sitions are relatively independent of the host material, since
the 4f states are shielded from outside interaction by 5d states.
Although the 4f states are shielded by 5s and 5p states, the 5d
states into which the 4f electron will be excited are exposed to
the surrounding ligands. Because the most remarkable effect
in the amorphous Ce-doped materials is that the PL emission
shifts towards lower regions of excitation wavelength, we
suppose that the resultant emission for Ce-doped silica
material is related to the exposure and the consequent altera-
tion of Ce 5d states to the nearby silica defects. Different from
what happened with silica amorphous material, the presence
of Ce atoms on partially crystalline SiO, causes the disappear-
ance of the original UV-PL to give rise to Vis-PL. This would be
probably due to a luminescence quenching through ion-ion
interactions or by forming an optically inactive phase.>® Prob-
ably, the crystalline SiO, matrix forms a more uniform and
stable structure to solubilized Ce atoms and accordingly the
Ce®" ions form clusters. As a consequence, the corresponding

This journal is © The Royal Society of Chemistry 2013

emissions from the Ce®" ions are quenched by transferring
their energy to other Ce*” ions in the vicinity.*

4. Conclusions

In the above study, we have verified that micro-droplet inter-
facial rigidity can be manipulated to induce simultaneously a
specific morphology and photoluminescent intrinsic defects
on the SiO, matrix. Thus, hollow crystalline (Si1) and compact
amorphous (Si2) SiO, spheres were created by sodium tetra-
ethyl orthosilicate hydrolysis inside water/CTAB-ButOH/
n-heptane and water/CTAB-ButOH/n-hexane nanodroplets after
24 h of hydrothermal treatment at 100 °C and 7 h of calcina-
tion at 650 °C in an air flux. In spite of the phase crystallinity
(a-cristobalite or amorphous respectively), the tested SiO,
materials show similar main luminescence bands. Their PLE
profiles are dominated by the emission centered at the UV-B
(Aem = 306 nm, 4.05 eV) and UV-A (dgy = 326 nm, 3.80 eV)
region which were assigned to the existence of OH-related and
E'-like surface emitting centers. Other less relevant emissions
occurred due to the presence of oxygen deficient centers
(ODC). The intercalation of (Val);Ce molecules on the micro-
reactor structure gave rise to a morphological change and new
PL properties. As a result, hollow and amorphous compact
silica spheres were transformed into Ce-doped silica materials
with compact spherical (Si-Ce1) and helical fibrillar (Si-Ce2)
structures respectively. Furthermore, the presence of Ce-atoms
on the silica matrix causes the displacement of PL bands at
shorter excitation wavelengths, so that only significant PL
emissions were obtained by exciting at iv > 5 eV. The fibrillar
Ce-doped amorphous silica material showed UV-A photolumine-
scence ascribed to the exposure and the consequent altera-
tion of Ce 5d states (into which the Ce 4f electron will be
excited) to the nearby silica defects. Such interactions induce a
high intensity narrow emission denoting the miscibility of
optically active rare-earths in the silicon network. Compact
spherical Ce-doped crystalline silica material showed blue
emissions at 390 and 404 nm, in this case it was inferred that
the SiO, matrix forms a more uniform and stable structure to
solubilized Ce atoms, resulting in the formation of Ce**
clusters. As a consequence, the corresponding emissions from
the Ce®" ions are quenched by transferring their energy to
other Ce*" ions in the vicinity. Our work has the potential to
stimulate a lot of attention on Si-based light emitting devices
applied to integrated optoelectronics. In addition, the concept
of shape-directed photoluminescence might be a pathway
towards new opportunities in fields such as photodynamic
therapy or plasmonic metamaterials for biosensing.
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