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Optoelectronic nanocomposites are a new class of materials, which exhibit very interesting and particular
properties and attract a growing attention due to their potential applications in information storage and op-
toelectronic devices. Zinc oxide, ZnO, is one of the most interesting binary semiconductor (3.37 eV) with
very important optical properties, which can be used in the fields such as short wavelength lasers, blue light
emitting diodes, UV detectors, gas sensors, etc. This paper reviews the very recent progress in the prepa-
ration of silica-based ZnO nanocomposites. After an introduction reviewing the theoretical background, the
article will begin with a survey of the optical properties and the quantum size effect (QSE) of ZnO/SiO,
nanocomposites prepared by the inclusion of ZnO nanoclusters inside silica mesoporous materials. The sec-
ond part will focus on one of the most interesting properties of ZnO/SiO2 nanocomposites, which is the random
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lasing effect after one- and two-photon excitation.

The final part will deal with the introduction of ZnO

nanoparticles inside microporous zeolites and the observation of QSE. For comparison, the photoluminescence
(PL) and QSE properties of ZnS nanoparticles occluded in mesoporous media are also described. New potential
applications will be discussed since short-wavelength devices are required by industry to design, for instance,
new information storage supports and biolabelling devices.

KEY WORDS: ZnO nanoparticles; Microporous and mesoporous materials; Quantum size effect;

Random lasing effect

1. Introduction

From Democritus in ca. 400 BCE, who proposed
the hypothesis that atoms possess unique properties
such as size, shape and weight which are different
from those of bulk materials (color and taste), to
Feynman!" who stated that “wires should be 10 or
100 atoms in diameter”, Human has always been at-
tracted by extremely small objects. The great chal-
lenge was how to explain what was happening at the
atomic scale. Therefore, scientists have developed in-
struments and models which, finally, led to the ob-
servation and manipulation of atoms. At this scale,
nanomaterials display exceptional properties, which
can not be described by classical laws. The research
area dealing with the study of these new properties
is called nanoscience, and their utilizations towards
potential new applications constitute the foundation
of the field of nanotechnology.

Among all the original properties of nanomateri-
als, the most remarkable one is undoubtedly the quan-
tum size effect (QSE)!> 7.

Bulky inorganic semiconductors have the ability
to absorb and emit electromagnetic radiations rang-
ing from UV to visible light. When semiconductors
are composed of one (film), two (wire) or three nano-
metric dimensions (sphere), their optical, electrical or
even photocatalytic properties are radically modified
because the continuous valence and conduction bands
become discrete levels. As a result, the bandgap be-
tween levels filled with electrons and levels unoccupied
is increased. This is the so-called QSE. The broaden-
ing of the bandgap can be quantified and the basis of
the explanation lies on the Schrédinger equation for

one-dimensional time-independent systems!®9!:
20U 2m
— + = (E-U)¥ =0 1
o7+ ar(B-D) (1)

This wave equation, for a particle with a mass m mov-
ing in a potential U, gives the correct energy eigen-
values for the hydrogen-like atom. An electron in a
nanometric semiconducting material can be regarded
as the “particle in a box” model consisting in a sin-
gle point particle enclosed in a box inside of which
the potential is zero and at the walls of the box, the
potential rises to infinity. The wave equation is be-
coming:

h* d*w

2m da? EY @)
This is a well studied differential equation and eigen-
value problem with a general solution of:

U(z) = Asin(kx) + Bceos(kx) (3)

where A and B can be complex values, and k, the
wavenumber, can be any real number. In order to

find the specific solution for the problem, the appro-
priate boundary conditions must be specified:

U(0) = 0 which implies that ¥(0) = B

U(L) = 0 which implies that
V(L) = AsinkL, with A #0

If A#0, then sin(kL)=0 only when kL=nw. The
complete set of energy eigenfunctions for the one-
dimensional particle in a box problem is then:

n2h?
"7 8ml2

(4)

In a semiconductor material submitted to ade-
quate electromagnetic radiation, one electron can be
promoted from the fundamental energy level to the
excited energy level. Simultaneously, one positive
charge, called hole, is created and is in Coulomb inter-
action with the excited electron, which finally forms
an exciton. This electrostatic interaction has to be
taken into account in the energy expression of the ex-
cited semiconductor nanoparticle. In conclusion, the
enhancement of the semiconductor bandgap (E*) due
to QSE is given by the energy of the bulky semicon-
ductor (Epuk), incremented by the confinement en-
ergy and the Coulomb interaction:

h? 1.8¢2

E* = Epy —
blk+8uR2

(5)

47T€0€OOR

where p is the effective mass of the exciton, e, the
high-frequency dielectric constant and R the radius of
the particle. The QSE is only significant for systems
which possess dimensions of the order, or smaller than
the Bohr radius of the exciton. Although a relation
between the semiconductor dimensions (R) and the
enhancement of the bandgap (E*) is established, it
is still difficult to obtain reliable sizes on the basis of
experimental E* since values for the effective masses
and the optical dielectric constant were obtained for
bulk materials.

Since last decades, some experimental evidences
for QSE have been obtained for various IV, III-V and
I1-VI semiconductors!*®!1]. For instance, a lot of work
have been devoted to study the size-dependent lumi-
nescence of Sil'? 14 which show significant blue-shift
upon decreasing the size of the clusters due to the rel-
atively large Bohr radius of Si (about 5 nm['%). On
the other hand, although their preparation is quite
complex, InAs nanoparticles of different sizes have
shown significant QSE!®17] which can be of great
importance since InAs can be used for the design of
nanocrystal-based light-emitting diodes!*®!. Finally, a
lot of researches have been dedicated to the successful
size tuning of CdSe nanoparticles and the observation



J. Mater. Sci. Technol., Vol.24 No.4, 2008 497

T T T T
(a) 30 shots Exciton
400 | 75 mJ / cm? B
3
©
- Orange
2
‘©
c
L
£
8
% f 1 f 1
1000 | Fl
2 b) 120 shots
_E 75 md/em?
=
=2
8
[}
<
o
L A 1 1

2.0 25 3.0 3.5
Photon energy / eV

Fig.1 Room temperature photoluminescence spectra of
ZnO nanocrystalline film annealed in ambient air
at laser fluence of 75 mJ/cm?: (a) 30 laser shots;
(b) 120 laser shots. The dotted lines present the

Gaussian fitting®”

of the expected QSE!~22. The production of such
nanocrystals opens a large variety of applications in-
cluding biological labeling devices and light-emitting
diodes. ZnO is also a II-VI semiconductor of great in-
terest in the field of optics, electronics, (photo) catal-
ysis, piezoelectric devices, gas sensors, etcl23—39,
Zn0O is a wide direct bandgap semiconductor
(3.37 eV[*]) with a high exciton binding energy
(60 meVI*=43) " which makes exciton particularly
stable even at high temperature (up to 550 K[44:43])
in comparison with other wide bandgap semiconduc-
tor (for instance, the exciton binding energy in ZnSe
and GaN is only 22 and 25 meV, respectively). Upon
appropriate excitation, the photoluminescence (PL)
of ZnO is observed at 3.28 eV, which corresponds
to the radiative recombination of excitons. Other
PL bands can be observed in the orange and green
region, at 2.0 and 2.4 eV, respectively[46:47] (Fig.1).
Although a large number of studies have been devoted
to the PL of ZnO, the origin of the visible emission
can not unambiguously be explained. Egelhaaf and
Oeclkrugi*® reported that these defect-related lumi-
nescences are caused by radiative transitions between
shallow donors (related to oxygen vacancies) and deep
acceptors (Zn vacancies). The green band is assigned
usually to PL of oxygen vacancies*?~5 (Fig.2), while
the orange band is due to regions with local oxygen

excesslP293 . Another special feature of ZnO is its
morphological variety®*~=56 (Fig.3): nanorods®”,
nanowires2458:59  nanobelts®,  nanocables6!,
nanohelixes(%?, hexagonal nanoplates(®!, nanowire
arraysl®¥, hierarchical nanostructures®!, hierarchi-
cally porous nanoparticles®®. The growth mecha-
nisms of such nanomaterials with various morpholo-
gies have been extensively investigated and some
growth models have been proposed by Xu et al.[64
and others[?9:63,64,66]

Concerning the preparation of ZnO nanomate-
rials, both physical and chemical methods can be
considered. For instance, molecular beam epitaxy
(MBE)!%-71 pulsed laser deposition (PLD), in con-
trolled atmospherel46:72.73] or in liquids!™~77), metal-
organic chemical vapor deposition (MOCVD)[78-81]
have been used to yield nanostructured thin films with
high homogeneity, high crystallinity and adaptable
chemical compositions. Aside from these “top-down”
approaches, chemical methods, called “bottom-up”
methods!?9:63:64.66]  are more valuable to grow ZnO
particles to a specific size to obtain the expected QSE.
Although the crystalline quality may be less good due
to the potential presence of impurities in the solution
phase, electrochemicall®2:83! sol-gell®4:85 or even hy-
drothermal pathways/®6—9 are known to lead to ex-
tremely small particles with tunable dimensions. Dur-
ing the particle growth in these homogeneous solu-
tions, it is essential to arrest growth when the required
particle size is obtained. The conventional strategy
implies the preparation of ZnO inside the hydrophilic
core of reverse micelles in non-polar solutions®! or
the addition of capping agents!??, which limit the
size of the growing particle. An alternative approach,
on which we will focus in this review, is the syn-
thesis of particles inside polymeric matrixes!93—96) or
porous structures whose channels are able to restrict
diameters to determined dimensions. It is important
to choose porous materials with controlled porosity,
which can guarantee a good dispersion of particles
and avoid their aggregation, and also porous materi-
als, which can be easily handled considering optical
or electronic applications.

2. ZnO Inside Mesoporous Silicas: Prepara-
tion and Optical Properties

2.1 Overview

[97] [98,99]

Micro- and mesoporous silica materials
are ideal candidates!'%% for the encapsulation of semi-
conducting nanoparticles. Indeed, high surface area,
pore diameter ranging from less than 2.0 nm (micro-
porous materials, i.e. zeolites) up to 50.0 nm (meso-
porous materials), well-organized channels, internal

1T]
o

r' T T )
kaﬁ

Fig.2 Ball and stick representation of the local atomic relaxations around the oxygen vacancy in the 0, 1+, and

24 charge states(®!]
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Fig.3 Collection of nanostructures of ZnO by hydrothermal synthesis from literature [24,59,63,64,66]
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Fig.4 Simplified plan of the MOCVD reactor, showing gas inlets, gas mass flow controllers, reactor manifold,

and glass reactor!''?

reactive silanols (Si-OH) groups and good mechani-
cal, thermal and hydrothermal stability are their un-
deniable advantages. The synthesis of mesoporous
materials implies the preparation of a micellar aque-
ous solution followed by the addition of an inorganic
silica source, which will hydrolyze and condensate
around the cylindrical micelles in order to form a
dense silica network after surfactant removall!01—105],
According to the nature of the surfactant and the sil-
ica source, materials with different characteristics can
be obtained: MCM-4108:99 " SBA-15[1061  MSUIO7]
or even CMI-111981, While zeolites, a familiy of crys-
talline microporous materials, are formed by the con-

densation of silica and alumina sources in aqueous so-
lutions and the porosity is induced by single molecules
or solvated cations, which act as structure directing
agent. Various applications of zeolites and silica meso-
porous materials have been reviewed by Corma in
199711991 Among them, a large attention was paid
to optical applications''%. MOCVD technique has
been employed to grow nanoparticles of GaAs!'') and
InP12] inside the mesopores of MCM-41 siliceous
material. An amount of mesoporous materials was
loaded in the MOCVD reactor and heated at rela-
tively high temperature (400-600°C) (Fig.4). For
GaAs, tert-butylarsine and trimethylgallium, and
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Fig.5 Absorption spectra of GaAs deposited on a fused
silica substrate for different time deposition: for
250 s (a), on MCM-41 for 250 s (b) and on MCM-
41 for 100 s (c)ltY

for InP, phosphine and trimethylindium, were used
as metal-organic precursors. Based on optical mea-
surements (Fig.5), the authors claimed that nanopar-
ticles were grown inside the channels of MCM-41 and
that QSE resulting in a blue-shift of the correspond-
ing emission spectra was exhibited.

II-VI semiconductors are easier to introduce in-
side porous materials and do not require complex
setup such as in MOCVD reaction. Their growth has
been extensively investigated inside mesoporous sil-
icas as well as inside zeolites. Different approaches
have been considered and there are many synthesis
methods as much as number of researchers’ teams
working in the field. For instance, for CdS, the
most common pathway consists of chemical modifi-
cation of the internal surfaces of mesoporous silicas
with either thiol'13=11%] (Fig.6) or phenyl groups!!
followed by the impregnation of the functionalized
material inside Cd?t solutions. After subsequent
thermal treatment under HoS or Ns, CdS nanopar-
ticles are formed inside the mesopores of MCM-41
and SBA-15. UV-Vis and PL spectra confirm the
expected blue-shift arising from QSE, and the par-
ticle size can be estimated to be in the range of
1.0-2.0 nm (Fig.7). Instead of being formed af-
ter impregnation and calcination, CdS nanoparti-
cles can also be prepared inside reverse micelles of

sodium bis(2-ethylhexyl)sulfosuccinate (NaAOT) in
water/isooctane solution by the reaction of Cd(NO3)2
with NagSIM7. In the same way, ZnS and Mn-doped
ZnS nanoparticles were prepared successfully inside
the channels of MCM-41, SBA-15 and CMI-1 meso-
porous silicas. Significant blue-shift were observed
and attributed to the size-quantified particles!*18—120,

As explained at the beginning of this review, ZnO
is a II-VI semiconductor, which attracts a lot of enthu-
siasm regarding the potential applications in so many
fields. Due to the large interest of ZnO, both chemi-
cal and physical journals have dedicated publications
to the ZnO/mesoporous silicas nanocomposites and
the most significant studies will be reviewed in the
following section with a particular attention given to
the optical results.

The first research dealts with the preparation of
sol-gel ZnO/SiOs nanocomposites. In most cases, an
alcoholic solution of tetraethoxysilane (TEOS) was
mixed with a solution of zinc nitrate or acetate and
the sol obtained was allowed to gel during different
times and eventually annealed in air or Oy atmo-
sphere. After reviewing the sol-gel method, the im-
pregnation inside pure and functionalized mesoporous
silicas will be discussed. Finally, alternative methods
to load ZnO inside SiO, matrix will be mentioned.

2.2 Incorporation into disordered porous media: the
sol-gel method

Cannas et al.'?! reported the synthesis of

Zn0/Si0y nanocomposites by means of mixing
ethanolic solution of TEOS with an aqueous solu-
tion of Zn(NOg)2. The sol was then aged at 90°C for
one week and heated up to 900°C. High-angles X-ray
diffraction (XRD) patterns reveal a broad band in the
range 26: 20°—40° corresponding to amorphous silica.
Upon heating the nanocomposites, two broadened fea-
tures appeared and were attributed to ZnO nanopar-
ticles. Further heating at 900°C led to a well-resolved
XRD pattern ascribed to crystalline (-Zn,SiO4122
emerging, according to the authors, from the cre-
ation of Zn—O-Si bonds. Additional confirmation was
brought by 2?Si MAS NMR measurements, which in-
dicates the effective presence of Zn—O-Si bonds inside
the ZnO/SiO2 nanocomposites.

o]
0-Si—0OH O—-Si -0
9 4 -3CH,OH %, ; Cd?* water solution
O—Si—OH +HS(CH,),S(OCH,)—+ 0-Si-0-Si—(CH,,SH —— >
5 :
0—Si=CH 0-8i—0
o '
o) o)
0-Si-0 0-Si—0
_ - o~ i o] Y
~—o o(i'Si—o—Si—(CHZ)SSCdOHcaIC'ned RS 0-Si—0—Si—(CH,),OH + CdS
0} / o) / {nanorods)
0-8i—0 0-Si-0
0 O

Fig.6 Simple in situ adsorption method combining a thiol group surface modification scheme and a wet impreg-
nation method to synthesize mono-dispersive binary semiconductor CdS nanocrystals with uniform size

inside the channels of mesoporous silicas'4
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Fig.7 Diffuse reflectance UV-Vis spectra of CdS in var-
ious environments: (a) bulk CdS, (b) CdS/SBA-
15, and (c) CdS/MCM-41[115]
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Fig.8 Evolution of the UV-Vis optical absorption spec-
tra as a temperature function for precursor solu-
tion and for pure ZnO coatings!*?*!

Instead of using Zn(NOs)y as the Zn precursor,
zinc acetate was currently employed in the prepara-
tion of ZnO-based nanocomposite. Mixing ethano-
lic solution of TEOS with an ethanolic solution
of Zn(CH3COO0),, sol-gel ZnO-based nanomaterials
were obtained, which were subsequently dip-coated
on silica substrates'?3]. For annealing temperatures
below 300°C, no XRD peaks were detected, which
probably means that ZnO nanoparticles are not large
enough to give diffraction signals. Relying on UV-Vis
optical absorption spectra, the authors claimed that,
at low annealing temperatures, the absorption onset
was blue-shifted compared to bulk ZnO, which con-
firmed the presence of small ZnO nanoparticles inside
the silica matrix and the presence of QSE (Fig.8).

The PL properties of sol-gel ZnO/SiOy nanocom-
posites were deeply investigated by the group of

Chakrabarti and Wang in 2003['24=126]_ They both
observed defects bands of ZnO in the visible range
and tried to determine their origin. Meanwhile, the
UV peak related to the radiative recombination of ex-
citons in ZnO was detected but was in only one case
(Chakrabarti) blue-shifted to higher energies (4.2 eV)
comparing to bulk ZnO because of the QSE. The au-
thors developed a very good summary of the particle
size determination based on the effective mass approx-
imation and were able to estimate the ZnO particle
dimensions to ca. 1.4-1.5 nm.

Another approach in the sol-gel method consisted
in mixing together a silica sol and ZnO colloids
formed by putting metallic zinc into hydrogen per-
oxide (Hz05) solution"?"). This process led to a sil-
ica gel containing Zn(OH)s species, which was finally
aged and heated at 250°C. The influence of pH values
of the sols, gelation temperatures and heating tem-
peratures on optical properties was investigated by
PL spectroscopy. In all spectra, a broad band peaked
at 395 nm was observed and ascribed to the near band
edge emission of bulk ZnO.

In summary, the sol-gel method successfully leads
to ZnO/SiOy nanocomposites through very simple
pathways, which implies the preparation of silica and
ZnO sols and the subsequent mixing of these two solu-
tions to form the final product after ageing and heat-
ing. However, QSE was not systematically observed
because of the heterogeneity of the samples. Indeed,
during the sol-gel process, no control on the porosity
is allowed and, as a result, the particle size of ZnO can
not be limited efficiently. Therefore, it became essen-
tial to use adequate hosts with well-defined porosity
to grow ZnO particles and to produce QSE.

2.3 Inclusion in highly ordered mesoporous MCM-41

materials by impregnation

One of the first report dedicated to the intro-
duction of ZnO nanoparticles inside the channels
of silica mesoporous materials was made by Zhang
et al. in 20001'28, They described the conventional
preparation of MCM-41 mesoporous materials fol-
lowed by the functionalization of the internal sur-
faces with N-[3(trimethoxysilyl)-propylethylene] di-
amine molecules (designed TPED), which are able
to chelate Zn2?" ions. After calcination in air at-
mosphere at 600°C to remove the organic molecules,
ZnO/MCM-41 nanocomposites were obtained and in-
tensively characterized. As already observed in some
nanocomposites designed by the sol-gel method, no
diffraction signals of crystalline ZnO were detected in
the XRD pattern of ZnO/MCM-41 sample, which is,
according to the authors, an indication of the good
dispersion of ZnO inside the silica matrix. Further-
more, no ZnO particles have been discerned by trans-
mission electron microscopy (TEM) probably because
of the lack of contrast between ZnO and the SiOs
network. Nevertheless, thanks to EDS analysis, the
presence of ZnO nanoparticles inside the channels
of MCM-41 was confirmed. By UV-Vis reflectance
(Fig.9), the onset of absorption of ZnO/MCM-41
nanocomposite at 290 nm appeared to be blue-shifted
in comparison to bulk ZnO (370 nm) because of the
QSE of ZnO nanoparticles estimated to be smaller
than 1.8 nm. The broad PL band corresponding to
defects of ZnO was observed in the visible region of
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Fig.9 Diffuse-reflectance UV-vis spectra of samples
with different ZnO contents: (a) ZnO-MCM-41
(0.002 mol/L), (b) ZnO-MCM-41 (0.01 mol/L),
and (c) ZnO-MCM-41 (0.05 mol/L)[12®]

the spectra and was also shifted to shorter wave-
lenghts due to confinement effect.

The same trends were reported later with MCM-
41 modified with a silane-coupling agent, triethyoxyl-
y-ethyldiaminopropylsilane (designed TEEDPS)!29].
Although ZnO particles were not directly revealed by
XRD and TEM, EDS analysis under high-resolution
TEM showed signal representative of Zn species. Ac-
cording to the relation between the particle size and
the wavelength of absorption onset given by UV-Vis
absorption spectroscopy, the authors were able to esti-
mate the ZnO dimensions to be around 1.7 nm, which
is in good accordance with the previous communica-
tion. The UV PL band corresponding to the excitonic
emission of ZnO was found at 377 nm in PL spectra,
confirming the QSE deduced from UV-Vis measure-
ments.

It was also demonstrated that the functionaliza-
tion step with chelating organic molecules was not
necessary to grow efficiently ZnO nanoparticles in-
side the channels of mesoporous silicas. For instance,
Zn0/Si0y nanocomposites were prepared by impreg-
nating commercial SiOy (average porosity=15 nm)
with aqueous or ethanolic solutions of concentrated
Zn(NO3), 130, XRD pattern reveals crystalline peaks
upon the amorphous fingerprint of silica. When an-
nealing up to 900°C, the crystalline phase ($-Zn,SiOy4
can be distinguished as already reported but no PL
results are displayed. Instead of weak porous commer-
cial silica, mesoporous MCM-41 was employed and
soaked in solutions of zinc nitrate and/or acetate, and
finally calcined under air or Oy atmosphere. Again,
no diffraction signal of crystalline ZnO was present in
the XRD pattern of ZnO/MCM-41 nanocomposites,
which is interpreted as a good dispersion of nanoparti-
cles inside the silica network. The expected QSE was
evidenced by PLI3 PL excitation!'®? and diffuse-
reflectance UV-Vis spectroscopies!*33]. In most cases,
even though the excitonic peak was not present in PL
spectra, the band related to defects was always ob-
served and blue-shifted towards shorter wavelengths.

The same results were obtained for ZnO/MCM-41
nanocomposites synthesized with zinc acetylacetonate

3.0

2.5

2.0

o?(hv)? leV
P

25 3.0 35 4.0 45
hv/ eV

Fig.10 UV-Vis spectra of: (a) bulk ZnO, (b) mesoporous
silica soaked in ethanolic Zn(acac)2 solution with
stirring, (¢) mesoporous silica soaked in toluene
Zn(acac)2 solution with stirring, (d) mesoporous
silica soaked in ethanolic Zn(acac)2 solution with-
out stirring!*34

(Zn(acac)s) as Zn precursor!™4. In this study, the
authors present XRD patterns with diffraction peaks
labeled to ZnO with wurtzite structure. Thanks to
UV-Vis absorbance spectra, the particle size of ZnO
in different nanocomposites was determined to be in
the range 5-35 nm and QSE was produced by the
smallest ZnO particles (Fig.10).

2.4 Inclusion in highly ordered mesoporous CMI-1
materials by impregnation

CMI-1 mesoporous materials!'® were also in-

filtrated with zinc nitrate solutions to lead to
ZnO/CMI-1 nanocomposites. In order to highlight
QSE in ZnO nanoparticle, the PL of the mesoporous
matrix was first studied with an excitation source
of 254 nm (photon energy of 4.88 e¢V). The corre-
sponding PL spectrum was composed of two wide PL
bands centred at 2.94 and 3.89 eV which are gen-
erated by the same defects associated with silanol
groups('?. For ZnO/CMI-1 nanocomposites, the PL
spectroscopy gives a very wide PL band in the range
3.2-3.4 eV, in which the contribution of the ZnO
nanoparticles and the mesoporous matrix have to be
distinguished'?]. By a Gaussian decomposition, the
PL band corresponding to ZnO has been revealed at
3.41 eV, which is shifted to higher energies compared
with that of bulk ZnO (Fig.11). The shift was related
to QSE from extremely small ZnO nanoparticles con-
fined inside the channels of the mesoporous material
CMI-1.

ZnS/CMI-1 nanocomposites were also prepared in
the channels of ED-modified CMI-1 mesoporous mate-
rials and their photoluminescent properties have been
studied 8], Characterization results have confirmed
the presence of ZnS inside the CMI-1 material and the
PL spectrum of the ZnS/CMI-1 nanocomposite has
shown an excitonic emission from bulk ZnS (3.25 eV)
while an important blue-shifted emission attributed to
QSE of extremely small ZnS nanoparticles was mean-
while revealed at 3.9 eV (Figs.12 and 13).

Recently, also based on the impregnation ap-
proach, a new series of optoelectronic composites with
a highly organized mesoporous silica core and a uni-
form ZnS shell (200 nm in thickness) with new optical
properties was reported*®7). The starting CMI-1
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Fig.12 PL spectra of the ED-CMI-1 modified material (a)
and the ZnS/ED-CMI-1 nanocomposite (b) (exci-
tation=193 nm, 6.4 ¢V)!1¥]
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Fig.13 Scheme depicting the preparation of ZnS nanopar-
ticles inside ED-modified CMI-1 mesoporous ma-
terials and the observation of quantum size
effect 118!

material was firstly functionalized with ethylenedi-
amine groups and then the growth of the ZnS shell

was targeted by the immersion of the functionalized
CMI-1 material in a Zn(CH3COO)2 solution followed
by a reaction with sodium sulfide. For each parti-
cle, a homogeneous zinc sulfide shell with 200 nm in
thickness surrounding a mesoporous silica core was
observed by TEM (Fig.14). By PL spectroscopy, no
band shift to high energy can be observed, suggesting
that due to the formation of a ZnS shell, ZnS nanopar-
ticles formed initially are gathered together to form
larger aggregates with too large size to generate QSE
(Fig.15).

2.5 Inclusion by alternative methods

Other alternative ZnO loading methods have been
developed but, due to their relatively complex re-
quirement, their application was limited to a few re-
search groups. One can cite the spray-drying pro-
cess, the electrochemical and the reverse micelles
methods. The first one implies the preparation of
a ZnO colloid solution®® and its mixing with a
SiO4 colloid solution supplied commercially or syn-
thesized from TEOS. The homogeneous mixture is
then spray-dried in a vertical reactor, equipped with
temperature adjustable heating zones, to produce
micrometer/submicrometer-sized Zn0O/SiOy powder
composite138139  Although QSE was not unam-
biguously demonstrated, the PL properties of these
nanocomposites appeared to be remarkably stable
with time, even after being aged over 30 d (Fig.16).
The second approach implies the preliminary syn-
thesis of SiOg thin films onto conductive glassy
substrates!14%:141] These films were used as cathodes
and dipped into an aqueous zinc chloride, ZnCls, so-
lution for direct electrodeposition of ZnO. The au-
thors measured the PL of bulk ZnO and of ZnO/SiO4
nanocomposite at 384 and 369 nm, respectively
(Fig.17). A significant shift towards shorter wave-
lengths was obviously detected and ascribed to nano-
metric ZnO particles grown inside the mesochannels
of the SiO5 thin film. Asides from the optical proper-
ties, the photoelectric properties of such nanocompos-
ites were also investigated and an increased photocon-
ductivity from the free electrons of ZnO was observed.

2.6 Inclusion by the reverse micelles method

The last method described in this section is some-
what different from the previous ones(!42143] The
ZnO particles are prepared by dissolving zinc acetate
and NaOH in separate NaAOT reverse micelles solu-
tions. Both systems are then mixed together and ZnO
particles are formed inside the hydrophilic cores of mi-
celles. After being stabilized by organic agents, the re-
verse micelles mixture was poured in tetramethoxysi-
lane, TMOS, which hydrolyses and condensates lead-
ing to the formation of a silica network around the
micelles. A calcination step allows the organic com-
ponents to be removed and the ZnO/SiO2 nanocom-
posite is finally obtained, as illustrated in Fig.18. Al-
though the excitonic emission of ZnO was not directly
observed, QSE can be deduced from the significant
blue-shift of the defect luminescence band['*? or the
ZnO emission band given by Gaussian decomposition
of the PL spectrum!'#3 (Fig.19(a)). These results in-
dicate that the reverse micelles method is a powerful
approach to grow ZnO nanoparticles inside silica ma-
trix with well-defined dimensions in the nanometric
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Fig.15 Photoluminescence spectra of: (a) CMI-1 mate-
rial and (b) CMI-1/ZnS core/shell composite*”

range.

3. ZnO inside Mesoporous Silicas: Random
Laser Action

3.1 Random laser mechanism

All the methods reviewed up to now have success-
fully led to the introduction of small ZnO nanoparti-
cles inside the network of mesoporous silica materials.
Intensive characterizations have been carried out to
determine structural, morphological, textural and op-
tical properties. Unfortunately, no attention was paid
to one of the most interesting and important proper-
ties of ZnO, which is the random lasing effect[144-151]
predicted theoretically by Letokhov in 1967152

Relative intensity / a.u.

Sample B
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300 400 500 600 300 400 500 600
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Fig.16 Dependence of PL spectra of samples A and B on
aged period: as-prepared powders (ap), aged over
10 d, and aged over 30 d. Inset is the PL spectra
of the ZnO colloid (0.1 mol/L); solid line: fresh
colloid and dashed line: 1 week aged colloid!*3®!
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Fig.17 PL spectra from bulk ZnO (a), ZnO pillars (b),
overgrown ZnO-MPS (c), and nanosized ZnO in-
side MPS films (d)™4%)
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Fig.18 Scheme depicting the preparation of nanocomposites by the reverse micelles method (a) and the colloidal
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Fig.19 PL spectrum of ZnO/mesoporous silica nanocomposite prepared by the reverse micelle method (a) and
the colloidal method (b) (excitation wavelength=193 nm) 143
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Fig.20 Comparison between a regular laser and a ‘random laser’: (a) in a regular laser the light bounces back and
forth between two mirrors that form a cavity. After several passes through the amplifying material in the
cavity, the gain amplification can be large enough to produce laser light; (b) in a random laser the cavity
is absent but multiple scattering between particles in the disordered material keeps the light trapped long
enough for the amplification to become efficient, and for laser light to emerge in random directions!!44

(Fig.20). ZnO nanofilms or nanoparticles can be con- beam is sent on ZnO samples, the light will be dif-
sidered as disordered materials, which act as strong fused by the particles and its direction of propagation
scattering media for light waves. When an incident will be changed in an arbitrary way. If the scat-
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Fig.21 Spectra of emission from ZnO powder when the
excitation intensity is (from bottom to top) 400,
562, 763, 875, and 1387 kW/cm?®. The inset is
a schematic diagram showing the formation of a
closed loop path for light through recurrent scat-
tering in the powder[4%

tering mean free path becomes equal to or less than
the incident wavelength, the wave light can return
to a particle from which it was scattered before and
eventually can form closed loop paths. The multiple
scattering, which takes place in such disordered mate-
rials, can not really provide the feedback mechanism
required for laser action, but it makes the light stay
inside long enough to finally obtain efficient ampli-
fication. The scattering medium, which allows light
to be amplified, is one of the conditions to make a
laser. The other condition is to provide a feedback
mechanism so that the light can be trapped in order
for the amplification to be efficient. Since no real
cavity guaranteeing the feedback of the light, the ex-
istence of laser action in ZnO disordered powders is
a result of equilibrium between gain and loss. The
gain is a function of the time spent by the light in-
side the amplifying material while the loss depends
on the possibility for the light to escape from the
material. If laser action occurs, it is because the
gain becomes larger than the loss and this repre-
sents the threshold condition for the production of
the laser effect. At incident excitation intensities be-
low the threshold, the observed emission in spectra
is due to the radiative recombination of ZnO. Above
the intensity threshold, the peak grows rapidly to
a much narrower signal corresponding to stimulated
emission (Fig.21). If the excitation intensity is fur-
ther increased, the emission turns broadened because
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Fig.22 Normalized PL spectra of ZnO epitaxial lay-
ers for various excitation intensities at room
temperature[44]

of the electron-hole plasma radiative recombination
mechanism153:154]

3.2 Random laser action in ZnO films

One of the first reports of lasing in ZnO was made
in 1996 by Reynolds et al.['5® which used a HeCd
laser to pump ZnO grown in platelets form. They
demonstrated optically pumped lasing in ZnO at a
very low pump power and observed well-defined las-
ing modes. Afterwards, other research groups have
performed numerous studies dealing with the lasing of
different ZnO samples and their work will be briefly
summarized in the following section.

The group of Bagnall et al. has prepared ZnO epi-
taxial layers by plasma-assisted molecular beam epi-
taxy (MBE) and observed significant stimulated emis-
sion and lasing at room temperature with threshold
intensities around 250 kW /cm? using the frequency-
tripled output (355 nm) of a Nd:YAG laser (10 Hz,
6 ns)l4445:156] (Fig.22). ZnO thin films were also
grown on sapphire substrates by laser-MBE and their
optical properties as well as their laser effect were
studied at various pumping intensities of frequency-
tripled output (355 nm) of a Nd:YAG laser(66:157-161],
The observed threshold for the transition between
spontaneous emission of ZnO to stimulated emission
was estimated to be 24 kW/cm?, which is ten times
less than the previous values reported.

3.3 Two-photon random laser action in ZnO/CMI-1

nanocomposites

Moreover, laser action in ZnO can also be pro-
duced after a two-photon absorption process, which
involves the quasi-simultaneously absorption of two
individual photons wvia a virtual state inside the
bandgap of ZnO (Fig.23). This effect has been largely
demonstrated in the case of ZnO microtubes!'62 ZnO
nanowires!63 and ZnO nanoparticles!®d but was
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Fig.23 Two-photon-induced PL spectra excited by
527 nm nanosecond beam at different excitation
powers, the inset is a schematic diagram of the
electron transitions!6?

never studied in ZnO/SiOy nanocomposites.

To highlight such laser effect arising from one
and two-photon absorption process, the ZnO-based
mesoporous silicas nanocomposites prepared by the
impregnation in concentrated Zn(NOs)s aqueous so-
lutions were submitted to a femtosecond excitation
light provided by a mode-locked Ti: sapphire laser
oscillator!™%]. The incident wavelength was set at 340
and 680 nm for the one- and two-photon absorption
experiments, respectively.

For excitation at 340 nm (3.65 eV photon energy),
at low pumping intensities (2.2 mJ/cm?), the emis-
sion spectrum of ZnO/SiOs nanocomposite is domi-
nated by a broad band at 3.22 eV corresponding to
the radiative recombination of excitons in ZnO. If the
pumping intensity is slightly increased to 2.5 mJ/cm?,
the broad band becomes much narrower, meaning
that laser action in ZnO-based nanocomposite is oc-
curring. The mechanism of lasing is based on the light
scattering within the mesoporous SiO, where active
Zn0O nanoparticles are introduced. The ZnO parti-
cles are well-dispersed into the mesopores of the sil-
ica network so that the amplification of the light is
guaranteed by the loop formed by the light scatter-
ing, as explained previously. Interestingly, the laser
effect in ZnO/SiO, nanocomposite was also demon-
strated after a two-photon absorption process using
an incident wavelength of 680 nm (1.82 eV photon
energy) (Fig.24). When the pumping intensity is
low (7.7 mJ/cm?), a broad band at 3.27 eV is ob-
served and represents the traditional excitonic emis-
sion of ZnO. Upon increasing slightly the pumping
intensity (8.2 mJ/cm?), a narrower peak is emerging
and is attributed to stimulated emission produced by
light scattering into ZnO/SiOy nanocomposite pow-
ders (Fig.25). Despite the fact that the incident pho-
ton energy (1.82 V) is two times lower than the ZnO
bandgap (3.37 eV), the observation of spontaneous
and stimulated emissions indicates that electrons are
effectively excited into the conduction band of ZnO.
As a consequence, the excitation process involves the
simultaneously absorption of two photons.

To the best of our knowledge, this is the unique
report of one- and two-photon absorption resulting
in laser action in ZnO/SiO2 nanocomposites. This
phenomenon is of significant importance since short-
wavelength devices are required by industry to de-
sign new information storage materials. Regarding
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Fig.24 Emission spectra (A=680 nm, E=1.82 ¢V)
of sample ZnO/CMI-1 for various pumping
intensities!'3°!

biological applications, the two-photon laser effect in
Zn0/Si03 nanocomposites opens new ways to moni-
tor biological objects with spatial resolution. Indeed,
the emission of ZnO nanoparticles produced after IR
excitation (680 nm) is coming only from the focal
point of the incident laser beam contrary to UV ex-
citation (340 nm), which induces emission produced
by the whole excited volume. Assuming that ZnO
nanoparticles can be grafted to biological objects, it
is therefore possible to detect PL or lasing effect orig-
inating from very localized areas in samples.

4. ZnO inside Microporous Zeolites: Prepa-
ration and Optical Properties

Although ZnO nanoparticles introduced inside the
channels of mesoporous silicas have shown remark-
able optical properties, QSE and efficient laser action
under one- and two-photon excitation process, it is
still important to grow ZnO particles with a perfect
control of their size in the nanometric range. Meso-
porous silicas have appeared to be ideal hosts for such
Zn0O/SiOy nanocomposites but their pore size does
not allow reaching dimensions smaller than 2.0 nm.
Therefore, microporous zeolite materials with chan-
nels ranging from 0.5 to 2.0 nm have been used as
matrices to introduce II-VI semiconducting nanopar-
ticles, in particular CdS1t65-1691 and ZnO. In the fol-
lowing section, the preparation of ZnO nanoparticles
inside the channels and cavities of microporous ze-
olitic materials will be reviewed.

One of the first reports of ZnO inside zeolites
framework was published in 1997. Zinc acetate so-
lutions were used to infiltrate Zn?* inside the porous
structure and then, sodium hydroxide was added to
precipitate the ZnO nanoparticles inside faujasite and
EMT-type zeolites!!™. In comparison to bulk ZnO,
the absorption onset of ZnO/zeolite nanocomposites
was blue-shifted, which was attributed, according to
the authors, to the QSE from extremely small par-
ticles of ZnO. However after the growth of the ZnO
nanoparticles inside zeolites, the crystalline structure
appeared to be slightly modified"™!. Indeed, the ion-
exchange of compensating zeolite cations (typically
Nat and K*) by Zn?* ions results in small changes
in the geometry and the symmetry of the structure,
which can be observed by shifts of diffraction peaks in
the XRD patterns and broadenings of signals in 27Al
and 2°Si NMR (nuclear magnetic resonance) spectra.
When the size of ZnO nanoparticles is small were
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lasing effect

Fig.25 Schematic representation of random lasing effect
of ZnO nanoparticles embedded in the hexago-
nally arranged cylindrical channels of highly or-
dered mesoporous silica CMI-1
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Fig.26 UV-visible absorption spectra of ZnO/HZSM-5
with different ZnO loadings. The spectrum of
HZSM-5 was added for comparison!*"*!

enough to produce significant QSE, XRD patterns
of ZnO /faujasite nanocomposites does not reveal any
diffraction peaks associated with crystalline wurtzite
ZnOl72,

ZnO nanoparticles also prepared inside the micro-
porous structures of ZSM-5, FAU and Beta-type zeo-
lites by the impregnation into aqueous zinc nitrate so-
lutions followed by calcination at 550°CH73:174] The
authors showed the same trend, namely that small
ZnO particles exhibiting QSE have no diffraction peak
in the corresponding XRD pattern. In this study, dif-
ferent ZnO quantities were loaded inside the zeolites.
At small ZnO loading, the absorption onset and the
defect PL band were blue-shifted towards lower wave-
lengths because of the expected QSE. When the ZnO
loading in ZSM-5 zeolite was increased, the QSE dis-
appeared because the unidirectional channels and the
silica-rich composition are unfavorable for the good
dispersion of ZnO inside the network, and conse-
quently, large ZnO particles are formed outside the
micropores (Fig.26). In FAU zeolite, the observed
QSE was still present at high ZnO loadings because
the 3-dimensional pore system allows a good diffusion
of Zn?* ions and consequently, an efficient formation
of extremely small ZnO particles (Fig.27).
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Fig.27 UV-visible absorption spectra of ZnO/HY with
different ZnO loadings. The spectrum of HY was
added for comparison[173]

The same conclusions were drawn for ZnO/FAU
nanocomposites studied by our group with additional
2TAl and 2°Si NMR results[!7176] The ZnO incor-
poration was performed by impregnating the FAU-
type zeolite in Zn(NO3)s solutions with various con-
centrations. No diffraction peak corresponding to
crystalline ZnO was detected in the XRD patterns
of ZnO/FAU nanocomposites until a very high ZnO
loading (44 wt pct). However, slight shifts towards
higher 26 angles were observed in the XRD patterns
of the parent FAU zeolite for nanocomposites with
loadings ranging from 19 to 44 wt pct. This was
attributed to the ion-exchange of monovalent Nat
and Kt ions for bivalent Zn?* ions, which can play
a role of the compensating cations in the negative-
charged zeolite structure. Furthermore, the signals
ascribed to Si atoms with 4 Al neighbors and to tetra-
hedrally coordinated Al in 2?Si and 27 Al NMR spec-
tra, respectively, are significantly broadened in both
cases, confirming the strong interaction created be-
tween Zn?t and FAU zeolite. The optical proper-
ties of these nanocomposites have been studied un-
der 6.4 eV excitation and have shown very interesting
behavior (Fig.28). For samples with loadings in the
range 1-12 wt pct, the PL spectra are identical to
that of unloaded FAU zeolite. When the quantity of
ZnO is increased up to 15 wt pct, a more intense and
blue-shifted band appeared corresponding to the exci-
tonic emission of ZnO nanoparticles grown inside the
channels and cavities of FAU zeolite. For the sam-
ple with the highest loading (44 wt pct), an addi-
tional contribution at 3.2 eV can be detected in the
PL spectrum. In conclusion, when the concentration
of the Zn(NO3)y solution is too low, the Zn?* ions
simply act as the counter-ions in the zeolite and no
ZnO particles are formed upon calcination. A critical
Zn precursor concentration has to be reached in or-
der to grow ZnO particles exhibiting strong QSE due
to their extremely small dimensions conferred by the
limiting channels and cavities of FAU zeolite (Fig.29).
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Fig.28 PL spectra of the ZnO/FAU nanocomposites with low ZnO loadings (a) and high ZnO loadings (b)
(Eoxe=6.4 ¢V)176]

Fig.29 Scheme depicting the introduction of ZnO
nanoparticles inside the channels and cavities of
a FAU-type zeolite!*”]

5. Conclusions

The state of the art in the preparation of
Zn0O/Si0O3 nanocomposites based on the introduction
of ZnO nanoparticles inside the porosity of microp-
orous and mesoporous silica materials has been largely
reviewed. A particular attention was paid to the op-
tical properties in order to highlight the quantum size
effect (QSE) and the random lasing effect arising from
extremely small ZnO nanoparticles confined inside the
porous materials.

MCM-41 mesoporous materials have successfully
been employed for the preparation of GaAs and InP-
based nanocomposites and the expected QSE was ob-
served. CdS was also introduced efficiently inside the
mesopores of MCM-41 and SBA-15 silicas. Different
loading methods have been used such as the prelim-
inary surface modification of the silica materials and
the formation of CdS nanoparticles inside reverse mi-
celles.

A great number of studies have been devoted to
the encapsulation of ZnO nanoparticles inside SiO9
prepared by sol-gel method. Because of the hetero-
geneity of such systems, the blue-shift of the emission
band of ZnO attributed to QSE was not systemati-
cally observed. Therefore, well-organised silica meso-
porous materials have been used as hosts for the in-
corporation of ZnO particles. The first works were
dedicated to the growth of ZnO inside silica materi-
als whose internal surfaces have been modified with
organic molecules able to complex Zn?* cations in or-
der to facilitate their diffusion inside the structure.
UV-Vis measurements allowed the authors to confirm
that ZnO nanoparticles have been grown inside the
channels of MCM-41 materials.
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Pure MCM-41 silicas without surface modifica-
tion have also been used as hosts and have been im-
pregnated in different zinc precursor solutions to give
ZnO/MCM-41 nanocomposites with strong QSE re-
vealed by UV-Vis or PL spectroscopy.

Recently, it has been demonstrated that the
growth of extremely small particles of ZnO can be
achieved in the mesoporosity of CMI-1 materials and
that the excitonic emission of ZnO is blue-shifted to-
wards higher energies due to QSE. In the same way,
ZnS nanoparticles can be introduced in the channels
of CMI-1 silicas.

Other loading methods, such as the spray-drying
process and the utilization of reverse micelles systems,
have been considered by many scientists to lead to
Zn0/Si05 nanocomposites showing very strong QSE
due to ZnO nanoparticles confined inside the struc-
ture of the silica matrix.

A special property of ZnO nanoparticles was high-
lighted. Indeed, in nanopowders media, it is possible
to produce lasing effect coming from the multiple scat-
tering of light on the active nanoparticles and the am-
plification of the light by the formation of loops inside
the random media. To induce such effect, a femtosec-
ond laser beam was focused on ZnO/CMI-1 nanocom-
posites and the intensity of the incident beam has
been increased progressively. At low pumping in-
tensity, the excitonic emission of ZnO has been ob-
served. Upon increasing the pumping intensity above
a threshold value, the excitonic emission turned to
stimulated emission meaning that random lasing ef-
fect takes place. This effect has also been demon-
strated for the first time for ZnO/CMI-1 nanocom-
posites after a two-photon excitation!77).

A complete survey of the ZnO incorporation by the
impregnation method inside the microporous struc-
ture of zeolites was given. It was shown that silica-
rich ZSM-5 zeolite with unidirectional channels was
not an ideal matrix to grow small ZnO nanoparticles
unlike FAU-type zeolite with 3-D channels and cavi-
ties which allowed the efficient growth of ZnO inside
the zeolitic structure. By varying the concentration
of the initial zinc precursor solution, our group has
evidenced that no ZnO particles could be formed if
the Zn(NOg)s is too low. A critical Zn precursor con-
centration has to be reached in order to grow ZnO
particles exhibiting strong QSE.

6. Outlooks

Future work has also to be realized regarding
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the utilization of these optoelectronic nanocompos-
ites in various optic and electronic devices. Indeed,
the nanocomposites powders have to be immobilized
on supports in order to guarantee their convenience
and to give some directionality to their luminescence
and lasing effect. Therefore, the next challenge will
imply the preparation of ordered mesoporous silicas
with channels perpendicular to the substrate and the
incorporation of semiconductive nanoparticles inside
the mesopores of the matrix by the loading methods,
which have been reviewed in this paper. The aim of
this approach is to design light-emitting devices with
UV or blue-light emission which allow, for instance,
to store more information on a given surface than IR-
conventional information storage.

On the other hand, regarding biological applica-
tions, the two-photon absorption random lasing phe-
nomenon opens new ways to monitor biological ob-
jects with spatial resolution. Indeed, the emission
of ZnO nanoparticles produced after IR excitation is
coming only from the focal point of the incident laser
beam contrary to UV excitation, which induces emis-
sion produced by the whole excited volume. Assuming
that ZnO nanoparticles can be grafted to biological
objects, it is therefore possible to detect PL or las-
ing effect originating from very localised areas in the
sample.
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