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This review describes our study on preparation of alumina films by a sol-gel process and
their several applications that have been investigated since 1986. Alumina films were
prepared from alkoxide or inorganic salt. Both as-prepared alumina films were transparent
in ultraviolet, visible and near infrared regions. The alumina from inorganic salt (inorganic
alumina) was structureless even after annealed at 300–700◦C in air, while the alumina from
alkoxide (alkoxide alumina) was in pseudo-boehmite at an annealing temperature lower
than 400◦C and was in γ - or δ-type at 400–700◦C. Both alumina films became opaque after
annealed at temperatures above 1000◦C. The inorganic alumina film annealed at 800◦C
showed a gas permeability that was influenced by physico-chemical properties of
penetrant and alumina. Composite films of alumina and poly(vinyl alcohol) (PVA) were
hydrophilic but insoluble in water, and removal of PVA from the composite films by
annealing at 600◦C led to formation of transparent alumina films. Such properties enabled
us to use a counter diffusion method for fabricating γ -Fe2O3-doped alumina films. Alumina
films doped with organic dyes such as laser dyes, hole-burning dyes and non-linear optical
dyes, which were fabricated by gelation of dye-added alumina sol, exhibited laser
emission, hole-spectra and second- or third-harmonic generation properties, respectively.
Hydrogenation of alkene was catalyzed by Ni nanoparticles doped alumina films that were
prepared by gelation of Ni2+ solution-added alumina sol and annealing the Ni2+-doped
alumina gel in hydrogen gas. Nonlinear optical properties were observed for alumina films
doped with CdS, Au and Ag nanoparticles, which were fabricated by gelation of Cd2+,
HAuCl4 and AgNO3 solution-added alumina sols and annealing the Cd2+-doped alumina gel
in H2S gas and the Ag+- and Au3+-doped alumina gels in H2 gas. Rare earth metal
ion-doped alumina films, which were prepared by gelation of rare earth metal ion
solution-added alumina sol and annealed the ion-doped alumina gel, exhibited not only
normal luminescence but also up-conversion emission, energy transfer type luminescence
and long lasting luminescence. C© 2005 Springer Science + Business Media, Inc.

1. Introduction
A sol-gel method has been drawn much interest in re-
cent years and is now being widely used to prepare ce-
ramic materials [1–6]. Metal alkoxides, e.g., tetraethyl
orthosilicate, are hydrolyzed and polymerized in the
presence of catalyst such as hydrochloric acid, nitric
acid acetic acid or ammonia as described by Equations 1
and 2:

Si(OC2H5)4 + 4H2O → Si(OH)4 + 4C2H5OH (1)

Si(OH)4 → SiO2 + 2H2O (2)

These reactions are dependent on various conditions,
i.e., temperature and concentrations of alkoxide, water
and catalyst.

∗Author to whom all correspondence should be addressed.

The fascinating features of the sol-gel technique are
(1) room temperature or slightly elevated temperature
(<100◦C) gel formation, (2) easily varied composi-
tions, (3) comparably high purity and (4) low sintering
temperature. Such materials by the sol-gel technique
have been applied for gas separation, coating film, fiber,
catalysis, optics, electronics, etc. [1–6].

Many works are concerned with silica derived from
silicone alkoxide. However, other metal oxides have
not so intensively studied as silica. From this kind of
view, we have been studying on alumina since 1986 [7–
42]. In this review, we introduce preparation of alumina
films by sol-gel method and their various applications
for coating on substrate, gas separations, magnetism,
catalysis, thin-film laser emission, hole-burning, non-
linear optics and high quality luminescence.
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2. Alumina films
2.1. Introduction
Alumina films can be prepared mainly by two sol-gel
methods. One uses aluminum alkoxide as a starting
reagent, which was performed by Yoldas [43]. The
alkoxide route to ceramics has been described in several
areas [1–6]. Typically, aluminum alkoxides are useful
compounds for preparing alumina sol and alumina film
by the sol-gel process. The other method we proposed
[7] uses aluminum inorganic salt as a starting reagent.
The majority of works on the sol-gel process has dealt
with alkoxides as precursors. In contrary, gel films also
can be prepared with aqueous sol-gel process. How-
ever, it appears that the aqueous process is relatively
limited. Materials formed from aqueous sol are not as
pure as that from alkoxide. The aqueous process is read-
ily available and is inexpensive. In this section, we in-
troduce and compare both two methods.

2.2. Alumina films derived from alkoxide
2.2.1. Preparation and structural

characterizations
Yoldas prepared a transparent alumina sol by hydrolyz-
ing aluminum triisopropoxide with water [43]. After
heating a mixture of the alkoxide and water at 80◦C
under stirring for 1 h, the mixture became slurry. Then,
acid was added to this slurry as a peptizing agent. Typ-
ically, a molar ratio of water, alkoxide and acetic acid
was 100:1:0.15. In 8 h, the slurry became a transparent

Figure 1 Transmittance of alkoxide alumina films annealed at various temperatures. The thickness of each film was around 100 µm.

sol. In peptization, the type of acid plays a much more
important role than the controlling pH of the solution.
Here, two types of acids of hydrochloric acid and acetic
acid were employed [8, 16]. In the HCl system, a clear
sol was obtained at a molar ratio of HCl to alkoxide of
0.06 and its transmittance decreased above 0.06 mol.
In the acetic acid system, the transparency of a sol in-
creased with an increase in a molar ratio up to about
0.15, and the transparency gradually decreased above
a molar ratio of 0.15. Hence, acetic acid was chosen to
obtain a clear sol.

The sol was transferred into a petri dish and was al-
lowed under atmosphere to give a transparent gel film
by dehydration. In this review, the transparent gel film
is called “alkoxide alumina film” or simply “alkox-
ide film.” The transparent alkoxide alumina film was
peeled off from the dish after the formation of the gel
film. Transmittance data of the alkoxide film treated
at various temperatures are given in Fig. 1a [26, 33].
The alkoxide film was transparent even after annealed
600◦C. This high transmittance was given up to 800◦C
and the alkoxide film became gradually opaque with an
increase in an annealing temperature (not shown), ac-
companying formation of α-alumina. XRD patterns are
shown in Fig. 2a [26, 33]. Peak positions for the alkox-
ide film annealed at a temperature lower than 300◦C
were due to those of boehmite. At 400◦C, patterns of
both pseudoboehmite and γ -alumina were observed.
Annealing the alkoxide films at 600–1000◦C resulted
in appearance of a peak that corresponded to γ -type
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Figure 2 XRD patterns of (a) alkoxide and (b) inorganic alumina films
annealed at various temperatures. Reprinted from J. Appl. Phys. 90
(2001) 243.

alumina. The alkoxide films annealed at temperatures
above 1000◦C became white and α-alumina.

2.2.2. Gas separation
Gas separation by membrane has been suggested as an
alternative to distillation methods. Membranes may be
divided into homogeneous and microporous types or
organic polymer and inorganic types. There are many
reports on organic polymer membranes for the gas sep-
aration. However, there are a few reports on inorganic
membranes, exclusively on a porous glass membrane
[44, 45]. The use of inorganic membranes is advanta-
geous if they are used at high temperature. Since it is
difficult to obtain a crack-free inorganic membrane be-
cause of fragility, not much information has been pub-
lished on gas permeability of inorganic membranes at
the moment. Gas permeability of the alkoxide alumina
films to various gases was intensively investigated in
our previous works [8, 9]. According to thermogravi-
metric curve [8], pyrolysis was completed at an anneal-

Figure 3 Apparent permeabilities of various gases at 20◦C through
alkoxide alumina membrane annealed at 800◦C. Group I–IV stand for
permanent gases, aliphatic gases, benzenes with methyl groups and al-
cohols. Originated from J. Non-Cryst. Sol. 94 (1987) 160.

ing temperature of 600◦C. The gas permeability was
examined for the film annealed at 800◦C. A pore size
roughly calculated by applying the Kelvin equation for
the isotherms of nitrogen was 2.5–3.5 nm [8, 9]. Fig. 3
shows permeability coefficient as a function of molec-
ular weight. Group I, II, III and IV stand for permanent,
aliphatic hydrocarbon, aromatic hydrocarbon and po-
lar gases, respectively. In the group I, the permeability
decreased approximately linearly with an increase in
square root of molecular weight, which indicated the
gases with small molecular weight flew through pores
of the alumina according to Knudsen flow. For the gases
with large molecular weight, it appeared that the per-
meability behaved as expected for viscous flow. For
group II penetrants, permeability of normal chain hy-
drocarbon gasses increased with an increase in molec-
ular weight, in the range of molecular weights smaller
than C6. Probably, the gas flows were mainly governed
by viscous flow. Permeabilities of isomers were lower
than those of the normal chain hydrocarbon gasses, and
in the range of molecular weights larger than C6, perme-
ability of normal chain hydrocarbon gasses decreased
with an increase in molecular weight. Hindrance effects
probably acted on the permeabilities of branched and
larger penetrants. For the group III, the permeability de-
creased with the number of CH3 group, since branch-
ing plays an important role in permeability. For the
group IV, permeabilities were lower than other groups
because of strong interaction between penetrant and
alumina.

2.3. Alumina films derived from
inorganic salt

2.3.1. Preparation and structural
characterizations

Transparent alumina films also can be prepared from
an aqueous sol derived by hydrolyzing aqueous
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Figure 4 Photographs of (a) inorganic alumina sol and (b) alumina films annealed at (1) 25◦C (as-prepared), (2) 600◦C, (3) 800◦C, (4) 1000◦C, and
(5) 1200◦C.

AlCl3 · 6H2O [7]. A 6 M aqueous NH3 solution was
used to precipitate hydrous aluminum hydroxide from
a 0.2 M aqueous AlCl3 solution. The precipitated hy-
droxide was then aged for 12 h, filtered and washed
with pure water. Peptizing the cleaned precipitate with
acetic acid under reflux at 80◦C for 8 h led to formation
of a viscous transparent sol, in which the molar ratio
of acetic acid to AlCl3 · 6H2O was 0.15. A photograph
of the obtained alumina sol shown in Fig. 4 revealed a
transparent sol. The acid addition alone did not bring
about the peptization; the heat treatment significantly
enhanced the peptization rate [7]. Fig. 5 shows a TEM
image of alumina sol particles [7]. Ultrafine particles
with the size of about 10 nm were observed, which
might be attributed to hydrous and amorphous polynu-
clear species. According to a dynamic light scattering

Figure 5 TEM image of particles in inorganic alumina sol. Reprinted
from J. Mater. Sci. Lett. 5 (1986) 1070.

measurement [18], the sol dispersed particle sizes with
sizes of 30–50 nm. Aggregate particles composed of
the 10 nm-sized particles were probably detected with
the scattering measurement.

Removal of water from the sol solution yielded a vis-
cous sol as well as the alkoxide alumina sol. By further
removal, the sol was finally transformed into a trans-
parent gel film on a petri dish (Fig. 4). In this review,
the gel film derived from inorganic salt is called “in-
organic alumina film.” To monitor the hydrolysis of a
sol-gel transformation, organic dyes such as pyranine
and 7-azaindole were incorporated into the alumina sol
[15, 18]. Pyranine has fluorescence peaks at 440 nm
for an acidic for and 550 nm for a basic form, respec-
tively. 7-Azaindole has fluorescence that is sensitive to
the microenvironment around the dye molecules. From
fluorescence measurements of these dyes during the
dehydration process, the sol-gel transition took place
remarkably when about 85 wt% of water was removed
from the sol.

Figs 4, 1b and 2b show a photograph, transmittance
data [7, 21, 26, 33, 36] and XRD patterns [7, 21, 26, 33,
36] of the inorganic alumina films annealed at various
temperatures. The inorganic alumina film was trans-
parent even after annealed at 1000◦C. Above 1000◦C,
the film became gradually opaque with an increase
in annealing temperature because of formation of α-
alumina. As well as the alkoxide alumina, the inor-
ganic alumina gave high transmittance in the ultraviolet
and visible ranges. Reflection positions of as-prepared
inorganic alumina (25◦C) were probably assigned to
pseudoboehmite or poorly crystallized boehmite. The
inorganic aluminas annealed at 300–800◦C appeared
to be more or less structureless compared to the alkox-
ide alumina, although it seemed to partially contain
γ -alumina. It is known that thermal transitions are af-
fected by kinds of starting materials, coarseness of par-
ticles and impurities. This is probably the reason the
difference between the alkoxide and inorganic aluminas
was observed. Annealing at 1100◦C resulted in appear-
ance of diffuse lines that corresponded to θ -alumina. In
summary, the transition of crystalline phase took place
as follows: δ (800◦C), θ + α (1100◦C), α (1200◦C).

Alkoxide alumina shows an emission peak at 420–
450 nm that is associated with these centers that
are attributed to carbon formation (organic residue)
and/or five co-ordinate state of aluminum [46]. For the
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Figure 6 Luminescence spectra of inorganic alumina films annealed
at various temperatures. Reprinted from J. Mater. Sci. Lett. 17 (1998)
275.

inorganic alumina films, luminescence was also ob-
served, as shown in Fig. 6 [33, 36]. The inorganic alu-
mina exhibited stronger luminescence than the alkox-
ide alumina [33, 36]. For amorphous SiO2, one of
common defects is a center with an optical absorption
band, the so-called E′-centre [47, 48]. The inorganic
alumina was probably amorphous and in a state simi-
lar to so-called “glass” compared to the alkoxide alu-
mina. A luminescence peak was observed at 390 nm for
the 300◦C-annealed inorganic alumina. Above 300◦C,
the peak intensity at 390 nm was reduced and then a
new emission band appeared at 430 nm. This emis-
sion was the strongest at 600◦C and vanished above
600◦C. Annealing temperature, at which the emission
at 430 nm appeared, seemed to correspond approxi-
mately to annealing temperature for the γ -alumina for-
mation. Solid state NMR has been developed to ob-
tain more insight into microstructure, though amor-
phous states are difficult to be characterized adequately
by XRD. Many NMR studies have been performed
on alumina sol and gel [49–52]. Fig. 7 shows 27Al
MAS NMR for inorganic alumina. Besides the reso-
nance lines attributable to tetrahedrally (AlIV) and oc-
tahedrally (AlVI) co-ordinated aluminum, a line that
could be assigned to petahedrally (AlV) co-ordinated
aluminum was observed for the inorganic alumina.
The AlV peak intensity changed slightly with treatment
temperature. The peak height corresponded roughly
with the luminescence intensity at 430 nm. However,
that correspondence was not enough, i.e., luminescence
was not observed at 430 nm though an AlV peak was
detected for the inorganic alumina treated at 700◦C.
This indicated that luminescence centers were limited
to special defect sites that had appropriate depth de-
fects. EPR (electron paramagnetic resonance) spectra
for the inorganic alumina annealed at various tem-
peratures were also measured (not shown) [41]. The
observed signals for the inorganic alumina annealed
at 300, 500 and 800◦C was ascribed to an electron
trapped at oxygen vacancy associated with AlV. The
signal intensities for the alumina annealed at 300 and
500◦C were intense, and that at 800◦C was very weak.
This result suggested that AlV was one of the emission
centers.

Figure 7 27Al MAS NMR for inorganic alumina annealed at various
temperatures. Reprinted from J. Mater. Sci. Lett. 17 (1998) 275.

2.3.2. Coating
The sol-gel method is a suitable technique for coating a
substrate. Coatings performed by the sol-gel method
can protect against oxidation or corrosion to acids,
act as insulators, or enhance the scratch resistance of
the substrate. Because of a variety of applications, the
sol-gel method has been extensively investigated [53].
For example, the SiO2-coating of substrates has been
well studied and applied [54, 55]. There have been nu-
merous studies on thin alumina coatings using sol de-
rived from alkoxide [56–58], but only a few studies
have been reported on the thick alumina coating that
is sometimes used on substrates [59]. A thick alumina
coating on quartz glass and nickel substrates were per-
formed using the inorganic alumina sol by a dipping
method [42]. Vickers hardness of the alumina coated
quartz glass increased with an increase in annealing
temperature, and the Vickers hardness for the 800◦C-
annealed sample was as large as 550 kgw/mm2. SIMS
(secondary ion mass spectrometry) depth profiles for
alumina-coated quartz glass plates annealed at various
temperatures are shown in Fig. 8. The diffusion of alu-
mina into the surface took place in conjunction with
an increase in annealing temperature and annealing
time. Thus, complex metal oxide was probably formed
in the diffusion layer, and the formation of this layer
induced an increase in the adhesiveness of alumina
on the substrate. It can be considered that the forma-
tion of the complex metal oxide between the alumina
film and the quartz glass plate generated such a large
hardness. Similar results were also obtained for the Ni
substrate.
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Figure 8 SIMS depth profiles for inorganic alumina coated quartz glass
substrates annealed at 300, 600, 700, 800 and 900◦C. Sputtering was
performed using a Cs+ ion beam. Etching rate was 0.05–0.15 µm/h.
Reprinted from J. Mater. Sci. 38 (2003) 1239.

3. Alumina-polymer composite films
3.1. Introduction
There are many investigations on treatment of inor-
ganic oxide particles or clay with organic polymer ma-

Figure 9 Photographs of composite membranes: as-cast membrane (top), as-draw membrane (middle), calcination residue of as-draw membrane
(bottom). PVA: alumina = 1:1 by weight. Reprinted from J. Appl. Polym. Sci. 39 (1990) 371.

terials in heterogeneous system [60, 61]. In this sys-
tem, micron-sized particles are used. Fine particles
are suitable for being dispersed into organic material,
i.e., polymer, with a view to obtaining a more ho-
mogeneous composite. A candidate way to obtain a
homogeneous composite would be to use the sol-gel
method [62]. In this section, we introduce a preparation
method of alumina-polymer composite films and their
application.

3.2. Preparation of alumina-polymer
composite films

Poly(vinyl alcohol) (PVA) was used as a polymer for
composite, since PVA was water-soluble and thereby it
was possible to homogeneously mix alumina sol with
aqueous PVA. Mixture of the alkoxide alumina sol and
the aqueous PVA was poured into a petri dish and con-
verted to a gel by drying in atmosphere. PVA contents
were 0–100 wt% for the composite film. The compos-
ite gel films were transparent at all the PVA concen-
trations. A photograph of PVA-alumina composite film
is shown in Fig. 9 [16]. The composite films contain-
ing PVA below 20 wt% were brittle and difficult to be
molded into membrane. Above 70 wt%, the composite
films became flexible and easily molded. Removal of
PVA from the composite films by annealing at 600◦C in
air made the obtained films fragile and lost their origi-
nal forms. The composite films containing 40–50 wt%
PVA kept their original forms and transparency even
after annealed at 600◦C in air. The composite film con-
taining 50 wt% PVA could be drawn up to five times
initial length in saturated vapor of water at 25◦C, and
the drawn-up film was still transparent. According to
X-ray diffraction pattern, the boehmite structure of alu-
mina, which was originally oriented to the film plane,
became more oriented by drawing. After annealed at
600◦C in air, the composite film kept its original form.
However, the film became partially white because of
some wrinkles and influence of light scattering.
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Figure 10 Schematic diagram of the counter diffusion apparatus.

3.3. Preparation of γ -Fe2O3/alumina films
by a counter diffusion method

Kurokawa proposed a “counter diffusion method”,
which allows the dispersion of various types of fine par-
ticles in a film matrix [63]. Fig. 10 shows a schematic
diagram of the counter diffusion apparatus, which has
two containers separated by a film. Assuming that com-
pound A reacts with compound B to be precipitate of
compound C , fine particles of compound C are pro-
duced in the film. Their particle size can be varied with
pore size of the membrane. Nanoparticles of iron ox-
ide, Ni, Ag, and CdS were successfully incorporated
into cellulose acetate films and cross-linked PVA films
with the method, and their properties such as catalysis,
magnetics, optics and surface enhanced Raman spec-
troscopy were investigated [25, 64–82]. The counter
diffusion method requires the film matrix to be hy-
drophilic but insoluble in water, when aqueous so-
lutions are used as reactant solutions. Therefore, or-
ganic polymers such as cellulose acetate and cross-
linked PVA were used as film matrix in this method.
The 50 wt% PVA-alumina composite film revealed hy-
drophilicity and insolublity in water after heated at
100◦C. Therefore, the 50 wt% PVA-alumina compos-
ite film heated at 100◦C was used as a matrix for the
counter diffusion method. Then, we attempted to dis-
perse iron hydroxide fine particles into the composite
film by using the counter diffusion method [81]. Aque-
ous Fe(NO3)3 and aqueous NaOH were placed into the
respective containers, as shown in Fig. 10. Fe3+ and
OH− ions diffused counter-currently and contacted in-
side of the film, and consequently Fe2O3 · nH2O pre-
cipitates were produced in the film, as seen in inset of
Fig. 11.

In the Section 3.2, it was shown that the transpar-
ent alumina films were fabricated by annealing the
PVA-alumina composite films at 600◦C. For the PVA-
alumina films containing iron hydroxide, brown films
were obtained by annealing the films at 600◦C in air.
According to the XRD analysis, Fe2O3 · nH2O was
transformed to nanometer-sized γ -Fe2O3 particles. The
Fe2O3 contents increased up to about 25 wt% with an
increase in the reaction time. Fig. 11 shows the magne-
tization curve for the Fe2O3-alumina film. The film set
parallel to the magnetic field had a steeper slope in the
portion of the initial magnetization range than did the

perpendicular one, which indicated that the film was
easier to magnetize parallel to the film plane. In other
words, the Fe2O3-alumina film enhanced a magnetic
anisotropy. The alumina structure in the PVA-alumina
composite film has a preferred orientation parallel to
the film plane. This orientation probably controlled the
crystal growth direction of Fe2O3 · nH2O, and thereby,
the crystal growth direction of the γ -Fe2O3 fine parti-
cles became parallel to the film plane.

4. Organic dye-doped alumina films
4.1. Introduction
One application of the ability to trap organic dye in a
matrix is for optical materials. One of the key problems
in the application is the matrix that hosts the dye. Or-
ganic network in an organic matrix is more flexible than
the inorganic one. This allows greater rotational and
translational freedom in the organic matrix compared
with an inorganic matrix. This results in a lowering
of the photochemical efficiency. Moreover, the organic
matrix is inferior to the inorganic matrix because the
former is photochemically and thermally unstable. The
sol-gel process for preparing inorganic oxide glass has
been studied by many researchers. Avnir et al. [83–85],
Fujii et al. [86], Makishima and Tani [87] and Dunn and
Zink [88] reported that organic dyes could be doped in
a silica glass by the sol-gel process. However, there
are few reports on alumina films as a host for organic
dyes. In this section, we introduce preparation of or-
ganic dye-doped alumina films and their application
for optical materials.

4.2. Laser emission
A conventional dye laser system is big and difficult to
deal with. If a film- or fiber-type dye laser becomes
usable, the laser system would be small and light, and
easier to deal with. Several studies on laser emissions
of films doped with laser dyes have been reported. The
authors prepared alumina films doped with laser dyes
and researched their emission properties [15, 18, 24].
The inorganic alumina sol was mixed with dye solu-
tion. The mixture was converted into a gel film by slow
dehydration in air. Next, the gel film was dried in a dry
box at 100◦C in for 2 h. During the gelation, the dye
molecules were trapped in the alumina matrix. Fig. 12
shows a photograph of dye-doped inorganic alumina
films. No aggregates were observed by naked eyes.
The laser dye-doped films were pumped transversely
by a pulsed N2 laser (peak power 100 kW, pulse width
5 ns, repeat cycle 1 pulse/s) focused through a cylin-
drical lens. The characteristics of laser output from an
edge of the film were measured at 90◦ to the excitation
N2 laser beam using a monochromator and a photo-
tube oscilloscope. Fig. 13 shows absorption and fluo-
rescence spectra of rhodamine 6G (R6G). Two bands
were observed in absorption spectra. According to the
literature [89, 83], the longer wavelength band was
due to monomeric molecules and the shorter wave-
length band to dimers. These band positions of R6G
in alumina red-shifted compared with those in aqueous
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Figure 11 Magnetization curves of Fe2O3-doped alkoxide alumina film with a dopant time of 6 h. Magnetic fields were perpendicular (solid line and
parallel (dotted line) to the film plane. Reprinted from Chem. Mater. 9 (1997) 1887. Inset shows photograph of PVA-alkoxide alumina composite film
embedded with iron hydroxide by a counter diffusion method.

Figure 12 Photographs of inorganic alumina films incorporated with (a) rhodamine 6G, (b) α, β, γ , δ-tetrakis (4-sulfophenyl) porphine, (c) tetrasul-
fophthalocyanine and (d) CdS.

solution, which indicated that local environment of
alumina matrix around R6G was slightly less polar
than water [83, 84]. This R6G-doped alumina exhib-
ited no laser emission. Dye aggregation such as dye

Figure 13 Absorption and fluorescence spectra of rhodamine 6G. (1)
Absorption spectrum in water; (2) Absorption spectrum in inorganic
alumina; (3) Absorption spectrum in alumina containing 10 wt% of Tri-
ton X-100; (4) Fluorescence spectrum (λex = 530 nm) in alumina. The
dye concentrations are 10−2 M. Reprinted from J. Non-Cryst. Sol. 105
(1988) 198. Inset shows photograph of laser light emitted from inorganic
alumina film doped with rhodamine 6G. Pumping N2 laser was intro-
duced to the film with an incident angle of 90◦ for the film. Reprinted
from Zairyo Gijutsu 11 (1993) 197.
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dimerization is the basic cause for concentration
quenching of dye fluorescence. In aqueous solutions,
the band due to dimers was clearly observed at shorter
wavelength. The dimer band was largely reduced in the
alumina film. However, the reduction of dye aggrega-
tion seemed not to be sufficient for laser emission. A
complete monomeric dispersion could be achieved by
an addition of a surfactant, Triton X-100, to the aque-
ous R6G solution, as shown in Fig. 13 [12]. This R6G-
doped alumina containing Triton X-100 gave a laser
emission, as shown in inset of Fig. 13. Conversion effi-
ciency was estimated 2.1% from the characteristics of
output power as a function of the pumping power. This
value was close to that measured in a plastic film. The
N2 laser-irradiation reduced the R6G laser output power
because of dye bleaching. Logarizm of the R6G laser
output power decreased proportionally with an increase
in shot number of pumping pulse, which indicated that
the laser emission was generated with a one-photon pro-
cess. This photo-bleaching was prevented by addition
of β-cyclodextrin [20], since R6G dye molecules are
trapped into a ring of β-cyclodextrin and then are pro-
tected against O2 molecules. Besides R6G, alumina film
doped with rhodamine B (RB), sulforhodamine 101,
coumarin 1 (C1) and 1,2-(1-naphthyl)-5-phenyloxazole
(α-NPO) also exhibited laser emission.

The N2 laser is used as a convenient pump for a
wide variety of dye lasers. However, it is difficult to
pump laser dyes with the N2 laser, if their absorp-
tion coefficients of dyes at a wavelength of N2 laser
(337 nm) and/or their fluorescence quantum efficien-
cies for N2 laser pumping are too low. This problem
has been solved by addition of energy donor dyes with
a net absorption at a wavelength of an exciting laser
[90]. Furthermore, according to Förster-Dexter theory,
the fluorescence of the donor must overlap an absorp-
tion band of the acceptor, thereby allowing an efficient
energy transfer of the excitation from the donor to the
acceptor dyes. The alumina film was doped with 2,5-
diphenyloxazole (PPO) and α-NPO in the presence of
cetyl trimetylammonium bromide (CTAB). CTAB was
suitable for monomeric dispersion of PPO and α-NPO
molecules in the film, compared with Triton X-100.
Fig. 14 shows absorption and fluorescence spectra of
the alumina films doped with PPO and α-NPO [24].
In comparison, spectra of the alumina film doped with
PPO or α-NPO alone are also shown. The absorption
spectrum of the PPO-α-NPO-doped film appeared a
sum of the spectra of PPO and α-NPO. In contrary, a
fluorescence peak position of both dyes-doped film cor-
responded to that of α-NPO. The PPO-α-NPO-doped
film gave laser emission at about 400 nm by N2 laser
irradiation. Energy transfer probably took place from
PPO to α-NPO, since that laser emission wavelength,
400 nm, corresponded to the fluorescence peak position
of α-NPO. Fig. 15 shows an effect of PPO concentra-
tion on the emitted laser power [24]. The laser power
increased with an increase in the PPO concentration up
to 3.5 × 10−2 M. A five or more fold increase in the
emission power was obtained, relative to the emission
at PPO concentration of 1 × 10−2 M. However, the
laser emission power decreased with an increase in the

Figure 14 Absorption (solid lines) and fluorescence (dotted lines) spec-
tra of inorganic alumina films doped with laser dye. Samples are alumina
films doped with (1) PPO, (2) α-NPO and (3) both PPO and α-NPO. Each
film contains 10 wt% of CTAB. Reprinted from Nippon Kagaku Kaishi
(1992) 1257.

Figure 15 Dye laser peak power of inorganic alumina films doped with
both PPO and α-NPO as a function of donor dye (PPO) concentration.
Acceptor dye (α-NPO) concentration is 8 × 10−3 mol/L. Each film
contains 10 wt% of CTAB. Reprinted from Nippon Kagaku Kaishi (1992)
1257.

PPO concentration in the range above 3.5 × 10−2 M.
Probably, all the donor PPO molecules were not excited
at high PPO concentration, and then the non-excited
PPO molecules brought about a quenching of the ex-
cited PPO molecules. This behavior may be described
as concentration quenching. Beside the pair of PPO-α-
NPO, pairs of R6G-RB and C1-uranine also exhibited
energy-transfer-type laser emission.

4.3. Hole-burning
Hole-burning has been attracting a great deal of at-
tention as new spectroscopies provide us with more
information on the dynamics of microstructures in
amorphous matrices at low temperatures [91, 92]. In
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Figure 16 Absorption spectrum of 10−2 M TPPS-doped inorganic alu-
mina film. Inset shows a hole profile at 5.0 K. Lorentzian fitting to hole
shape is also shown under the hole profile. Flatness of the residual sum
of squares indicates good fitting. Reprinted from J. Non-Cryst. Sol. 109
(1989) 164.

addition, application of hole-burning materials for
high-density optical data storage has been expected
[92]. A candidate for the hole-burning materials is dye-
doped films. For host films, various organic and inor-
ganic films have been reported to date [91]. It is known
that the rotational and translational freedom in host
network is responsible for hole filling and broadening
well below liquid N2 temperature [93–98]. On the other
hand, interaction between dye molecules at high con-
centrations results in hole broadening and in lowering
of hole burning efficiency [92]. In the practical use of
hole-burning memory, a highly concentrated doping of
dye without aggregation is necessary for fast writing of
memory, and rigidity in the host network is required for
high thermal durability than films such as organic poly-
mers. Development of the sol-gel process using alkox-
ide (especially tetraethyl silicate) opened a possibility
to use an inorganic matrix instead of organic polymers
as a hole-burning material. However, the aqueous sol
solution route has not yet been well described compared
with the alkoxide route. The aqueous solution route is
readily available and inexpensive. In this section, we
describe application of our inorganic alumina film for
a hole-burning host [14].

The absorption spectra of TPPS-doped inorganic alu-
mina are shown Fig. 16 [14]. The original TPPS spec-
trum (dashed line) corresponded to TPPS with four
protonated inner N atoms. Such film did not show
a hole-burning effect. Because tautomerization has to
take place in hole-burning of porphiline by laser irra-
diation, porphiline should have two protonated inner
N atoms. Since acetic acid was contained in the alu-
mina sol solution, pH in the alumina film was in acidic
range. The spectrum after NH3 gas treatment had four
peaks that corresponded to TPPS with two protonated
N atoms. Then, a hole was observed for the NH3 gas
treated film as shown in the inset. Besides TPPS, spec-
tra of 5,8-Dihydroxy-1,4-naphthoquinone and resorufin
and α,β,γ ,δ-tetrakis (4-sulphophenyl) porphine in the
alumina films were also hole-burned, respectively.

Figure 17 Annealing temperature dependences of changes in hole width
and area during the temperature cycle. The hole area at each temperature
is normalized with that at 5.0 K. Circles: DNQ, triangles: resorufin,
squares: TPPS. Reprinted from J. Non-Cryst. Sol. 109 (1989) 164.

A temperature cycle experiment was performed to
investigate hole profiles as follows: a hole was burned
at 5 K, and then the temperature was elevated quickly to
various temperature (Ta). After being kept for 5 min at
Ta, the films were recooled quickly to 5 K. The changes
in integrated hole area and hole width were evaluated
for holes at 5 K after each cycle by using Lorentzian
function fitted to the hole profile. A cycle experiment
reveals irreversible change which is caused by spectral
diffusion and/or by backward reaction of photoprod-
ucts [97]. Microstructures in amorphous solids have
been frequently modeled by a distribution of asym-
metric intermolecular double-well potential (two-level
system (TLS) model) [99]. Spectrum diffusion results
from redistribution of ground states of TLS [97, 100].
Fig. 17 shows temperature dependences of the hole pro-
files [14]. Irreversible change was found to be promi-
nent in the first cycle and did not depend on the number
of cycles when repeated cycling to the same temper-
ature. Therefore, the irreversible change seemed to be
caused mainly by some thermally activated processes.
The TPPS had a greater thermal durability than DNQ
and resorufin and the latter two had the same durability.
It can be considered that potential surfaces of ground
state TLS associated with DNQ and resorufin were
more remarkably changed when the motions of the oxy-
gen and the hydroxyl groups were thermally activated.
Furthermore, these motions probably caused backward
reactions for DNQ and resorufin. These processes may
have explained why the hole filling and broadening
were more prominent in the DNQ and resorufin-doped
alumina films.

4.4. Nonlinear optics
There have been many investigations of nonlinear opti-
cal (NLO) organic materials [101]. However, it is gener-
ally difficult to grow NLO molecules in a macroscopic
large crystalline form. Therefore, transparent films
doped with NLO materials appear to have promise for
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integrated optical and waveguide applications. Tech-
niques to enhance NLO properties have not been yet
well established. The most practical method is to ap-
ply an electric field to a glassy polymer film doped with
NLO molecules [102]. In this method, the doped film is
heated around a temperature of glass transition, where
the dopants are mobile and susceptible to orientation in
an applied electric field. Then, the film is cooled under
the electric field to fix the polar alignment. The orienta-
tion of dopant allows enhancement of second harmonic
generation (SHG). However, the SHG intensity decays
with an increase in time, due to relaxation of the matrix
[102]. On the other hand, it is reported that interaction
of NLO molecules into a host layer leads to an ori-
ented arrangement of the molecules [103]. However,
the amount of the intercalated molecules is limited and
thereby the NLO properties are not enough. Several ap-
proaches have been taken to prepare hybrid gels com-
prised of organic and inorganic components for optical
materials [88, 104]. 2-Methyl-4-nitoaniline (MNA) is
incorporated in a SiO2-polymethyl methacrylate film.
The MNA-doped film retains optical quality at higher
temperatures and is more resistant to abrasion [105]. In
this section, we show NLO properties of various NLO
dyes-doped inorganic alumina films.

MNA molecules were dispersed into the inorganic
alumina films in the presence of a surface active
agent, CTAB, since MNA is insoluble in water [23].
Neodymium-glass laser (λ = 1064 nm) was used for
irradiation. In the alumina films doped with dopants
such as laser dye and hole-burning dye, the dopants
were usually dispersed at a molecular level. However,
the MNA molecules were finely microcrystalized in the
alumina, since the MNA-doped film exhibited a weak
SHG effect. To orient the MNA microcrystallites in
the film, an electric field of 8 kVcm−1 was applied to
the film at 110◦C by the corona poling method, and the
temperature was decreased down to room temperature
under the application of the electric field, so that the ori-
entation of MNA was retained. Its SHG intensity was
one order of magnitude higher than that of the non-
poled film. The SHG transformation efficiency from
the fundamental laser to the second harmonic gener-
ated laser was around 2 × 10−7%. Crystalinity of MNA
molecules is improved and its SHG effect is enhanced
by co-doping MNA and a few % of p-nitroaniline
(p-NA) [106]. For the inorganic alumina, co-doping
MNA and p-NA at 10 mol% for MNA was performed.
Its SHG intensity was about 20 times higher than that
of the poled MNA-doped film. The crystallite of p-NA
itself does not exhibit SHG effect, since the crystallite
has an inversion center. In addition, the co-doped film
was not treated with the corona poling method. Dipole
moment of each MNA molecule was probably aligned
to produce overall moments that direct the polar axis as
a result of interaction between MNA microcrystallites
and p-NA molecules. This alignment seemed to cause
the enhancement of SHG.

N -(4-nitrophenyl)-L-prolinol (NPP) was also used
as a NLO dopant [27, 28]. NPP is a p-nitroaniline-like
substance which has a π -electronic aromatic system
involving donor (prolinol) and acceptor (nitro) sub-

Figure 18 XRD patterns of NPP-doped inorganic alumina films at def-
inite ratio of CTAB/NPP = 1:2.5. Annealing time was 2 h. Reprinted
from Thin Solid Films 283 (1996) 221.

stituent groups, and its properties relate to those of
MNA analogs [107]. Fig. 18 shows XRD pattern of
NPP-doped inorganic alumina films. The doped film
without annealing showed no XRD peaks, which in-
dicated that NPP molecules were finely distributed in
the CTAB micelle. By annealing the film at 100◦C,
which was lower than the melting point of NPP (116–
117◦C), and then cooling down to room temperature,
the NPP crystallites grew by an Ostwald ripening ef-
fect and gave XRD peaks. The film shrank by thermal
dehydration and the micelles were probably distorted,
which seemed to induce the NPP molecules to be crys-
tallized. The NPP microcrystallites in the film exhibited
a preferred crystalline (101) orientation of an ortho-
rhombic structure. The highest peak was obtained at
3.5 wt% NPP and 8.75 wt% CTAB. Since NPP tends
to take a plate-like crystalline form, the NPP molecules
were expected to be stacked lying parallel to the alu-
mina layers. At an annealing temperature of 130◦C, the
highest XRD peak of NPP was observed at 2.5 wt%
NPP and 6.25 wt% CTAB, that were lower than the
100◦C-annealed film. The high annealing temperature
probably accelerated the crystallite growth of NPP. NPP
crystallization and crystalline growth took place even at
lower concentrations than the case of 100◦C. However,
the NPP microcrystallites might have been incorporated
more finely into the microstructure of the film, since the
microcryatallites must be melted at 130◦C. As a result,
a number of crystallites smaller than the case of 100◦C
were formed during cooling down. Therefore, the con-
centration that provided the highest (101) peak intensity
shifted to lower concentration compared with 100◦C-
annealing. Fig. 19a show a typical SHG Maker fringe
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Figure 19 Typical SHG (a) and THG (b) Maker fringe patterns of NPP-
doped inorganic alumina films. Reprinted from Thin Solid Films 283
(1996) 221.

pattern of NPP-doped alumina films. The patterns were
in good agreement with the calculation from the theo-
retical expression of Jerphagov and Kurtz [108, 109].
Second order NLO coefficient, deff, was estimated by
comparing the signal intensity of quartz. Fig. 20a shows
deff as a function of NPP concentration. Maximum deff
was 6.1 pmV−1 (1.5 × 10−8 esu) for the 3 wt% NPP-
doped alumina annealed at 100◦C. In both cases, the
concentration that gave the highest deff, corresponded
to the concentration with the highest XRD intensity of
NPP (101) phase. This recalls that crystallite orienta-
tion of NLO molecules, which leads to increasing of
sum of dipole moments of each molecule, is absolutely
necessary to enhance SHG effects.

An interest has been arisen in third-order NLO ma-
terials such as semiconductor particles-doped glass,
polysilane or polydiacetylene [101]. In the case of
macromolecules, third-order nonlinear susceptibility,
χ (3), increases with an increase in the length of the
π -electron conjugated chain. Investigations of low-
molecular weight NLO materials have been rarely
found in the literature because they have lower suscep-
tibities compared to the NLO macromolecules. Third-
order NLO properties can be observed even in opti-
cally isotropic materials in which the dipole moment
is cancelled out, and it has been thought that third-
order properties are independent of molecular orienta-
tion. However, χ (3) depends on the conformation within
the overall structure in the case of polydiacetylene
[110]. In this section, we introduce our investigation of
third-order NLO properties of the NPP-doped alumina
film.

Figure 20 Second order NLO coefficient deff (a) and third order NLO
susceptibility χ (3) (b) of NPP-doped inorganic alumina films. Reprinted
from Thin Solid Films 283 (1996) 221.

Fig. 19b shows typical fringe patters of THG inten-
sity. χ (3) was estimated by comparing the signal inten-
sity of NaCl crystal. Fig. 20b shows χ (3) as a function
of NPP concentration. Maximum χ (3) was 3.3 m2V−2

(2.5 × 10−13 esu) for the 3 wt% NPP-doped alumina
annealed at 100◦C. In both films annealed at 100◦C or
130◦C, the concentration that gave the highest χ (3) cor-
responded to the concentration with the highest XRD
intensity of NPP (101) phase, as well as deff. In other
words, the higher degree of NPP molecule oriented, the
more intense THG. That analogy between the behavior
of SHG and THG for the doped film may be explained
by the cascade process of SHG. In the range of the or-
dered NPP-doped film, an enhancement of THG was
possibly not due to a direct THG process (ω + ω + ω

− 3ω) from the source light (ω), but to a cascade com-
bination of twoSHG processes (ω + ω − 2ω, 2ω + ω

− 3ω). These results indicated that the molecular align-
ment contributed not only to SHG but to THG, and il-
lustrated the importance of crystal design in third-order
NLO materials, as well as second-order NLO materials.

Besides MNA and NPP, Disperse Red 1 (DR1) was
used as a dopant for third order NLO materials [32].
The DR1-doped inorganic alumina film was examined
by the degenerated four-wave mixing method using the
second harmonics (532 nm) of a Nd-YAG laser. The
DR1-doped film showed an absorption peak that was
close to 532 nm. Therefore, its third-order nonlinear
property at 532 nm was enhanced by resonance effect,
and gave a high χ (3) value of around 10−7 esu.

5. Nanoparticles-doped alumina films
5.1. Introduction
Colloidal nanoparticles have special interest in science
and technology because they exhibit unique optical and
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catalytic properties that are different from those of the
bulk materials [111–117]. Properties of these nano par-
ticles can be preserved if the general tendency for ag-
gregation can be overcome, such as if a suitable stabi-
lization can be developed. Generally, the stabilization
of colloids is performed by surface modification pro-
cesses, either to enhance double-layer interactions or to
adsorb macromolecules that can form a physical barrier
against other approaching particles [118]. A method for
obtaining colloidal stabilization is loading nanoparti-
cles in a solid state matrix. The role of the solid state
matrix prevents the particles from aggregating through
a physical barrier of the solid matrix. From this point of
view, extensive studies on a solid state film loaded with
nanoparticles have been made. In this section, we intro-
duce preparations of alumina films doped with various
nanoparticles with a sol-gel process and their several
properties such as catalysis and optics [10, 11, 17, 21,
25, 26, 29, 30, 32, 39].

5.2. Catalysis
There have been some investigations of highly dis-
persed metal catalysts [119–121]. Investigations of
highly dispersed metal catalysts supported on silica pre-
pared using tetraethyl silicate are limited exclusively
to the catalysts for gas reactions [121]. Besides sil-
ica, the gel prepared from nickel acetate and aluminum
sec-butoxide is quite dense and was not very active
for the hydrogenation of nitrobenzene [119]. How-
ever, the aqueous alumina sol using inorganic salts
has not been used as a starting material of alumina
support as well described as the alkoxide route. The
inorganic alumina sol are readily available and inex-
pensive, it is worth being used as a precursor of the
solid state matrix. In this section, we introduce prepa-
ration of a new type of catalyst consisting of the inor-
ganic alumina dispersing fine nickel particles uniformly
[10, 11].

The inorganic alumina sol mixed with Ni(NO3)2 was
converted to gel by slow evaporation of water. The
gel was annealed in a stream of hydrogen for 2 h
at 400◦C. The annealing resulted in a black powder.
Since XRD peaks of metallic nickel were detected,
the color change was due to reduction of nickel ions
to metallic nickel. Fig. 21 shows TEM image of the
Ni-doped alumina. Nickel nanoparticles with sizes of
5–25 nm were observed. According to XPS analysis,
the Ni loading was 30 wt% at highest. This new cat-
alyst showed higher selectivity in the liquid phase hy-
drogenation of 1,3 and 1,5-cyclooctadiene and methyl
linolenate than either Raney nickel or impregnated
nickel-alumina catalysts. However, it showed lower ac-
tivity than Raney nickel. This phenomenon may be at-
tributed to the coating of nickel particles with alumina
matrix.

5.3. Optics
It has been suggested that the third order NLO of semi-
conductor particles is enhanced when a three dimen-

Figure 21 TEM image of Ni-loaded inorganic alumina obtained from
the thermal decomposition at 450◦C in hydrogen stream (Ni content:
10 wt%). Reprinted from Appl. Catal. 40 (1988) 139.

sional confinement of electron-hole is fulfilled in the
semiconductor particles [122–124]. Development of
this investigation is important in a view of applica-
tions such as switching devices in optical waveguides
and the phase conjugator medium in optical computer
devices.

Semiconductor nanoparticles, i.e., CdS nanoparti-
cles, which are one of semiconductor intensively stud-
ied, were synthesized in an alumina film as follows
[17, 21]. The inorganic alumina sol was mixed with
Cd(CH3COO)2 · 2H2O or Cd(OH)2 to yield 1–10 wt%
for the films. After gelation in air at 40◦C, the gel film
was annealed in a stream of H2S gas at a temperature
of 100–600◦C, which led to formation of a yellowish
film (Fig. 12). According to XRD patterns, the color
change to yellow was due to production of CdS parti-
cles and their crystalline sizes were estimated around
6.5 nm for 300◦C-annealed CdS-loaded alumina and
8.0 nm for 400◦C-annealed. The particle sizes observed
in TEM were in the range of 6–10 nm, in agreement with
the crystalline sizes. Wavelength shift of the absorption
edge by a quantum size effect was clearly observed
in the absorption spectra in visible wavelength range.
The largest refractive index change of −1.3 × 10−3

was obtained at a band edge of the absorption spec-
trum (300◦C-annealed) with 1.46 MWcm−2 pumping
because of a band filling effect. Through the inves-
tigation by degenerate four-wave mixing (DFWM)
technique, the observed spectrum of the DFWM
diffraction efficiencies agreed well with the values
calculated from the measured absorbance change
and reflectance index change at a small absorption
region.
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The noble metallic nanoparticles give rise not only
to the color change but also to optical enhancements
in absorption, Raman scattering, and luminescence
effects. Much attention has been paid to the study on
optical properties of nanoparticles dispersed in glass
and polymer matrices from the viewpoint of scien-
tific interest and their applications to nonlinear optical
devices [125–128]. Most of works on glass are con-
cerned exclusively with silicate glass. However, exper-
iments for NLO properties of metal particles-loaded
alumina film have been rarely found in publications.
Coinage metal nanoparticles such as Au or Ag were
doped in an alumina film as follows [29, 32]. Aqueous
AgNO3 or HAuCl4 solution was mixed with the trans-
parent inorganic alumina sol. The mixture was poured
on a flat plate such as a polystyrene petri dish. It was
then converted into an alumina gel film doped with
AgNO3 or HAuCl4 by dehydration in an atmosphere
at room temperature. These AgNO3 or HAuCl4-doped
alumina film was then annealed in H2 gas in a reac-
tion silica tube under raising temperature from room
temperature to desired temperatures of 300–800◦C. Af-
ter reached to the desired temperature, the tempera-
ture was kept constant for 2 h. Fig. 22 shows TEM
image of Au particles-doped alumina film. Observed
particles were approximately spherical in shape. The
average particle sizes were in the range of 4.6–12.8
nm and increased with an increase in the annealing
temperature. XRD measurements revealed a peak that
was attributed to the (111) plane of cubic Au struc-
ture, which indicated that the spherical particles were
metallic Au. The particle sizes agreed well with crys-
tal sizes that were determined from Scherrer’s equa-
tion for the XRD results. Similar observations of TEM
and XRD were also made for the Ag-doped alumina.
The Ag- or Au-contained alumina films showed color

Figure 22 TEM image of Au particles-doped inorganic alumina film. The Au concentration is 0.4 mol% for alumina. The film was annealed at 600◦C
in air. Reprinted from Thin Solid Films 322 (1998) 233.

change that depended on the annealing temperature.
These colors were attributed to surface plasmon absorp-
tion of noble metal nanoparticles. The surface plasmon
absorption band is very sensitive both to particle size
and shape and to properties of the surrounding medium
[129–133]. Plasmon band of noble metal nanoparti-
cles dispersed in a dielectric medium is expressed by a
Mie-Drude equation [130]. Peak broadening and peak
shift of the plasmon spectra for the Ag-doped alumina
films were in agreement with the Mie-Drude equation
[39]. Fig. 23 (A) shows absorption spectra of the Au-
doped films [29, 32]. Peaks in the range of 520–650
nm were due to the surface plasmon band. The spectra
broadened and the peak shifted to longer wavelength
(red shift) with a decrease in the particle size. This
behavior was opposite to that observed in the case of
Au particle-doped silicate glass [130, 134]. This shift
was toward the opposite direction from predicted by
the Mie-Drude model. The classical Mie theory, us-
ing the Drude expression for the dielectric function of
particle, can be well applied to the particle dispersed
system [134]. In the Mie equation the absorption cross
section is

σabs(ω) = 9kε
3/2
0 V0

εm2(ω)

[εm1(ω) + 2ε0(ω)]2 + εm2(ω)2
,

(3)

where k and V0 are the wave vector and particle volume,
ε0 and εm (= εm1 + iεm2) are the dielectric functions of
the matrix and metal particle, respectively. The Drude
expression is

εm,free = 1 − ω2
p

ω2 − i(ω/τ )
, (4)
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Figure 23 Plasmon spectra of Au particles-doped alumina films. Au
concentration is 0.1 mol% for alumina. (A) Observed and (B) simulated
by using the two region model. Reprinted from J. Appl. Phys. 81 (1997)
1475.

where τ is a relaxation time and ωp is the plasma fre-
quency. It assumes that the metal contains free electrons
that move restrictively by the positive lattice. The Mie-
Drude prediction taking into account the dielectric con-
stants of the bulk metal and of the matrix can be applied
to explain the plasmon absorption peak. A common way
to fit experimental data with the Mie equation is by

σ = 9ke1/2
0 V0 Im

(
(em,free − e0)(em + 2em,free) + f (em − em,free)(e0 + 2em,free)

(em,free + 2e0)(em + 2em,free) − f (em − em,free)(2e0 − 2em,free)

)
, f =

(
r

r + a

)
(7)

introduction of a size-dependent electron relaxation
time in terms of the scattering at the surface; however, it
cannot explain the large blue shift or size dependence of
peak width evident in Fig. 23 (A). The Mie-Drude ex-
pression yields the following plasmon frequency [130,
135]:

ωM = ωp√
εb + 2ε0

, (5)

where εb is the dielectric constant of bound electron.
The electric constant of alumina ε0 would not change
significantly by annealing at 300–800◦C. The ωp is
given as

ωp =
(

4πnee2

me

)1/2

, (6)

where ne and me are the density and mass of electron, re-
spectively. The ωp and ne are obtained from fitting with
the observed spectra. Considering a relation between
ne and particle size, the electron density decreases with
a decrease in the particle size. The density profile is not
modeled only by the particle size, form, or dielectric
constants, but by the details of the surface surround-
ing particle. That is, physisorption, chemisorption, or
another chemical interface interaction may induce the
change of the electron density profile. Surface interac-
tions including charge transfer to or from the particle,
which change the peak width strongly [130], would
be remarkable in an aqueous sol. In metal-alumina ce-
ramic adhesion, two main bonds of O–M and Al–M
are responsible for the adhesion strength of the inter-
face [136]. The former interaction is repulsive, while
the latter is attractive. To stabilize the adhesion en-
ergy, the electron transfers into a dangling bond on
Al. In the inorganic alumina that was in amorphous
state, many dangling bonds probably existed in ma-
trix. On the other hand, the direction of shift (red or
blue) are explained by taking into account the spill-
out or -in of the free electron through the particle sur-
face, affected by the matrix [135, 137–139]. This gives
the microscopic description for the two-region (core-
shell) model in which the particle is approximated as
containing an inner core region characterized by bulk
like core dielectric functions and an outer shell region
where the core polarization is ineffective [137]. When
the free electron transfers from the particle to the ma-
trix, the density of the free electron is reduced and then
the dielectric function of the free electron can be re-
garded as having been missed in an outer region near
the particle surface. It reduces the electron density and
thereby the resonance frequency. Equation 3 is modi-
fied to Equation 7 based on a two-region model, similar
to the case of Ag particles embedded in a rare gas matrix
[137],

where a is the thickness of outer region. The outer re-
gion is a sort of mixing layer of particle surface with
dangling bond of alumina. This layer corresponds to an
adhesion boundary layer in adhesion of ceramic with
metal.

The peak broadening is due to the spatial spreading
and scattering of the electron across the particle-matrix
interface [136]. The range of scattering (which is a mea-
sure of polarizability) is treated by adding or subtracting
a spill-out distance to the particle size. In this theory, the
free electron which contributes to plasmon absorption
and is spilled out into the matrix is relaxated in its en-
ergy by the surrounding matrix before being scattered
and returned into core particle.

In the calculation of the absorption spectra using
Equation 7, the peak shift depended on the thickness of
the outer region; thick outer region brought about large
blue shift. We took a mean value as a representative
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Figure 24 XPS spectra (Au4f) of Au particles-doped alumina films and
those (Ag3d) of Ag particles-doped alumina films annealed at various
temperatures. Reprinted from Opt. Communic. 190 (2001) 385.

diameter for calculation. The calculated spectra using
a = −0.5 nm for the thickness of the outer region are
shown in Fig. 23 (B), which was in fair agreement with
Fig. 25 (A).

Fig. 24 shows XPS spectra of Au4f for Au-doped
alumina and those of Ag3d for Ag-doped alumina films
[39]. With an increase in annealing temperature, the
Au4f peaks underwent a significant shift to the lower
energy side and then a significant shift to higher energy
side. The shift was the largest at the temperature at
which γ -alumina was formed. This result indicated that
the electron density in Au particles increased with an
increase in annealing temperature, and supported the
explanation for the peak shifts of plasmon. However, the
Ag3d peak did not shift significantly. There are some
publications suggesting a strong interaction between
Au and Al [140–142]. The noticed Au4f peak shift in
the Au-doped inorganic alumina was probably due to
such strong interaction.

The Au particles-contained inorganic alumina films
were examined by the DFWM method [29, 30, 39].
Fig. 25 shows the third-order susceptibility χ (3) val-
ues estimated at various wavelengths (530, 550 and
570 nm). A resonance enhancement was observed in
the vicinity of the surface plasmon band. The electric
field inside the particle, E1, is explained with the ap-
plied field E0 by

E1 = 3ε0

εm + 2ε0
E0. (8)

Thus, E1 is enhanced near the surface plasmon res-
onance of the Au particle. This enhancement of the

Figure 25 χ (3) values at near plasmon spectra of Au particles-doped
alumina film annealed at 700◦C. The Au concentration is 0.1 mol% for
alumina. Reprinted from J. Appl. Phys. 81 (1997) 1475.

electric field inside the particle probably led to the res-
onance enhancement.

The inorganic alumina films doped with Au par-
ticles of various sizes were characterized with the
DFWM method [29]. However, there was no clear size-
dependence observed. Three mechanism have been pro-
posed as major contributions to χ (3): hot electron, inter-
band and intraband transitions [143, 144]. The first two
effects have been shown to be nearly size-dependent.
Only the intraband transition can explain the size-
dependence of χ (3). The experimental evidence indi-
cated that the conjugate reflectivity of Au colloid was
independent of particle size and that the important pa-
rameter was the colloid concentration. It should be nec-
essary to take into account the effect including the Au
particle-alumina interface.

Table I shows χ (3) values of Ag or Au-doped alumina
films. The values χ (3) and χ (3)/α (α: absorption coeffi-
cient) were on the order of 10−8 esu and 10−10 esu · cm,
respectively. Both values for the Au-doped alumina
were larger than for the Ag-doped alumina. This was
mainly due to the enhanced local field near the Au plas-
mon band. The value for the Au particle should be one
order larger than that for the Ag particle according to
the literature. However, the χ (3) and χ (3)/α for the Au-
doped alumina were not so large compared to those
for the Ag [143], which might have been partially to a
decrease in electron density by electron transfer to the
alumina surface.

TABLE I The third-order susceptibilities of noble metal particle-
doped alumina films. Reprinted from Opt. Communic. 190 (2001) 385

Metal Metal content
(treat-temperature) (mol%) χ (3) (esu) χ (3)/α (esu · cm)

Ag (700◦C) 0.3 2.5 × 10−8 1.9 × 10−10

0.4 5.3 × 10−8 2.6 × 10−10

0.5 1.9 × 10−8 0.95 × 10−10

Au (800◦C) 0.1 3.5 × 10−8 4.1 × 10−10

0.2 9.0 × 10−8 7.1 × 10−10

AU (400◦C) 0.2 3.2 × 10−8 2.0 × 10−10

α: absorption coefficient.
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6. Rare earth ion-doped alumina films
6.1. Introduction
Optical properties of rare earth (RE) ion-doped silica
glasses have been studied extensively for use in lasers
and optical devices [144–147]. The sol-gel method can
fabricate silica glass with higher dopant concentrations
than conventional melt glass. Clusters of the dopant ions
are formed both in sol-gel and conventional glasses at
higher concentrations. The clusters provide shorter de-
cay time and quenching of luminescence. Co-doping
with alumina for the glass was found to enhance the
dispersion of rare earth ions and thereby luminescence
properties were improved [148–151]. In addition, alu-
mina has a high transparency from UV to near IR wave-
length and higher thermal conductivity compared to
SiO2 glass. Therefore, alumina is expected to be a good
matrix for rare earth ions. In this section, we introduce
fabrication of rare earth ion-doped alumina films and
their luminescence properties [34–40].

6.2. Luminescence properties under
various conditions

Luminescence efficiencies for RE ions-doped glasses
depend on matrices, e.g., phonon energy, amount of
hydroxy groups, dispersity of RE ions and symmetry
of crystal field around RE ions. These properties are
varied by preparation conditions, i.e., annealing tem-
peratures and doped rare earth concentrations. Alu-
mina films were doped with various RE ions such as
Pr3+, Nd3+, Sm3+, Eu3+, Gd3+, Tb3+, Dy3+, Ho3+,
Er3+ and Tm3+ and their luminescence properties were
investigated. Fig. 26 shows luminescence spectra for
Eu3+-doped alumina films annealed at various temper-
atures and various Eu3+ concentrations. Luminescence
spectra had peaks assigned to 5 D0 →7 F0 (577 nm),
5 D0 →7 F1 (588 nm), 5 D0 →7 F2 (614 nm), 5 D0 →7 F3
(651 nm) and 5 D0 →7 F4 (699 nm) transition. These
peaks were broader than luminescence peaks observed
in crystalline matrices, reflecting the amorphous prop-
erty of the sol-gel alumina films. Luminescence in-
tensities based on these transitions increased with an
increase in the annealing temperature and the con-
centration. The annealing probably led to liberation
of free and coordinated water and to crosslinking be-
tween alumina by the removal of residual OH groups
on alumina (dehydroxylation). With high loading of
the RE ions, the RE ions became partially substitute-
coordinated with the OH groups of the alumina. It
can be considered that the amount of OH groups that
brought about large phonon relaxation was reduced in
the films and thereby the luminescence intensities at
high annealing temperature and large concentration.
The 5 D0 →7 F2 and the 5 D0 →7 F1 transitions are
an electric dipole transition and a magnetic dipole tran-
sition, respectively. Because these transitions are sen-
sitive and insensitive to symmetry of the ligand field
around Eu3+, the 5 D0 →7 F2/

5 D0 →7 F1 lumines-
cence ratio can be used as a measure of the site sym-
metry of Eu3+. In our system, the luminescence ratio
on Eu3+-doped alumina films was dependent on the an-
nealing temperature, but not on concentration. Shrink-
age by the removal of OH groups with the heat treat-

Figure 26 Luminescence spectra for Eu3+-doped inorganic alumina
films annealed at various temperatures (a) and various Eu3+ concen-
trations (b). Reprinted from J. Appl. Phys. 90 (2001) 243 and Hyomen
39 (2001) 326.

ment probably caused distortion of the local environ-
ment, viz. an asymmetric character with strong inho-
mogeneities from site to site. For further investigation,
parameters in Judd-Ofelt theory were estimated. A pa-
rameter, 
2, is dependent on asymmetric structure and
parameters, 
4 and 
6, are dependent on covalency
of RE O bond. A change of 
2 corresponded to the
changes of the luminescence ratio and the luminescence
lifetime. This indicated that RE ions were preferably
portioned by Al3+, to form Al O RE bonds, rather
than RE O RE, which supported the distortion of the
local environment with the annealing. Effects of the
annealing temperature on the luminescence properties
was similar for all rare earth ions and similar results on
the concentration dependence were obtained for Pr3+,
Nd3+, Eu3+, Gd3+, Tb3+, Ho3+ and Er3+. However,
for alumina films doped with Sm3+, Dy3+ (Fig. 27)
and Tm3+, luminescence intensities and lifetimes de-
creased with an increase in their concentrations in the
range above 1 mol%. It was confirmed by a quantitative
treatment of measured lifetimes that this concentration
quenching took place through cross-relaxation. An ex-
cited ion (the donor) relaxes nonradiatively to the lower
arbitrary level, whereas another ion in the ground state
(acceptor) is excited to the higher arbitrary level. These
two ions probably cross-relaxed so that energy was con-
served by both ions for a while and finally converted
into heat, though it is not clear at the moment why
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Figure 27 Luminescence spectra of Dy3+-doped inorganic alumina
films under various Dy3+ concentrations. Reprinted from J. Luminesc.
92 (2001) 57.

these RE ions-doped alumina films showed significant
cross-relaxation.

6.3. Upconversion luminescence
Upconversion luminescence from rare earth ion-doped
matrix has attracted considerable attention. Study of
the emission process is important for understanding
the transition state and the interaction of ions with ma-
trix. Among matrices available to date, fluoride glasses
have been extensively investigated, since they have low
phonon energy and high transparency. However, it is not
easy to handle and form the fluoride matrices. A few
works on upconversion luminescences have been re-
ported for sol-gel derived SiO2 glass. In this section, up-
conversion emission for RE ions-doped alumina films
were studied. Fig. 28 shows luminescence spectra for
Nd3+(15 mol%) and Er3+(10 mol%)-doped alumina
treated at 800◦C films under Ti-sapphire laser excita-

Figure 28 Luminescence spectra for Nd3+ (15 mol%) and Er3+
(10 mol%)-doped inorganic alumina films annealed at 800◦C under Ti-
sapphire laser excitation (800 nm). Reprinted from Opt. Mater. 15 (2001)
293.

tion (800 nm). Luminescence peaks with wavelengths
that were shorter than excitation were observed at 550
(Er3+-doped alumina), 640 (Er3+-doped alumina) and
645 nm (Nd3+-doped alumina). It can be concluded by
collating their wavelengths with energy levels that non-
radiation and upconversion processes on the pumped
ions brought about luminescence at the shorter wave-
length. These luminescences were observable even at
room temperature, since probably RE ions were load
in alumina matrices at high concentration and then the
phonon relaxation was reduced, as mentioned in the
Section 6.1.

6.4. Sensitized luminescence
For a good efficient energy transfer from exited donor
to acceptor, luminescence spectrum of the donor must
overlap an absorption band of the acceptor, as men-
tioned in the Section 4.1. Luminescence peaks of RE
ions are so sharp in crystalline matrices that it is hard
to make luminescence of RE ions overlap absorbance
of another kind of RE ions, compared to organic dyes.
Because of broader luminescence peaks of RE ions in
the alumina films, well overlapping of a luminescence
spectrum of donor RE ions and an absorption spec-
trum of acceptor RE ions may be possible. Dy3+ in our
alumina gave concentration quenching due to cross-
relaxation beyond 1 mol%. On the other hand, Gd3+
increased in luminescence intensity with an increase in
its concentration up to 15 mol%. Therefore, we tried to
enhance the luminescences of Dy3+ by codoping Gd3+
into the doped alumina through energy transfer. Fig. 29
shows luminescence spectra for Gd3+-Dy3+-codoped
alumina films. Dy3+ concentration was constant and
Gd3+ concentration was varied. Luminescence inten-
sity of Gd3+ at 312 nm (6P7/2 → 8S7/2) increased
with the Gd3+ concentration and decreased above a
Gd3+ concentration of 9 mol%. In contrary, lumines-
cence intensities of Dy3+ at 480 (4P9/2 → 6H15/2), 580
(4P9/2 → 6H13/2), 660 (4P9/2 → 6H11/2) and 770 nm
(4P9/2 → 6H7/2) increased with the Gd3+ concentration
in the whole range of Gd3+ concentration examined. It

Figure 29 Luminescence spectra for Gd3+-Dy3+-codoped alumina
films at various Gd3+ concentrations.
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Figure 30 Time dependence of for Tb3+ (5 mol%)-Zn2+ (30 mol%)
alumina film annealed at 800◦C. Reprinted from J. Appl. Phys. 90 (2001)
2257.

can be considered that this sensitization of lumines-
cence was due to the energy transfer effect, since lu-
minescence bands of Gd3+ overlap absorption bands
of Dy3+ well. Besides, and energy transfer processes
from Tb3+ to Eu3+ and from Gd3+ to Sm3+ were ob-
served [40].

6.5. Long lasting luminescence
It has been reported that Eu2+-doped alumina silicate
and Tb3+-doped alumina silicate glasses prepared in
a strong reducing atmosphere gave bright long lasting
luminescence [152–155]. However, there have been no
observations for the sol-gel derived alumina matrices.
In this section, lasting luminescence of RE ions-doped
alumina films is mentioned [36].

Tb3+-doped alumina films exhibited lasting lumines-
cence. Addition of Ca2+ or Zn2+ made the lumines-
cence lasted long. Fig. 30 shows the change of lumi-
nescence with time for Tb3+ (5 mol%)-Zn2+ (30 mol%)
alumina film annealed at 800◦C. All the luminescence
peaks were clearly ascribed to luminescence bands
from TB3+ (5 D4 → 7 Fi). Lasting luminescence was
not detected when the irradiated Zn2+-Tb3+-doped alu-
mina films were immediately immersed into liquid N2,
and the lasting luminescence was detected again at
room temperature after the same film was taken out
of liquid N2. Taking into account this finding, a mecha-
nism of the long lasting luminescence can be explained
similarly to the mechanism described by Hosono et al.
[152, 153], as follows.

During light irradiation

Tb3+ + UV light → (TB3+)+ + e∗,

e ∗ +oxygen defect center → F+-like center.

After irradiation

F+-like center + phonon → oxygen defect center + e∗,

e ∗ +(TB3+)+ → TB3+ + luminescence.

During light irradiation, electrons and holes are formed
in the alumina. The holes are captured by in the vicin-

ity of AlV sites that are oxygen defect sites. The oxy-
gen defect-electron trap depth is broadly distributed
and shallow. Therefore, the electrons can be thermally
released at room temperature and long lasting lumi-
nescence is realized. According to EPR measurement
of Tb3+-Zn2+-doped alumina films, an intense signal
assigned to an electron trapped at the AlV sites was
detected after the UV-light irradiation at low tempera-
tures, and this signal disappeared by heating at 80◦C.
This results supported the above mechanism.

7. Conclusions
In this review, we have focused on preparation of alu-
mina films by sol-gel method, their structure, their
formation and their various applications. The alumina
films themselves were amorphous and very transparent
in the range of visible wavelength, and exhibited gas
separation ability, good coating property and possibil-
ity of hybridizing with organic polymer. In addition, the
alumina film matrices enhanced the catalytic and op-
tical properties of guest materials such as organic dye
molecules and nanoparticles, because of interactions
between guest materials and alumina matrices.
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