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Abstract
Transparent γ-Al2O3 thin film can be utilized as an absorbent or protective layer in environmental protection. The aim of the
present research work is to improve the structural and optical properties of γ-Al2O3 thin film. Al2O3 thin films were
synthesized by various newly developed routes based on colloidal technique and sol–gel chemistry. Many types of starting
materials (Al acetate, nitrate, isopropoxide, boehmite, and Al2O3 powders) and additives (acetic acid, HCl, HNO3, citric
acid) were used in the experiments. Suspension and gel-like precursor systems were compared for layer creation. The layers
were characterized by their morphology (GIXRD), surface and thickness (SEM), as well as transparency (UV–visible
spectroscopy). The best quality of layer (∼90% transmittance, 50–60 nm thickness, perfect covering) has been obtained by
sol–gel technique starting from Al nitrate or Al acetate.

Highlights
● Various synthesis routes have been newly developed for γ-Al2O3 nanolayer preparation, which are based on colloidal

technique and sol–gel chemistry.
● The best nanolayer can be obtained by sol–gel technique starting from Al nitrate or Al acetate.
● Comparing the application of colloidal suspensions (sol or slurry) with gel-like systems for layers creating, the gel-like

systems results in better layers quality.
● The 3D network of the gel systems ensures the formation of a continuous film and allows the exact regulation of the

layers thickness.
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1 Introduction

Aluminum oxide (Al2O3) thin films have received a great
attention due to their high transparency, wide band gap,
chemical, and thermal stability. The alumina films may be
transparent in ultraviolet, visible, and near infrared
regions. Their durability against hostile environments and
high transparency down to 200 nm enable the alumina
layers to use in environmental protection. The γ-Al2O3 thin
films can be applied as a protective layer in energy-
efficient compact fluorescent lamps [1]. The alumina layer
protects the glass against the formation of sodium amal-
gam black pattern or HgO layer, since the blackening of
the glass, which reduces the UV emission. In addition, the
Al2O3 thin films have found wide applications in optoe-
lectronics, microelectronics, wear resistant, catalysis
applications [2–5], anticorrosive coatings [6, 7], and
adsorption techniques [8].

There are several chemical and physical methods to
synthesis aluminum oxide thin films, such as atomic layer
deposition [9], chemical vapor deposition (CVD) [10–12],
pulsed laser deposition [13], reactive magnetron sputtering
[14], spray pyrolysis deposition [15], dip coating [16], and
sol–gel route [17–30]. One of the most suitable processes
for preparation of aluminum oxide thin films is the sol–gel
technique due to its simplicity, cost-effectiveness, and
ability to control the structure and texture properties [21].
The aluminum alkoxides such as aluminum isopropoxide
and aluminum sec-butoxide are generally selected to pre-
pare aluminum oxide thin film in sol–gel methods [22, 23].
A few organic stabilizers are employed to control the rate
of hydrolysis of metal alkoxides and improve the quality
and transparency of the thin films [24–26]. Yoldas pre-
pared the first alumina thin films by sol–gel method
applying Al alkoxide precursor in a very time-consuming
process [27]. Inorganic Al salts such as nitrate and
chloride are also applied in the sol–gel technique [28, 29].
Sol solutions have generally been prepared from inorganic
Al salts and used as precursor systems of dip-coating
process [30].

The aim of the present study was the comparison of γ-
aluminum oxide thin films produced by various synthesis
methods using different initial materials. The films were
deposited by dip-coating technique. The structure of alu-
minum oxide thin films was investigated by grazing inci-
dence X-ray diffraction (GIXRD) and scanning electron
microscopy (SEM). The optical properties of layers were
characterized by UV–visible spectroscopy regarding the
requirements of the application as a protective layer in

energy-efficient compact fluorescent lamps. The investi-
gation of precursor systems was also aimed in order to
determine which system is preferred for the layer forma-
tion; the suspensions (sol and slurry) or the gel-like
system.

2 Experimental section

2.1 Materials and syntheses

2.1.1 Layer from boehmite suspension

A colloidal boehmite sol has been obtained by partial dis-
solution of boehmite powders (BASF) in acid medium. The
most suitable acid medium is the aqueous solution of acetic
acid (HAc). Boehmite powders were reacted with HAc in
various molar ratios of HAc to Al: 0; 0.05; 0.1; 0.5; 1.0; and
2.0. The reaction was carried out under stirring at 70 °C for
2 h. The final sol concentration was also varied. IGEPAL
solution was added to the every precursor system for the
better sticking of layer on quartz substrate under ultrasonic
condition [28].

2.1.2 Layer from Al2O3 suspension

An aqueous colloidal sol was prepared from Al2O3 pow-
ders. The sol was stirred for 2 h at 70 °C. Various sol
concentrations were used for layer procedures. The product
of this preparation provides for the comparison as a com-
mercial material of layer creation.

2.1.3 Layer by sol–gel method starting from basic Al
acetate

The starting solution has been prepared by dissolving the
aluminum acetate (Al(OCH2CH3)2OH, AlAc) in NaOH
solution in 0.11 molar ratio of OH to Al and heated at
55 °C for 1 h under reflux. Various acids (HCl, HAc, and
citric acid) were added to the basic solution in order to get
pH= 7 and some fine and basic Al-containing
precipitates.

In other sol–gel preparation route of layers, boehmite
powders were also applied beside the basic aluminum
acetate as initial materials. The aluminum acetate was
separately dissolved in NaOH solution in molar ratio 0.11
and stirred at room temperature for 1 h. The boehmite col-
loid solution was also separately prepared from boehmite
powders with HAc in molar ratio 0.5. The boehmite sol and
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the basic solution of AlAc were mixed in various ratios and
heated at 55 °C for 1 h under reflux.

2.1.4 Layer by sol–gel method starting from Al nitrate

Aluminum nitrate (Al(NO3)3 · 9 H2O, Aln) was dissolved in
1-propanol in 0.12 molar ratio of Al to propanol. This
solution was kept under stirring at 80 °C for 15 h. Hydro-
lysis and—with lower rate—condensation reactions take
place during the heat treatment. The concentrated solution
obtained by a partial evaporation of the solvent content
supports the further condensation reactions. The viscous
solution was dried at 80 °C. The product (a macroporous
foam) could be swollen in distillated water in 5, 10, 20, and
40 mass ratios of water/solid material.

2.1.5 Layer by sol–gel starting from Al isopropoxide

Aluminum isopropoxide (Al(OCH(CH3)2)3, AliPr, 98%)
was dissolved 1-propanol in 0.04 molar ratio of Al to
propanol and stirred at 60 °C for 2 h. Ethyl acetate or HAc
(as a peptizing agent) and water were added to the solution
in 12.25 molar ratio of Al3+/Ac and 10 ratio of distilled
water/Al3+. The solution treated at 60 °C for 3 h. The
obtained sol needs for further 24 h treatment to gain a gel-
like structure.

The other comparative precursor system was prepared
by the widespread Yoldas’s method [27]. According to
this method, AliPr was dissolved in distilled water with
molar ratio of 156 and stirred at 80 °C for 1 h. A slurry is
formed. HAc is added to the slurry in 4.9 molar ratio of
Al3+/HAc. This system must be stirred at 80 °C for 8 h
in order to become a transparent sol solution from
slurry.

In every sol–gel route, an IGEPAL solution was used as
the nonionic surfactant for the better sticking of layer on
quartz substrate. The quartz substrate was ultrasonically
cleaned with acetone, ethanol, and deionized water and
dried. Every layer was deposited by dip-coating technique.
The concentration of precursor systems for coating was
varied. All layers were dried at 70 °C for 1 h and then
heated at 600 °C for 3 h.

2.2 Investigation methods

2.2.1 Transmittance measurements

Transmittance measurements have been carried out on
UV-VIS spectrophotometer (Dynamica equipment, UV
Detective prog.) at room temperature, in the range of
190–300 nm.

2.2.2 Grazing incidence X-ray diffraction (GIXRD)

GIXRD measurements were performed by a Rigaku
Smartlab X-ray diffractometer equipped with a 1.2 kW
copper source (radiation wavelength: CuKα; λ=
0.15418 nm). To reduce the effect of the substrate, a grazing
incidence parallel-beam geometry was used with an inci-
dence angle of ω= 1°. Scans were performed in the range
2Θ between 10 and 110° with a 1D silicon strip detector (D/
Tex ultra 250) by a speed 0.2°/min.

XRD measurements were carried out by using a Philips
(PW1130) X-ray generator set up with a Guinier-chamber.
The chamber has a diameter of 100 mm and the patterns
were recorded on FUJI Imaging Plates (BAS MS2025).
The XRD data were collected over the 2θ range of 9–90°
with a step size 0.005°. Identification of phases was per-
formed by comparing the diffraction patterns with standard
PDF cards.

2.2.3 Scanning electron microscope (SEM)

The surface covering and the layer thickness have been
studied by the FEI Quanta 3D FEG scanning electron
microscope (SEM). The SEM images were prepared by the
Everhart-Thornley secondary electron detector, its ulti-
mate resolution is 1–2 nm. Since the conductance of the
particles investigated is high enough to remove the electric
charge accumulated on the surface, the SEM images were
performed in high vacuum without any coverage on the
specimen surface. For the best SEM visibility, the particles
were deposited on an HOPG (graphite) substrate surface.
SEM combined with energy disperse X-ray spectroscopy
is applied for spatially resolved chemical analysis of
layers.

2.2.4 pH meter

The pH has been measured by education line EL20 (Met-
tler-Toledo) calibrated with different buffer solutions of pH
4.01, 7.00, and 9.21.

3 Results and discussion

The main aim of the syntheses was to prepare γ-Al2O3

transparent nanofilms with good quality. The other aim was
the investigation of precursor systems for layer formation in
order to determine the more preferred precursor a suspen-
sion (sol and slurry) or a gel-like system. The sol or slurry
systems contain separated particles in nano or micrometer
ranges, respectively. The gel-like systems are built up from
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3D network but the network does not perfectly fill the whole
volume of the system. The gel-like system can be turned to
continuous gel layer on the substrate.

3.1 Layers from boehmite or Al2O3 suspension

In the first experiments, the aqueous sol solutions of
boehmite and Al2O3 provide as precursor system for dip-
coating techniques. Regarding the transmittance data of
UV–Vis spectroscopy in Fig. 1, the layer produced from
boehmite sol possesses very good transparency, much
higher than that of layer derived from Al2O3 sol. The
commercial products of alumina layer provide the com-
parison of various layers.

HAc proved to be most efficient from the investigated
acids (HCl, HNO3, and citric acid) in order to improve the
layer quality. The HAc can attack and partly dissolve the
boehmite particles reducing their size and enabling to from
a thin layer. Moreover the acetate anions can connect two
Al ions as a bidentate ligand represented in Fig. 2. The
shared OH groups and the acetate bidentate ligands support
and stabilize the formation of a continuous layer. The
molar ratio of HAc has also been optimized in the precursor
sol solution. The transmittance data are displayed in Figs. 3
and 4. The ideal molar ratio of HAc/Al was 0.50. The
larger HAc volume results in stronger acidity, which hin-
ders the OH and acetate substitution and the condensation
reactions.

The concentration of the initial sol solutions was also
studied. The research data show in Fig. 5, the smaller
the concentration of boehmite, the thinner the layer and the
larger the transmittance are (Fig. 5). In order to determine
the temperature, at which the boehmite transforms into
γ-Al2O3, the boehmite sol particles were heated at various
temperatures and measured by XRD (Fig. 6). The optimal

temperature of heat treatment is between 600 and 800 °C to
develop γ-Al2O3.

The aim of SEM investigation shown in Fig. 7 was to
control the surface coverage of quartz substrate and the
thickness of layers. The layer derived from boehmite sol
perfectly and homogeneously covers the substrate and lay-
er’s thickness is 110–120 nm. The ideal preparation condi-
tions: 0.5 molar ratio of HAc/Al and 10 g/l sol
concentration. According to Fig. 8, the layer formed from

Fig. 1 Transmittance of layers prepared from boehmite and aluminum
oxide suspensions and commercial Al2O3 layer products

Fig. 2 The probable connections between the octa- and tetra-
coordinated Al ions on the surface of boehmite

Fig. 3 Transmittance of layers prepared from boehmite sol in the
function of acetic acid molar ratio

Fig. 4 Transmittance of layers prepared from boehmite sol in the
function of acetic acid molar ratio
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Al2O3 suspension is not so homogeneous, contains some
particles of ≤1 μm. Its thickness is larger (135–145 nm) than
that of layer of boehmite. Due to the thicker layer, its
transmittance is less. Figure 9 reveals the results of EDAX
investigation, the data confirm the presence of Al atoms in
the layer of boehmite sol.

3.2 Layer by sol–gel method starting from Al
acetate (AlAc)

In the sol–gel syntheses the starting materials (Al acetate,
nitrate, and isopropoxide); acid catalyst (HCl, HAc, citric
acid, HNO3); their concentration; and additives (e.g. boeh-
mite powder) were varied. The real novelties can be
achieved by the application of Al acetate and nitrate. The
use of Al isopropoxide provides for comparison.

The application of acetate anions can be particularly
explained by environmental protection, during the heat
treatment the acetate ions decompose into nontoxic (CO2

and H2O) molecules. In other respect, the acetate ions may
have a role in the connection of Al atoms to other atoms as
bidentate ligands.

As shown in Fig. 10, the transmittance values vigorously
depends on the acid concentrations. The best transmittance
value can be achieved at 2 molar ratio in the case of strong
acid such as HCl. In the treatment with weak acid (HAc),
the molar ratio of 10 proved to be optimum value. The
larger ratios than 10 mol HAc/Al cannot further improve the
transmittance. (See Fig. 11).

The gel-like system derived from Al acetate was sub-
jected to treatment of various additives (e.g. citric acid or
boehmite powders). The citric acid can coordinate to Al ions
to support a continuous layer formation. The presence of
boehmite powders initializes the development of gamma
Al2O3 phase. The citric acid may be applied in maximum 1.0
molar ratio in this system, because the use of >1.0 ratio
yields inhomogeneous layers. Figure 12 represents the effect
of various acids with optimal ratio and the additives on theFig. 6 XRD diffractions of böhmit vs. temperature

Fig. 7 SEM images of Al2O3

layer obtained from boehmite
suspension with 0.5 molar ratio
of HAc/Al. Magnification:
×25,000; ×100,000, ×65,000
(110–120 nm)

Fig. 5 Transmittance of layers in the function of concentration of
boehmite sol prepared with 0.5 molar ratio of HAc/Al
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transmittance. The layer prepared from Al acetate in the
presence of boehmite possesses the best transmittance value.
The mass ratio of Al acetate and boehmite powders was 1:1.

Fig. 9 EDAX measurement of Al2O3 layer obtained from boehmite
suspension with 0.5 molar ratio of HAc/Al

Fig. 10 Transmittance of sol–gel derived layers prepared from Al
acetate in the function of HCl

Fig. 8 SEM images of Al2O3

layer obtained from Al2O3

suspension without HAc.
Magnification: ×25,000;
×100,000, ×80,000
(135–145 nm)

Fig. 11 Transmittance of sol–gel derived layers prepared from Al
acetate in the function of acetic acid (HAc)

Fig. 12 Transmittance of sol–gel derived layers prepared from Al
acetate (AlAc) with various additives
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Application of both acids and boehmite yields layers of
gamma Al2O3 after a heat treatment at 600 °C, it has been
proved by Fig. 13. The evaluation of GIXRD spectra
based on cards of JCPDS 29-0063 for γ-Al2O3, JCPDS
46-1215 for δ-Al2O3, JCPDS 21-1307 for pseudo-

boehmite. In the respect of SEM images of Figs. 14–16,
the layers produced from Al acetate in the presence of
HCl, HAc, and boehmite, are continuous, cover well the
quartz surface without any cracks. Figure 16 depicts the
thinnest layer with 50–60 nm thickness obtained from
common use of Al acetate and boehmite. The surface of
this layer is similar to that of layer derived from single
precursor boehmite.

3.3 Layer by sol–gel method starting from Al nitrate

Using Al nitrate precursor, the layer of best quality can be
achieved by 20 mass ratio of water/dried gel. Further
diluting is not able to produce continuous covers. The
layer of Al nitrate shows excellent transmittance repre-
sented in Fig. 17. The layer has a continuous smooth
surface without any cracks. (See in Fig. 18). Regarding its
thickness (55–65 nm) that is also a nanofilm. After the heat
treatment at 600 °C a slightly disordered γ-Al2O3 phase
develops, however, the 100 peak of γ-Al2O3 is missing at
67° in GIXRD diagram shown in Fig. 19. The use of Al
nitrate precursor has only one disadvantage that is the
escape of nitrous gases during the gelation process and
heat treatment.

3.4 Layer by sol–gel method starting from Al
isopropoxide

The experiments with Al isopropoxide (AliPr) result in not
really perfect layer quality. By Yoldas synthesis a layer with
respectable quality can be obtained; the layer thickness is
75–85 nm and the transmittance is sufficient. In respect of
these results we tried to develop a new route starting from
Al isopropoxide. But the layer quality obtained by our
method was not sufficient comparing the layers obtained by
other methods (Figs. 20–22). Regarding the quality of the
layers and the price of AliPr, the application of AliPr was
rejected.

Fig. 13 XRD spectrum of sol–gel derived Al2O3 layers prepared from
Al acetate with HCl (upper), HAc (middle), and boehmit (lower)

Fig. 14 SEM of sol–gel derived
layers prepared from Al acetate
(AlAc) with HCl. Magnification:
×25,000; ×100,000, ×80,000.
Layer thickness is 130–150 nm
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3.5 Comparison of Al2O3 layers prepared by various
synthesis routes

The next table aims to assist the comparison of the alumi-
num oxide layers by means of some layer parameters (Table

1). Two sol–gel syntheses result in the best layer quality:
starting from Al acetate (using boehmite+HAc) and Al
nitrate (Table 1). These layers keep their protective char-
acter for long time, they were controlled in 500 h
application.

Al acetate is the best initial materials due to its envir-
onmental friendly decomposition and the acetate ions sup-
port and stabilize the formation of continuous layers by
connecting two Al ions as a bidentate ligand. HAc and
boehmite powders as additives proved to be most efficient
for the improvement of layer quality. HAc is capable partly
dissolve boehmite powders and boehmite initializes the
development of γ-Al2O3 phase.

Comparing the application of the colloidal suspensions
(sol or slurry) with gel-like systems for layer creation, the
gel-like systems proved to be more suitable. The 3D net-
work of the gel systems developed on the substrates from
gel-like precursors ensures the formation of a continuous
film and allows to regulate the thickness of layers. How-
ever, the suspensions, especially the slurries are current
precursor systems for covering but they generally yield
thicker layers, which may not perfectly cover the surfaces
owing to the presence of larger particles.

Fig. 15 SEM of sol–gel derived
layers prepared from Al acetate
(AlAc) with HAc.
Magnification: ×15,000;
×80,000, ×100,000. Layer
thickness is 60–105 nm

Fig. 16 SEM of sol–gel derived
layers prepared from Al acetate
(AlAc) with boehmite.
Magnification: ×25,000;
×100,000, ×120,000. Layer
thickness is 50–60 nm

Fig. 17 Transmittance of sol–gel derived layers prepared from Al
nitrate
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4 Conclusions

The aim of present research work was to improve the
structural and optical properties of the transparent γ-Al2O3

thin film. The investigation focused on the transparency of
films and the control of perfect layer formation. The
importance of gamma crystalline phase and transparency is
given by the application of Al2O3 as a protective or absor-
bent layer in environmental protection. Various synthesis
routes have been newly developed for layer preparation,
which are based on colloidal technique and sol–gel chem-
istry. Many types of starting materials (Al acetate, nitrate
isopropoxide, boehmite, and Al2O3 powders) and additives
(HAc, HCl, HNO3, citric acid) were used in the experiments.
All films were deposited on a quartz substrate by dip-coating
process and heat treated at 600 °C. The layers were com-
pared with GIXRD, SEM, and UV–Visible spectroscopy.

Fig. 18 SEM of sol–gel derived
layers prepared from Al nitrate.
Magnification: ×25,000;
×100,000, ×120,000. The layer
thickness is 55–65 nm

Fig. 19 GIXRD spectrum of sol–gel derived Al2O3 layers prepared
from Al nitrate

Fig. 20 Transmittance of sol–gel derived layers prepared by Yoldas
and our methods from Al isopropoxide

Fig. 21 GIXRD spectrum of sol–gel derived Al2O3 layers prepared by
Yoldas and our methods from Al isopropoxide
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Comparison of the colloidal suspensions (sol or slurry)
with gel-like systems as precursors for layer creation has
verified the application of gel-like systems results in better
layers quality. The 3D network of the gel systems ensures the
formation of a continuous film and allows the exact regula-
tion of the layers thickness. The suspensions yield often
thicker and not perfect layers due to their larger particles.

The best quality of layer (∼90% transmittance, 50–60 nm
thickness, perfect covering) has been achieved by sol–gel

technique starting from Al nitrate or Al acetate. The use of
Al nitrate results in a nanolayer with extremely smooth
surface and the layer keeps its transmittance over 80% after
a 500 h application.
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Fig. 22 SEM images. Upper
layers were prepared by Yoldas
method from Al isopropoxide.
Lower layers were produced by
our sol–gel technique from Al
isopropoxide. Magnification
upper: ×25,000; ×100,000,
×120,000; lower: ×10,000,
×100,000, ×100,000x

Table 1 Comparison of Al2O3

layers prepared by various
synthesis routes

Synthesis
((precursor+ additive)

Transmittance at 254 nm (%) Layer thickness (nm) Quality of layer

Boehmite (0.5 mr HAc) 90.1 110–120 Good

Al2O3 67.7 135–145 Moderate

AlAc (NaOH+ 10 mr HAc) 86.6 60–105 Good

AlAc (NaOH+ 2 mr HCl) 81.8 130–150 Moderate

AlAc (NaOH+ boehmite+HAc) 90.3 50–60 Excellent

Al nitrate (20× water) 90.3 55–65 Excellent

AliPr (our synthesis) 75.1 45–100 Moderate

AliPr (Yoldas synthesis) [27] 81.8 75–85 Excellent

German commercial product 85.3 130–170 Excellent

Japanese commercial product 72.9 – Good

AlAc basic Al acetate, HAc acetic acid, mr molar ratio to Al, x mass ratio of water to dried gel, AliPr Al
isopropoxide
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