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Abstract A wet chemical deposition method for
preparing transparent conductive thin films on the base
of Al-doped ZnO (AZO) nanoparticles has been
demonstrated. AZO nanoparticles with a size of
7 nm have been synthesised by a simple precipitation
method in refluxed conditions in ethanol using zinc
acetate and Al-isopropylate. The presence of Al in
ZnO was revealed by the EDX elemental analysis
(1.8 at.%) and UV-Vis spectroscopy (a blue shift due
to Burstein—-Moss effect). The obtained colloid solu-
tion with the AZO nanoparticles was used for prepar-
ing by spin-coating thin films on glass substrates. The
film demonstrated excellent homogeneity and trans-
parency (7 > 90%) in the visible spectrum after
heating at 400 °C. Its resistivity turned to be exces-
sively high (p = 2.6 Q cm) that we ascribe to a poor
charge percolation due to a high film porosity revealed
by SEM observations. To improve the percolation via
reducing the porosity, a sol-gel solution was deposited
“layer-by-layer” in alternation with layers derived
from the AZO colloid followed by heating. As it was
shown by optical spectroscopy measurements, the
density of thus prepared film was increased more than
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twice leading to a significant decrease in resistivity to
1.3 x 107> Qcm.
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Introduction

ZnO is a low cost oxide with inherent n-type
conductivity and is considered today as the most
suitable transparent conducting oxide (TCO) to
replace expensive indium-tin oxide in solar cells.
ZnO attracts also much interest due to increased
demands in various fields such as the production of
LED, anti-UV and low-emission coatings, photolumi-
nescent and sensor materials, photocatalysis, etc
(Ozgiir et al. 2005; Klingshirn 2007; Schmidt-Mende
and MacManus-Driscoll 2007; Weintraub et al. 2010).

Electro-conducting properties can be significantly
improved if ZnO is doped with an element of the group
IIT such as Al, In, Ga, etc. (Schmidt-Mende and
MacManus-Driscoll 2007). Among them, aluminium
is the most appropriate due to its low cost and small
ionic radius. In literature, ZnO doped with Al** ions is
normally abbreviated as AZO. The following quasi-
chemical equation expressed in Kroger—Vink
notations shows interrelation between the electron
concentration and doping in ZnO:
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For example, a partial replacement of Zn>* by A"
in the ZnO structure (Zn;_,Al, O ,/») allows increas-
ing the electron concentration from about 10'® to
10?" cm™ (Ozgiir et al. 2005; Minami 2005).

ZnO-based thin films can be prepared by various
techniques: magnetron sputtering, pulsed laser depo-
sition, CVD and solution (also called “wet”) depo-
sition (Exarhos and Zhou 2007). First three
techniques are the most widely used methods permit-
ting to prepare TCO films endowed with a good
conductivity (p < 107> Q cm) and a high transpar-
ency (T > 85%). However, the utilisation of these
methods on industrial scale is limited by their
complexity and high cost. The wet deposition meth-
ods, comprising spin-coating, dip-coating and spray
techniques, are considered to be less expensive and
are especially promising for fabricating large-area
films (Aegerter et al. 2004).

The vast majority of the reports in literature
regarding the wet methods for preparing AZO films
deal with depositions from sol—gel solutions contain-
ing high concentrations of organic salts of zinc and a
doping element (Ohyama 1998; Schuler and Aegerter
1999; Nasr et al. 2010). Oxide clusters appearing in
sol-gel solutions are normally deposited together with
the supernatant solution without preceding separation
or washing, hence after each deposition a careful
thermal treatment is needed to remove residual organic
species. A typical preparation procedure of a film with
a thickness of about 0.3-1 pm requires numerous
repeated deposition—calcination cycles (Schuler and
Aegerter 1999; Shinde et al. 2008) that represents a
significant drawback of this method. An alternative
approach involves a deposition using concentrated
colloids with crystalline nanoparticles (Goebbert
1999; Lu et al. 2011). Such colloids give rise to thicker
coatings, contain less organic species and, as a result,
allow decreasing the cost of the overall preparation
procedure. This approach has been demonstrated for
preparing conducting films based on Sn-doped In,0;
and Sb-doped SnO, with resistivities close to those
obtained by conventional methods (Goebbert 1999;
Ederth et al. 2003; Aegerter and Al-Dahoudi 2006).
Unfortunately, this approach has been scarcely studied
in relation to ZnO thin films. Apparently, one of the
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reasons is the difficulty to synthesise stable colloids of
crystalline nanoparticles of ZnO, pure in phase com-
position, uniform in shape and size and doped
sufficiently with a trivalent cation required for obtain-
ing films with good electroconducting properties and
transparency. Van den Rul et al. (2006) explored
different chemical pathways to ZnO colloids including
hydrothermal, microemulsion, controlled double-jet
precipitation and aqueous sol-gel methods. The
authors claimed that only the latter method was
suitable for preparing doped nanoparticles. Applying
this sol-gel method and using ZnO powder, ethylene-
diamine as a base and Al-citrate as a doping agent, after
20 depositions—calcinations cycles and heating at
500 °C, the authors obtained a thin film with a
resistivity of about 5 x 107> Q cm and a transparency
of about 90%. Unfortunately, the preparation proce-
dure of the colloid and the characterisation of the
obtained films were not presented in detail. In the work
of Lu et al. (2011), a well crystallised Al-doped ZnO
(AZO) nanoparticles with an average size of 40 nm
were synthesised by a solvothermal method. The
product powders heated in hydrogen at 700 °C and
compressed into a coin shape pellets demonstrated,
however, a rather high resistivity of 2.2 x 10" Q cm.
Interesting results were achieved by Gomez-Pozos
et al. (2007) for AZO films with a thickness of 0.6 um
prepared by a chemical spray technique. After a
vacuum-thermal treatment at 400 °C, a film deposited
at 475 °C and containing 3 at% of Al showed the
minimum resistivity as low as 4.3 x 107> Q cm with
an optical transparency between 85 and 90%.

We dedicated this work to investigating TCO films
deposited using colloids of AZO nanoparticles pre-
pared via a modified chemical precipitation method.
The obtained nanoparticles and thin films were
characterized wusing X-ray diffraction, electron
microscopy, UV—Vis spectroscopy and electric resis-
tivity measurements.

Experimental

Syntheses

The synthesis procedure was close to that reported for
preparing nanocrystals of undoped ZnO (Spanhel and

Anderson 1991). Some modifications were introduced
in the procedure to insure doping ZnO with Al. 0.225 g



J Nanopart Res (2011) 13:6717-6724

6719

of aluminium isopropylate Al[(CH3),CHO]; and
10.98 g of zinc acetate dihydrate Zn(CH5COO),-2H,0O
were dissolved in 500 mL of ethanol. Then the resulted
solution was refluxed at 85 °C until 200 mL of ethanol
was evaporated. KOH was taken instead of LiOH to
avoid a possible co-doping with Li*. 4.21 g of KOH
was added to the solution and dissolved using an
ultrasonic bath to obtain a transparent solution. 3 mL
of water were added drop-wise in the boiling solution
under constant agitation using a magnetic stirrer. After
adding water, the solution was tightly closed and
agitated during 16 h at room temperature. The resulted
AZO nanoparticles were separated from the superna-
tant solution by centrifugation, washed with ethanol
thrice and redispersed in ethanol. To stabilize the
obtained AZO colloid, diethanolamine (DEA) was
added to ensure the molar ratio of Zn/DEA equal to 1.0.

A sol-gel solution contained 0.3 M zinc acetate
and aluminium nitrate with an atomic ratio Al/(Al +
Zn) = 2%. The salts were dissolved in 2-propanol and
stabilized by DEA according to the procedure reported
elsewhere (Schuler and Aegerter 1999).

Film deposition and annealing process

The films were prepared on square glass substrates
Corning Eagle XG™ of sizes 1in. x 1in. The
depositions were performed using a spin-coater with
a rotation speed of 3000 rpm. After each 5 depositions
from the AZO colloid, the resulted film was dried at
120 °C for 10 min and then heated in air at 400 °C for
15 min. For preparing a sample with alternating layers
from two different precursor solutions, the heating was
carried out at 120 °C for 15 min after a deposition
from the AZO colloid and at 400 °C for 15 min after a
deposition from the sol—gel solution. For all samples,
heating at 400 °C for 30 min in a flow of hydrogenated
nitrogen (4% H,) was applied as the final treatment.

Characterisation

The size distribution of hydrodynamic diameters (dy,)
of AZO colloids was determined using an Malvern
Instrument of dynamic light scattering (DLS) “Zeta-
Sizer Nano”. The measurements were carried out at
25 °C. TEM characterisation and elemental analysis
of the AZO particles were performed using a JEOL

2000FX microscope coupled with an EDX set-up. The
samples were prepared by placing a drop of a diluted
colloid on a copper grid and drying in air. The optic
properties of colloids and films were characterised
with the aid of a UV-Vis spectrometer Shimadzu-
3100. The transmittance spectra of the films were
recorded without subtracting the contribution of the
substrate. The phase composition was characterised by
a D8 Bruker diffractometer using CuKo radiation.
Crystal size was determined with the use of the
Scherrer equation (West 1984). SEM images of
the films were taken using a Hitachi 4000 microscope.
The film resistivities were found by considering film
thicknesses and surface resistances measured using a
Loresta HP MCP-T4104 resistivity-meter equipped
with a 4-point electrode.

Results and discussion
Preparation of colloids with AZO nanoparticles

The preparation of nanoparticles of undopped ZnO by
means of the controlled hydrolysis of zinc acetate in
refluxing conditions in ethanol allows obtaining
especially small nanoparticles (Spanhel and Anderson
1991). For successful introduction of AIP" ions into
Zn0O, an appropriate aluminium-containing precursor
was needed. Several authors reported difficulties with
homogeneous incorporation of aluminium cations into
ZnO when aluminium inorganic salts were used
(Strachowski 2007; Chakraborty et al. 2008; Nie
et al. 2008). On the other hand, utilisation of organic
precursors such as acetate (Kadam et al. 2008) or
acetylacetonate (Thu and Maenosono 2010; Gomez-
Pozos et al. 2007) allowed obtaining homogeneously
doped AZO films. We used aluminium isopropylate,
Al[(CH3),CHO]3, which is known as a convenient
precursor for synthesis of fine alumina by hydrolytic
decomposition (Grinberg et al. 2002). The concentra-
tion of AI*" in the starting solution was 2.5 at.% in
respect to the sum of molar concentrations of zinc and
aluminium. According to the EDX chemical analysis,
the aluminium content in the washed final product was
slightly lower (1.8 at.%). The dispersion of the
obtained solid in ethanol in the presence of DEA gave
rise to a slightly opalescent colloid. The presence of
the stabilizing agent DEA was needed for arresting
further crystal growth and aggregation.
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Fig. 1 XRD pattern of synthesized AZO nanoparticles.
Straight lines represent a reference pattern of wurtzite ZnO
(JCPDS card no. 36-1451)

The obtained particles separated from the superna-
tant solution, washed and dried in air, were character-
ised by XRD and TEM. It was found that the solid
represents wurtzite, a polymorph of ZnO, and no
aluminium-containing phases were detected (Fig. 1).
The absence of individual phases enriched in alumin-
ium was also confirmed by the probe EDX analysis
which showed a homogeneous distribution of alumin-
ium throughout the whole sample. The significant
broadening of the XRD peaks indicates that ZnO
occurs in a nanocrystalline or disordered state. The
crystal size found using the Scherrer formula is in
good agreement with the average particle size found
by TEM (Table 1). TEM studies also revealed that the
dried sample represent monodisperse particles con-
solidated in crosslinked aggregates with sizes between
20 and 80 nm (Fig. 2). In fact, these aggregates are
formed already in the colloid rather than after drying
the sample: the DLS measurement (Fig. 3) reveals in
the colloid solution large scattering centres with a
mean diameter of 52 nm that is close to the aggregate
sizes observed by TEM.

Further characterisation of the obtained AZO
colloid was performed using UV-Vis absorption
spectroscopy. Figure 4 shows an absorption spectrum

Table 1 Particles sizes in the AZO colloid found by different
methods

Sample dxgrp (nm) drgm (nm) dyv_vis (nm)

AZO colloid 6.9 7.1 4.6
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Fig. 2 TEM image of AZO nanoparticles
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Fig. 3 Size-distribution obtained by DLS of colloid solution
with AZO nanoparticles (diluted 1:100)

of the colloid where one can see a distinct shoulder at
about 340 nm. Such a shoulder situated in the
ultraviolet range of the spectrum is characteristic of
the ZnO exciton band. For a direct band gap
semiconductor such as ZnO, the energy between the
valence and conduction bands, i.e. the band gap
energy (E,), can be found from the UV-Vis spectra
near the absorption edge using the following equation
(Pankove 1971):

o= C(hv—Eg)l/2 (2)

where « is the absorption coefficient, C is a constant
and hv is the photon energy. The E, value was obtained
by extrapolating the linear segment of the plot
o’ = flhv) to o = 0 as shown in the inset in Fig. 4.
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Fig. 4 Absorption spectrum of colloid solution with AZO
nanoparticles (diluted 1:100). In the inset: a plot showing the
method of determining E,

Compared to the band gap energy 3.3 eV reported for
bulk ZnO at room temperature (Srikant and Clarke
1998), the obtained energy E, = 3.40 & 0.06 eV is
notably higher. Such an increase in E, is characteristic
of the quantum-confinement effect in ZnO (Yoffe
2002). This effect manifests itself in absorption
spectra as a blue-shift of the exciton band in such a
way that the smaller the nanoparticles the stronger the
blue-shift.

With the aid of the optical absorption spectroscopy
one can alternatively find the particle size using the
inflection point of the exciton absorption band (4;,,)
and an empirical formula determined for ZnO particles
in the size range from 2 to 7 nm (Meulenkamp 1998).
The value 4;,, = 360.3 nm calculated by differentia-
tion gives a particle size of 4.6 nm. This is notably
lower than the size found by TEM and XRD (Table 1).
We ascribe this inconsistency to an additional blue-

shift due to introduction of AI** ions into ZnO. The
AIP"-substituting for Zn>* causes an increase in the
electron concentration as shown in Eq. 1. This effect,
known in the literature as the effect of Burstein—-Moss,
is established as AE, ~ n* (Basu 1997). Therefore,
the observed additional shift of the exciton band may
provide another evidence of the incorporation of AI>*
in the bulk of ZnO (Kadam et al. 2008).

Characterisation of AZO films

Figure 5 shows SEM images of an AZO film prepared
by spin-coating followed by heating at 400 °C. As
seen from the presented images, the film was evenly
deposited on the substrate and is composed of grains
with sizes of about 10 nm. The film has a porous
morphology due to evaporation of the solvent and
DEA molecules upon drying and heating.

The XRD pattern of the film (Fig. 6) shows wide
peaks attributable to wurtzite. The relative intensities
of the first three peaks (reflections (100), (002) and
(110)) are in agreement with the literature data for
randomly orientated ZnO crystals. This implies that
there is no or little preferred orientation of the AZO
crystals on the substrate, in agreement with the SEM
observations. The post-synthesis thermal treatment
gave rise to a particle size growth: the crystal size,
according to XRD measurements, became 9.7 nm.

The increase in the particle size leads to a “red-
shift” of the exciton band absorption of ZnO as
evidenced by a decrease in the band gap energy to
3.31 £ 0.02 eV. The spectrum recorded in the trans-
mission mode and presented in Fig. 7 shows that the
film has an excellent transparency being around 90% in
the range of 400-900 nm. However, the film electrical

XE6@.08K  'Seenm

Fig. 5 SEM images of the surface (left, scaling bar 1 um) and a cross-section (right, scaling bar 500 nm) of a film prepared from

colloid solution with AZO nanoparticles
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Fig. 6 XRD pattern of films deposited from colloid solution
with AZO nanoparticles (1) and from the same solution
deposited in alternation with a sol-gel solution (2). Straight
lines represent a reference pattern of wurtzite ZnO (JCPDS card
no. 36-1451)
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Fig. 7 Transmission spectra of films deposited from colloid
solution with AZO nanoparticles (full line) and from the same
solution deposited in alternation with a sol-gel solution (dashed
line). In the inset: corresponding absorption spectra

resistivity was found to be rather high (2.6 Q cm) that
can be associated with a poor charge percolation due to
a high film porosity (Ofir et al. 2008; Oosterhout et al.
2009).

To decrease film porosity, we used a sol-gel
solution prepared by a standard procedure (Schuler
and Aegerter 1999). The sol-gel solution containing
zinc and aluminium ions in the proportion (Al/
(Al + Zn) = 2 at%) was deposited by spin-coating
in alternation with the AZO colloid solution “layer-
by-layer”. Such a “mixed” deposition allowed
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impregnating inter-particle voids appearing in the
“colloid” layer by the sol—gel solution leading to an
enhancement of the film compactness. An increase in
film density was revealed by optical absorption
measurements. In the region of the exciton band, the
film absorption A conforms to the Beer—Lambert law:

A=oaL (3)

where L is the film thickness and « is the absorption
coefficient. Provided that the film thickness is known
and applying Eq. 3, one can easily find the absorption
coefficient. The values of o presented in Table 2 were
found for absorption at around 360 nm that corre-
sponds to the inflection point position in the exciton
absorption curves. One can see that for the film
prepared only from the colloidal solution with AZO
nanoparticles o is nearly twice lower than that for the
film prepared using alternating depositions from two
types of solutions. Since the absorption coefficient is
proportional to the concentration of the substance (or
to the density of absorbers in the layer), one can
deduce thus that the latter film is about twice denser as
well. Such an increase in film density was accompa-
nied by a significant decrease in resistivity to
1.3 x 1072 Q cm. It is worthy to note that such a
“mixed” deposition does not worse good transparency
of the film that remained about 90% in the visible
range of the spectrum (Fig. 7). It is interesting that the
exciton band absorption of the “mixed” film is slightly
“blue”-shifted in comparison with the one of the film
prepared using only the AZO colloid. This phenom-
enon can be due to an enhanced incorporation of
aluminium ions into ZnO in the “mixed” film.

Conclusion

In this article, we have demonstrated that 7-nm
particles of AZO (2 at%) can be prepared by precip-
itating in refluxed conditions using zinc acetate and
Al-isopropylate as a doping agent. To avoid difficul-
ties with homogeneous incorporation of aluminium
cations into ZnO, we replaced the widely used doping
agents such as aluminium nitrate, chloride or citrate by
an organometallic compound, Al-isopropylate. The
homogeneous incorporation of Al in ZnO was con-
firmed by EDX analysis as well as by UV-Vis
spectroscopy revealing a blue shift due to Burstein—
Moss effect.
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Table 2 Crystal size, thickness, optical and electroconducting properties of the films prepared by different ways of deposition

Sample dxrp (nm)  Thickness L (nm) p (Q cm) T (at 550 nm) (%) o (cm™Y)
AZO film from colloid solution 9.7 2.6 90 2.0 x 10*
AZO film from colloid and sol-gel solutions  10.3 13x 1072 92 43 x 10*

The synthesized AZO particles, dispersed and
stabilized in 2-propanol, were further deposited in
the form of thin films using the spin-coating technique.
As-deposited film was heated at 400 °C and demon-
strated excellent transparency (7' > 90%) in the visible
spectrum. Its resistivity, however, was relatively high
(p = 2.6 Q cm) that was ascribed to a poor charge
percolation owing to a high film porosity. To improve
the percolation we used a sol—gel solution deposited
“layer-by-layer” in alternation with layers derived
from the AZO colloid. As it was shown by optical
spectroscopy measurements, the density of thus
prepared film was increased more than twice. As a
result, the resistivity of the film was decreased to
1.3 x 107> Q cm.

The obtained results show the difficulty in achiev-
ing an efficient charge percolation in films prepared by
a wet chemical deposition of nanoparticles pointing
out on the necessity of increasing the contact surface in
the film. This goal can be achieved, as shown in our
work, by alternating deposition of nanoparticles and
sol-gel films. We admit that the wet chemical
deposition method investigated in this study is poten-
tially applicable for preparing coatings with large
surfaces at relatively low costs. Although the electro-
conducting properties of the obtained films are quite
modest, we expect to improve them by optimising the
conditions of the post-synthesis thermal treatment in
our future study.
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