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ABSTRACT: Al:ZnO nanoparticles with different doping levels were
synthesized by a microwave-assisted nonaqueous sol−gel route in
benzyl alcohol and subsequently processed into transparent
conducting films. The crystal structure, crystal size and shape, and
doping level of the nanoparticles were analyzed in detail by Rietveld
refinement from powder X-ray diffraction (PXRD) data and
transmission electron microscopy (TEM). Study of the thermal
stability gave evidence that the material did not phase-separate up to
600 °C. Films were prepared on fused silica substrates by dip-coating
from Al:ZnO nanoparticle dispersions, followed by a microwave-
assisted densification step. According to scanning electron microscopy (SEM) and atomic force microscopy (AFM)
measurements, the films were homogeneous over large areas with a root-mean-square (Rms) roughness of about 10 nm. A
minimum resistivity of 2.35 × 10−2 Ω·cm was achieved for a 357-nm-thick Al:ZnO film with an initial Al-to-Zn mol ratio of 1:9
after postannealing under N2. The changes of the electrical properties of the films could be well-explained on the basis of varying
initial doping levels and crystal sizes of the nanoparticle building blocks. The average transmittance of the films in the visible light
range was higher than 90%, and especially for green light it reached up to 95%.
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■ INTRODUCTION

Transparent conducting oxide (TCO) films with a large energy
band gap exhibit high electrical conductivity and high optical
transmittance in the visible region. These unique properties
make them suitable for a variety of applications such as
chlorine, ozone, and methane gas sensors;1−3 flat panel, e-
paper, and touch-panel displays;4,5 light-emitting diodes;6−10

smart windows;11−13 and solar cells.14−16

Transparent conducting films of In2O3, SnO2, CdO, and
ZnO have been known for decades. Currently, Sn:In2O3 (ITO)
is well-established on an industrial scale due to the best
electrical conductivity among these oxides. However, the price
of indium is increasing due to the rapidly growing demand for
ITO. As a promising alternative to ITO, Al:ZnO has moved
into the focus because of its lower cost, large band gap, thermal
stability, and abundance in nature.17

Because the electrical and optical properties of TCO films
depend markedly on the microstructure, stoichiometry, and
nature of the impurities present, the deposition technique plays
an important role. Various techniques for the growth of TCO
films, such as chemical vapor deposition (CVD), pulsed laser
deposition (PLD), sputtering, thermal evaporation, and liquid-
phase deposition, have been investigated intensively. Some
reported electrical and optical properties of Al:ZnO films

deposited by different techniques are summarized in Table 1.
Each technique has its own strengths and weaknesses. Until
now, most industrially applied techniques that produce high-
quality films are vapor-phase deposition methods. However,
they are expensive because of the high vacuum needed during
the deposition of the films and the frequently required cleaning
procedure of the deposition chambers. Moreover, these
methods have approached the technological limit and are
therefore difficult to be optimized further. For all these reasons,
great efforts have been made to find alternative techniques,
among which liquid-phase deposition routes are particularly
promising from an energy, as well as from a cost-saving, point
of view. However, the quality of such wet chemically produced
films is not yet good enough to be used as TCOs in
technological applications.
Within this work, a versatile film-deposition process using a

combination of the microwave-assisted nonaqueous sol−gel
process24−26 with dip-coating was developed. The procedure
itself is quite straightforward. First, Al:ZnO nanoparticles with
varying Al concentrations were synthesized by the microwave
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method, and then films were dip-coated on substrates from
these nanoparticle dispersions. The main advantages of this
process are (i) phase-pure nanoparticles with high crystallinity
and narrow particle size distributions can be obtained in just a
few minutes; (ii) the composition of the material can be well-
controlled; (iii) multicomponent films can be achieved easily;27

(iv) there is almost no waste of raw material; and (v) the
equipment needed is simple. The main disadvantage of the
method is that a high-temperature annealing step is
unavoidable.28

■ EXPERIMENTAL SECTION
Materials. Zn(II) acetate (99.99%), Al(III) isopropoxide (99.99+

%), and benzyl alcohol (99.8%, anhydrous) were purchased from
Aldrich. All chemicals were used as-received without further
purification.
Synthesis of Al:ZnO Nanoparticles. Al:ZnO nanoparticles were

synthesized using a microwave-assisted nonaqueous sol−gel method.
In a glovebox with Ar atmosphere, Al(III) isopropoxide was added to a
10 mL vessel according to the desired doping level (Al/(Al + Zn) from
0 to 30 mol %). Then, Zn(II) acetate was added to reach 1 mmol of
total precursors. The error of initial weighing was ±0.2 mg. Afterward,
5 mL of benzyl alcohol was added, and the vessel was sealed with a
Teflon cap and taken out of the glovebox. The reaction mixture was
heated by a microwave reactor (CEM Discover) at 180 °C for 3 min
with high stirring rate. The precipitate was separated from the liquid
phase by centrifugation and washed once with ethanol. One part of the
precipitate was dried at 60 °C for characterization of the nanoparticles,
whereas the other part was kept in wet form and then dispersed in
absolute ethanol (without any surfactants) for film preparation; the
solid concentration of the dispersion is about 10 mg/mL.
Film Preparation. A film was prepared on a fused silica substrate

cleaned by ethanol using repeated dip-coating from the dispersion
under ambient atmosphere using a NIMA dip-coater. The down speed
was set at 60 mm/min, and the withdrawal speed was 5 mm/min.
After each dip the films were heat-treated in air at 300 °C for 10 min in
a preheated furnace. After depositing 6−12 layers, the substrates with
the films were immersed into the precursor solution, and the
microwave-assisted reaction was repeated in the presence of the
films. This densification step could be repeated 1−3 times. Afterward,
the so-densified films were annealed in air at 600 °C for 2 h, followed
by naturally cooling down to room temperature. The ramping
temperature was set to 3 °C/min. To investigate the influence of
annealing atmosphere, some of the films were annealed in nitrogen at
600 °C for another 1 h.
Characterization. The powder X-ray diffraction (PXRD) patterns

were measured in Bragg−Brentano mode and in θ−2θ geometry with
Cu Kα radiation on a Philips diffractometer PW1800 equipped with a
secondary monochromator. The high-temperature XRD (HTXRD)
patterns were measured in Bragg−Brentano mode and in θ−2θ
geometry with Cu Kα radiation on a PANalytical X’Pert Pro equipped

with a high-temperature chamber (HTK 1200, Anton Paar). The
Rietveld refinement was performed using the program TOPAS-
Academic V4.1.29 The peak shape function used to fit the patterns is
the modified Thompson−Cox−Hastings pseudo-Voigt function.30

Peak asymmetry due to axial divergence was calculated by the model
proposed by Finger et al.31 Linear absorption coefficient was used for
adjusting the peak shape due to sample transparency. The preferred
orientation correction was performed based on the March−Dollase
model.32 The Double−Voigt approach was used to model the
microstructure (size and strain) effects and calculate the volume-
weighted domain size (DV).

33 A potential source of error in Bragg−
Brentano geometry is that of surface roughness;34 therefore, correction
suggested by Pitschke et al. was applied during the refinement.35

Transmission electron microscopy (TEM), high-resolution trans-
mission electron microscopy (HRTEM), energy-filtered transmission
electron microscopy (EFTEM), and energy dispersive X-ray spectros-
copy (EDX) investigations were performed on a JEOL 2200FS TEM/
STEM operated at 200 kV and equipped with an in-column Omega-
type energy filter. EFTEM was used to analyze the elemental
distribution of Al, Zn, and O. The conventional three-window
technique was used to obtain element-specific images. The final
dopant concentration was analyzed by EDX. The microstructure and
thickness of the films were characterized using scanning electron
microscopy (SEM, Carl Zeiss LEO 1530) equipped with a field-
emission gun operated at 5 kV. The surfaces of the films were sputter-
coated with a platinum layer to reduce any charge effect. The element
maps of moisture surface were obtained using a FEI Nova NanoSEM
230 equipped with an Oxford X-MAX EDX detector. The surface
roughness of the films was characterized by atomic force microscopy
(AFM, Agilent 5500) using intermittent contact mode.

The infrared spectra of the powders were recorded in a
wavenumber range of 375−4000 using a Bruker ALPHA FT-IR
(Fourier transformer infrared) spectrophotometer. The UV−vis
reflection spectra of the powders were measured on a JASCO V-670
spectrophotometer with ILN-725 integrating sphere, while the
transmission spectra of the films were measured with standard
mode. The band gaps of the samples were determined from the
reflectance of the powder, which has been proven to be a standard
technique.36−38

The electrical properties of the films were measured at room
temperature using the Van der Pauw method on a Hall Effect
measurement system (Ecopia HMS-3000) with a 0.55 T magnet kit.
The film was cut into a squared piece with a size of 5 × 5 mm and
contacted to the measurement template with metallic indium.

■ RESULTS AND DISCUSSION

Al-Doped ZnO Nanoparticles. Structure, Morphology,
and Composition. Figure 1 shows the PXRD patterns of
AlnZn1−nO with the initial dopant concentration of n = 0, 0.02,
0.05, 0.10, 0.15, 0.20, and 0.30. All samples maintained the
wurtzite hcp structure of ZnO without detectable impurities.

Table 1. Properties of Al:ZnO Films Deposited by Different Techniques

deposition technique resistivity (Ω·cm) transmittance (%) thickness (nm) remarks ref.

Vapor phase
sputtering 5.0 × 10−4 85 300 O2/Ar 18
PLD 4.5 × 10−4 87 730 19
CVD 3.0 × 10−4 85 750 20
Liquid phase
spray pyrolysis 3.6 × 10−2 83 330 21

3.0 × 10−3 74 3200 21
sol−gel >1.0 × 102 98 2000 annealing in air 22

10 96 2000 annealing in vacuum 22
3.2 × 10−2 93 2000 annealing in H2/N2 22
4.0 × 10−3 93 2000 infiltration twice 22

nanoparticle dispersion 2.6 × 10−1 77 812 annealing in H2/N2 23
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The PXRD patterns exhibit an increase of the full width at half-
maximum (fwhm) of the diffraction peaks with increasing Al
concentration, pointing to a decrease of the crystallite size upon
incorporation of the dopant and/or an increase of the
microstrain.
The PXRD patterns for the Al:ZnO compounds with

different initial Al concentrations were analyzed by the Rietveld
method. The phase content, lattice parameters, volume-
weighted domain size (DV), preferred orientation effect, and
doping level (atomic site occupancy) for each material were
investigated in detail, and the results are summarized in Table
2.
For the undoped ZnO nanoparticles, the lattice parameters

are a = 3.249 Å and c = 5.206 Å, agreeing well with the reported
values of 3.249 and 5.205 Å (ICDD PDF no. 36-1451). The
lattice parameters a and c of Al:ZnO versus different initial Al
concentrations were plotted in Figure 2. Both a and c decrease
with increasing Al concentration up to 20 mol % but slightly
increase with further increase of the Al concentration to 30 mol
%. The variation of c is much more significant than that of a.
The decrease of the lattice parameters is due to the fact that the
ionic radius of Al3+ (0.54 Å) is smaller than that of Zn2+ (0.74
Å).39 The more Al atoms are incorporated into the lattice, the
smaller is the unit cell. Refinement of the atomic occupancy
revealed that the doping level saturated around 8 at. %. Figure 3
shows the doping level determined by Rietveld refinement and
EDX versus the initial Al concentration. The doping level
increases from 0 to 10 mol % of Al. At 10 mol % it approached
the saturation range, and thereafter only slightly increased

further from 10 to 30 mol %. Whereas at doping levels ≤5 mol
% the initially targeted and finally achieved doping levels agreed
very well, at higher doping levels the discrepancy became larger.
Obviously, the dopant is not quantitatively incorporated into
the ZnO, which means that at higher concentrations a major
part of the aluminum isopropoxide remained unreacted and was
washed away during the recovery of the precipitate. Figure 4
shows the dependence of the crystal size (volume-weighted
domain size, DV) of the Al:ZnO nanoparticles on different
initial Al concentrations. The crystal size reduced from about
18 to 13 nm after 2 mol % doping, and it further reduced
slightly to ca. 9 nm by increasing the doping level. It has been
proven before that the surface energy and the crystal growth are
dependent on the dopant and its concentration.40

Figure 1. PXRD patterns of AlnZn1−nO with the initial dopant
concentration of n = 0, 0.02, 0.05, 0.10, 0.15, 0.20, and 0.30.

Table 2. Calculated Lattice Parameters, DV, Doping Level, and Rietveld Agreement Factors of the AlnZn1−nO (n = 0, 0.02, 0.05,
0.10, 0.15, 0.20, and 0.30) Compounds

Rietveld refinement

sample a [Å] c [Å] V [Å3] Rwp χ2 DV [nm] doping level

ZnO 3.2493(1) 5.2059(2) 47.599(4) 6.657 1.474 18.2(3)
Al0.02Zn0.98O 3.2490(1) 5.2040(2) 47.574(4) 9.291 1.600 13.0(3) 0.018(10)
Al0.05Zn0.95O 3.2493(1) 5.2015(3) 47.558(4) 9.703 1.706 11.5(4) 0.056(10)
Al0.10Zn0.90O 3.2486(2) 5.2018(5) 47.543(8) 10.130 1.879 13.1(17) 0.071(11)
Al0.15Zn0.85O 3.2485(2) 5.2008(4) 47.528(6) 10.107 1.786 12.9(16) 0.079(11)
Al0.20Zn0.80O 3.2473(5) 5.1992(9) 47.479(17) 9.829 1.878 10.9(22) 0.084(11)
Al0.30Zn0.70O 3.2488(3) 5.2014(5) 47.546(10) 9.106 1.485 9.3(3) 0.076(11)

Figure 2. Lattice parameters of Al:ZnO nanocrystals with different
initial Al concentrations.

Figure 3. Doping level determined by Rietveld refinement and EDX.
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Figure 5a displays a TEM image of Al0.20Zn0.80O nano-
particles. The morphology of these nanoparticles is mainly
roundish with an average particle size of ca. 10 nm, which is
close to the value calculated from the Rietveld refinement (10.9
nm). A very small amount of them are larger elongated
nanoparticles. The HRTEM image and corresponding Fourier
transform (FT) (inset) of the roundish nanoparticle (Figure
5b) illustrate that it is single crystalline with well-developed
crystal planes, while the elongated nanoparticles (Figure 5c)
keep the wurtzite hcp structure of ZnO but with a preferential
growth direction of along [100]. Figure 6 shows the zero-loss
(ZL) filtered image with a 15 eV energy slit and O, Al, and Zn
elemental maps obtained from the O-K, Al-L2,3, and Zn-L2,3
edges, respectively. The image intensity scales linearly with the
concentration of the element that is mapped. This indicates
that Al distributed in the nanoparticles homogeneously. To
doublecheck the doping level, EDX of the Al:ZnO nano-
particles with different initial Al concentrations was also
investigated; the results are plotted in Figure 3. In general,
the results are similar to, but slightly higher than, the ones from
the Rietveld refinement. This is understandable because EDX
results can only provide local information and may include
surface adsorption and amorphous phase, whereas the Rietveld
refinement gives a more average result and only considers the
crystal domain part.

Band Gap. Figure 7a shows the optical reflection spectra of
Al:ZnO powders with different initial Al concentrations. As
ZnO is a direct band gap material, eqs 1 and 2 are used to
calculate the energy band gap of these nanoparticles:41,42

α =
−

−

⎛
⎝⎜

⎞
⎠⎟t

R R
R R

2 ln max min

min (1)

α ν ν= −h A h E( )g
1/2

(2)

where α is the absorption coefficient, t is the thickness of the
measured sample, and ν is the photon energy. According to the
above relation, (αhν)2 versus (hν) for Al:ZnO are plotted
(Figure 7a, inset). Extrapolation of the linear part of the
absorption edge leads to the axis interception, which
corresponds to the band gap Eg. The band gap of all Al:ZnO
samples are smaller than that of pure ZnO (3.26 eV). There is a
small “blue shift”, which changes from 3.06 to 3.10 eV with
increasing the initial Al concentration from 5 to 20 mol %
(Figure 7b). Similar results were reported for other doped ZnO
samples.23,43,44 This band gap narrowing effect is ascribed to
the emerging of the dopant band formed by the overlapped
dopant energy levels. The lack of Burstein−Moss effect45 in our

Figure 4. Dependence of the crystal size of Al:ZnO on the initial Al
concentration.

Figure 5. (a) TEM image of Al0.20Zn0.80O nanoparticles, (b) HRTEM image of the roundish nanoparticles (inset = corresponding FT), and (c)
HRTEM image of the elongated nanoparticles (inset = corresponding FT).

Figure 6. EFTEM elemental maps of Al0.20Zn0.80O nanoparticles.
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samples indicates that the Fermi level did not move into the
conduction band after doping.
Thermal Analysis. To check the phase stability of Al:ZnO

nanoparticles at elevated temperatures, HTXRD patterns were
measured. The PXRD patterns of Al0.10Zn0.90O nanoparticles at
different temperatures are shown in Figure S1 (Supporting
Information). The phase was stable up to 600 °C for 2 h. Only
the crystallites slightly grew from 13 to 19 nm. Further increase
of the temperature up to 800 °C resulted in crystallites of 50
nm, and a second phase of ZnAl2O4 (ICDD PDF no. 70-8182)
appeared. The FT-IR spectrum (Supporting Information,
Figure S2) of the as-synthesized powders shows strong
absorption peaks at 1580, 1420, 1350, and 1050−1010 cm−1,
which can be ascribed to the aromatic CC stretching, CO
stretching, C−H bending, and C−O bending vibration,
respectively. All these peaks disappeared after the thermal
treatment at 400 °C for 1 h, proving that all the organics are
completely removed at this temperature. To avoid formation of
side phases, the heat treatment of the films was carried out at
600 °C.
Al-Doped ZnO Thin Films. Film-Deposition Process. The

film-deposition process is illustrated in Figure 8. The as-

synthesized wet powders were dispersed in ethanol without any
surfactants. Then a seed layer was deposited on fused silica
substrate by dip-coating. Because only porous films can be
obtained by this procedure, a densification step was applied to
improve the microstructure of the film (for details, see
Experimental Section). In this case, the seed layer with the
substrate was immersed in the reaction solution, and the
microwave-assisted reaction was repeated. As nucleation prefers

to start on the surface of the particles, the pores are filled. In
addition, a new layer was grown on the top of the seed layer.
Hence, the density as well as the thickness of the film was
increased. In the end, sintering at 600 °C for 2 h in air was
applied to remove organics and improve the conductivity of the
films. The densification step could be repeated several times to
reach the required density and thickness. If the glass substrate is
directly immersed in the reaction solution without a seed layer,
then an inhomogeneous film consisting of isolated islands is
formed. This is in contrast to previous results with ferrite and
perovskite nanoparticle films, which directly grow homoge-
nously on glass without a seed layer.46

Structure and Morphology of the Films. All of the Al:ZnO
films with different doping levels were prepared under the same
conditions, and the structure and morphology of those films
were very similar. Taking Al0.10Zn0.90O film as an example,
Figure 9 shows the surface morphology and cross section of the
sintered films with and without densification. It is obvious that
all the films are homogeneous over a large area. Without
densification, the film is quite porous. However, after applying

Figure 7. (a) Optical reflection spectra of AlnZn1−nO powders with n = 0, 0.05, 0.10, 0.15, and 0.20 (inset = plots of (αhν)2 versus (hν)) and (b)
calculated band gap versus different initial Al concentrations.

Figure 8. Schematic illustration of film-deposition process.

Figure 9. SEM images of the sintered Al0.10Zn0.90O film: (a) the
surface and (b) cross section of the film without densification; (c) the
surface and (d) cross section of the film densified three times.
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three times the microwave-assisted reaction densification step,
the film became relatively dense and the thickness doubled.
After annealing, the structure of the cross section changed from
a granular structure to a columnar structure as shown in Figure
9b and d. The columnar structure indicates a preferred growth
direction during the densification and annealing step, which is
in accordance with the XRD analysis shown in Figure 10. It
reveals that the nanoparticles in the film were reoriented and
grown along the [002] direction.

Figure 11 shows the AFM image of the same Al0.10Zn0.90O
film as shown in Figure 9c. The film surface roughness shows a

wavy variation, and the root-mean-square (Rms) roughness is
about 10 nm. Depending on different applications, the
requirement of surface roughness is different. For instance,
the smoother the TCO surface, the better it is for light-emitting
diodes; whereas as a top layer of the solar cells, wavy surfaces
can reduce the reflection of light to improve the efficiency.
Electrical Properties of the Films. Figure 12 shows the

dependence of the electrical properties of Al:ZnO films on the
initial Al concentration. To investigate the influence of the Al
concentration on the resistivity (ρ), the thicknesses of the films
with different doping levels were kept as similar as possible.
The corresponding thicknesses of the films are shown in Figure
12 as well. With increasing Al concentration, the resistivity first
decreases and then increases. The minimum appears at the
initial Al concentration of 10%. This observation could be well-
explained with the Rietveld analysis of the X-ray data.
Refinement of the atomic occupancy indicated that the doping
level saturated around 8% (Figure 3). This might explain why

the carrier concentration (n) increases with increasing the
initial Al concentration up to 10% and keeps more or less the
same above this concentration (Figure 12). Below that
saturation it is true that the higher the doping level, the
lower is the resistivity. When the saturation is reached, the
average crystal size, derived from the Rietveld analysis, reduces
with increasing the initial Al concentration (Figure 4).
Therefore, the Hall mobility (μ) decreases, as shown in Figure
12, due to the stronger lattice scattering and grain boundary
scattering effect, and this might explain why the resistivity
becomes worse even though the doping level is approximately
the same.
As the microstructure and thickness of the film have a strong

influence on the electrical resistivity, the dependence of the
resistivity on the densification step repetitions was investigated
as well. Figure 13 shows the resistivity of Al0.10Zn0.90O film as a
function of the number of densification steps. The resistivity of

Figure 10. XRD patterns of Al0.10Zn0.90O powder and densified film
after annealing at 600 °C for 2 h.

Figure 11. AFM image of the densified Al0.10Zn0.90O film.

Figure 12. Dependence of the resistivity (ρ), mobility (μ), and carrier
concentration (n) of Al:ZnO films (with different thicknesses of 267,
270, 306, and 265 nm) on the initial Al concentration.

Figure 13. Dependence of the electrical resistivity of Al0.10Zn0.90O
films on the number of densification steps, which also results in
increasing film thicknesses from 190 to 357 nm.
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the dip-coated film is too high to be measured by our method.
After one time densification, the resistivity reduced to 92.11
Ω·cm. With a second densification step, the resistivity is about
four times lower. It further reduced to 12.66 Ω·cm by a third
densification step.
Besides doping and densification, the annealing atmosphere

has also a great impact on the electrical properties. After
postannealing at 600 °C for 1 h in N2, the resistivity of the
Al0.10Zn0.90O film, for example, decreased from its initial 12.66
to 2.35 × 10−2 Ω·cm (the carrier concentration is 6.78 × 1019/
cm3, and Hall mobility is 3.92 cm2/(V s)) due to the
contribution of oxygen vacancy. This resistivity is considerably
higher than the values obtained from the vapor-phase deposited
Al:ZnO films (as shown in Table 1), mainly due to the
restricted connectivity of the particles. However, compared to
the recently reported resistivity of Al:ZnO films obtained from
nanoparticle solutions,23 this value is 1 magnitude lower.
Furthermore, this result is comparable to the recently published
result on ITO films (2.6 × 10−2 Ω·cm), which is one of the
lowest resistivity of ITO films obtained from nanoparticle
solution processes.47

Optical Transmittance of the Film. Figure 14 shows the
optical transmittance spectrum of the film with the lowest

resistivity (Al0.10Zn0.90O film with thickness of 357 nm). The
transmittance in the visible light range (400−800 nm) is >76%,
with an average of 91.4%. Especially the transmittance for green
light reaches up to 95%. The inset in Figure 14 shows the photo
of the film compared with a substrate and background. The
color is from the interference effect between the top and
bottom surfaces of the film, and it varies with the thickness of
the film.
Moisture Stability of Al:ZnO. The long-term performance

reliability of TCO films is essential for any applications. One of
the most important quality features is to be resistant to
moisture. Therefore, the stability of Al:ZnO in a humid
environment was investigated. Figure 15 shows the XRD
patterns of AlnZn1−nO (n = 0, 0.02, 0.05, 0.10, 0.20, and 0.30)
nanoparticles in distilled water for 24 h at room temperature. A
z i n c a l um i n um c a r b on a t e h y d r o x i d e h y d r a t e
(Zn0.71Al0.29(OH)2(CO3)0.145·xH2O) (ICDD PDF no. 48-
1021) phase was formed for all doped samples, and the
amount of this phase increased with increasing doping level.
Figure 16 shows the SEM image of an Al0.10Zn0.90O pellet

surface. The surface layer was homogeneously transformed to
the zinc aluminum carbonate hydroxide hydrate phase in a large
area, and the morphology of this phase is platelet-like. Element
maps also confirmed that the platelets are Al-rich and Zn-poor
as shown in Figure 17. Cavani et al.48 pointed out that, in
nature, many compounds have been found that have the
approximate composition of M(II)6M(III)2(OH)16CO3·4H2O,
indicating that it has a tendency to form M(II)1−nM-
(III)n(OH)2(CO3)n/2·xH2O when M(II) and M(III) ions,
CO3

2−, and H2O exist. Therefore, a protective layer and/or
sealing for Al:ZnO film is necessary for any applications under
humid atmosphere. Work along this line is on progress in our
research group.

■ CONCLUSIONS
The microwave-assisted nonaqueous sol−gel process is a
simple, economical, and time-efficient method that can be
applied to the synthesis of Al:ZnO nanoparticles as building
blocks for TCO films as well as to the densification of these
films to increase the electrical conductivity. In addition, it is a
powerful synthesis approach for the doping of such materials
over a wide compositional range, which is important for the
optimization of the properties. Although the characteristics of
the nanoparticle building blocks such as doping level and crystal
size explain the electrochemical properties of the films quite
well, processing steps such as densification of the films and
annealing under inert atmosphere are equally important. A
minimum resistivity of 2.35 × 10−2 Ω·cm was obtained for a
357-nm-thick Al0.10Zn0.90O film after postannealing under N2,

Figure 14. Optical transmittance spectrum of the film with the lowest
resistivity (Al0.10Zn0.90O film with thickness of 357 nm); inset = photo
of the film compared with substrate and background.

Figure 15. XRD pattern of AlnZn1−nO nanoparticles after 24 h in
distilled water at room temperature. Asterisk (*) indicates reflections
from the Zn0.71Al0.29(OH)2(CO3)0.145·xH2O phase.

Figure 16. SEM image of Al0.10Zn0.90O pellet surface after 24 h in
distilled water at room temperature.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc300073d | ACS Sustainable Chem. Eng. 2013, 1, 152−160158



and the average transmittance in the visible light range was
>90%. Although these results are promising on the way to the
development of liquid-phase routes to TCO films, they also
show that every step (synthesis of nanoparticles, preparation of
dispersions, thin-film processing, and annealing) has to be
optimized to produce TCO films of good quality.
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