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Al-doped ZnO �AZO� nanoparticles �NPs� have been synthesized via the thermal decomposition of
metal acetylacetonate precursors in a nonoxygen and nonpolar solvent. Long-chain alkyl amines
have been utilized to terminate the growth of AZO NPs and to stabilize them. The NPs have been
characterized by a number of techniques as monocrystalline, exhibiting a hexagonal �wurtzite�
structure with sizes from 8 to 13 nm. The composition of Al in the resulting NP is related solely to
the composition of the reaction mixture and the size is controllable with the temperature of the
reaction. The AZO NP dispersion has been proven to be stable over a 24 h period by dynamic light
scattering measurements. The influence of the synthetic conditions, such as temperature, reaction
time and the Al doping content, on the properties of NPs have also been investigated. An optically
transparent AZO thin film was fabricated using the AZO nanoink by spin casting followed by
annealing. The resulting film resistivity was measured to be 5.0�10−3 � cm. © 2010 American
Institute of Physics. �doi:10.1063/1.3273501�

I. INTRODUCTION

ZnO nanostructures are interesting materials as they
have the potential to find applications in an enormous range
of devices, such as solar cells,1 catalysts,2,3 varistors,4,5

sensors,6 optoelectronic devices,7 light emitting diodes,8 ul-
traviolet photodetectors,9 transistors �including field-effect
transistors�,10,11 printable transparent n-type
semiconductors,12 and even spintronic devices �diluted mag-
netic semiconductor�.13 ZnO exhibits a wide band gap of
3.37 eV at room temperature with a large exciton binding
energy of 60 meV. ZnO has been doped with various ele-
ments to provide extrinsic optical, electric, and magnetic
properties. Doping ZnO with B, Al, and Ga has been dem-
onstrated to enhance the electron mobility of ZnO.14 By in-
troducing these high-valence elements into ZnO crystals, the
oxide becomes nonstoichiometric, and it is possible to obtain
both the visible transparency and high conductivity desired.
This could be used to produce an attractive alternative to the
traditional transparent conducting oxides, such as indium tin
oxide, which is becoming both scarce and expensive.

ZnO nanoparticles �NPs� can be synthesized via many
routes such as sol-gel,15 ultrasonic-assisted sol-gel,16

thermolysis,17 sequential reduction-oxidation reaction,18 mi-
croemulsion mediated synthesis,19 mechanochemical
processing,20 coprecipitation,21 sputtering,22 hydrothermal
synthesis,23 and solvothermal synthesis.24,25 Many efforts
have been made to control the morphology, size, and growth
of ZnO NPs.26–30

Although there have been many studies on the synthesis,
characterization, and applications of Al-doped ZnO �AZO�
films, there are only a few reports concerning the synthesis

of AZO NPs. Highly crystallized AZO NPs can be synthe-
sized by dry methods, such as vapor condensation,31,32 spray
pyrolysis,33 or low-pressure spray pyrolysis.34 Because high-
temperature treatment is often necessary to obtain the final
product, aggregation occurs and it is difficult to redisperse
these NPs into a solvent for further fabrication. In addition,
dry methods normally require intricate and synchronous re-
action systems, which are costly to implement.

These obstacles could be overcome by synthesis in a
solvent. Coprecipitation synthesis35,36 is a rather simple and
versatile route, in which the hydroxide of a metal is precipi-
tated in a reaction between a metal precursor and a strongly
alkaline solution. These are then converted to an oxide NPs
by heat treatment. Organometallic or inorganic salts can be
used as precursors. These NPs unfortunately exhibit unac-
ceptably wide size distributions. Due to the amphoteric na-
ture of compounds of Zn and Al, it is difficult to simulta-
neously obtain high yields and a precise Al doping content.
The elemental composition of these NPs has not been re-
ported in the literature so far. Hydrothermal31,32 and sol-gel
synthesizes37 take advantage of short reaction times and low
temperatures, and tend to yield a higher doping level than the
evaporation/condensation methods. However, the resulting
AZO NPs have a mean size larger than 30 nm and are se-
verely aggregated. In addition, there is no information re-
garding their size distribution or dispersibility. AZO NPs
could also be synthesized by the microwave-assisted polyol
route,38 which is relatively facile and low cost. However, the
residual solvent �diethylene glycol� needs to be burned off
with a series of post-treatment steps including a heat treat-
ment. In summary, there have been no reports of a successful
synthesis method to produce high quality AZO nanoinks.

For a NP to be used in the nanoinkjet printing of elec-
tronic devices, they must have a small size, narrow size dis-
tribution, good dispersibility and sufficient colloidal stability.

a�Author to whom correspondence should be addressed. Electronic mail:
shinya@jaist.ac.jp.
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Pyrolytic synthesis may prove to be a suitable method to
produce AZO NPs with these characteristics. It has been suc-
cessfully applied to the synthesis of many types of NPs such
as FePt.39 In this paper, ZnO and AZO NPs have been syn-
thesized by the thermal decomposition of the appropriate
acetylacetonate precursors. A new synthetic route has been
proposed and applied to obtain high quality AZO NPs in
high yield. The resulting AZO NPs have a small mean size,
narrow size distribution, and good dispersibility, which make
them suitable for use as a nanoink. A detailed study of the
influence of reaction parameters and Al doping content on
the structural characteristics of the NPs is also presented.

II. EXPERIMENTAL

A. Synthesis of ZnO and AZO NPs

The reagents were purchased from Sigma-Aldrich Corp.,
and the solvents, including cyclohexane, ethanol, chloro-
form, n-butylamine, and toluene, were obtained from Kanto
Chemical Co., Inc. All were used without further purifica-
tion. In a typical procedure for preparing AZO NPs, 20 mmol
of oleylamine �OLA, technical grade, 70% with primary
amine content �98%� and 20 mmol of 1-octadecene �ODE,
technical grade, 90%� were loaded into a three-necked flask
at room temperature. A solution was prepared by dispersing
1 mmol of zinc acetylacetonate hydrate �Zn�acac�2,
99.995%� and the appropriate amount of aluminum acetylac-
etonate �Al�acac�3, 99%� in toluene. The flask was purged at
100 °C for about 15 min in a temperature-controlled electro-
mantle under an argon atmosphere. This was then heated to
330 °C for the standard experiment. Then, the
Zn�acac�2 /Al�acac�3 solution was rapidly injected into the
OLA/ODE solution with vigorous magnetic stirring. The
mixture was kept at this temperature for 60 min then cooled
to room temperature. 30 ml ethanol was poured into the re-
action mixture to precipitate the AZO NPs from the solution.
After several hours at rest, the NPs were collected by cen-
trifugation, followed by washing three times with ethanol.
All analyses and characterizations were carried out on the
NPs in this state.

B. Characterization

X-ray diffraction �XRD� patterns were obtained using a
Rigaku RINT-2500 diffractometer �Cu K� radiation line �
=1.5408 Å; 40 kV/100 mA� and were recorded at angles
between 20° and 80°, with a scan rate of 0.01°/min. The
XRD patterns were also analyzed using MDI JADE7 software,
then the average crystallite sizes �DXRD� were estimated from
the �101� peak according to the Scherrer formula,

DXRD =
K�

B cos �
,

where K=0.9 is the Scherrer constant; � is the wavelength of
the incident x-ray beam �1.5408 Å for Cu K� radiation�; � is
the Bragg angle, and B is the full width at the half maximum
�FWHM� in radians.

Transmission electron microscopy �TEM� samples were
prepared by casting 10 �l of solution �ZnO or AZO

NPs /CHCl3 /n-butylamine� onto a carbon-coated copper grid
at room temperature and allowing the sample to evaporate
slowly in air. Low-magnification TEM images were obtained
using a Hitachi H-7100. High resolution TEM/energy disper-
sive x-ray �TEM-EDX� analyses and high-angle annular
dark-field �HAADF� measurements were conducted using
the JEOL JEM-ARM200F. Dynamic light scattering �DLS�
measurements were conducted on a Malvern HPP5001 high
performance particle sizer.

III. RESULTS AND DISCUSSION

The TEM images of ZnO and AZO NPs synthesized
under different input molar ratios, showed the ZnO and AZO
NPs were basically spherical, as shown in Fig. 1. Among
them, a majority of the ZnO and AZO NPs produced were
hexagonal, and the average diameter of the NPs was in the
8–13 nm range. These NPs were uniform and well dispersed
in nonpolar solvents, such as chloroform, toluene, or cyclo-
hexane. No aggregation was observed, indicating the capping
ligands were successfully attached to the surface of the NPs.
The Al content in the AZO NPs seems to have no significant
effect upon the average diameter and the size distribution of
the NPs.

The small mean size of the AZO NPs obtained in these
experiments can be explained using the LaMer model.40 The
formation of NPs in liquid phase is determined by two criti-
cal steps, the nucleation and the growth of the particles. By
fostering the first step and inhibiting the second, monodis-
persed nanosized particles can be obtained. In this reaction,
the sudden injection of stock solution into the three-necked
flask causes the rapid decomposition of the acetylacetonate
precursors due to the high temperature. This results in an
increase in the nucleation rate and the sudden supersaturation
of the solution with ZnO molecules. This means that most of
the precursors are consumed during the nucleation to form
numerous small crystallites. Then, they are rapidly capped by
oleylamine to form stable colloidal NPs, resulting in their
small size.

It is important to emphasize that the kinetics of the
nucleation also strongly depends on the mass and heat trans-
fer, especially when the temperature gradient is high and the

FIG. 1. TEM images of AZO NPs synthesized under different input molar
ratios of Al�acac�3 �a� 0 mol %, �b� 2.5 mol %, �c� 5.0 mol %, and �d� 10
mol %. Bar 100 nm.

014308-2 T. V. Thu and S. Maenosono J. Appl. Phys. 107, 014308 �2010�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



reaction volume is large. During the reaction, a minority of
NPs continue to be formed after the initial nucleation,
whereas the existing NPs will continue to grow. Some of
NPs which have high surface energy �for example, those NPs
that are not sufficiently capped by surface ligands� will also
aggregate to form larger particles. Therefore, when the reac-
tion time is increased from 60 to 180 min, both the mean
particle size and the standard deviation increase as shown in
Fig. 2. Fortunately, these increases are quite small �Fig.
2�d��. This suggests that the nucleation step is the determin-
ing factor over the size and shape. Increasing the reaction
time beyond 180 min causes the solvent to evaporate to the
point it tends to polymerize uncontrollably.

XRD patterns of ZnO and AZO NPs synthesized at dif-
ferent temperatures �Fig. 3�a�� and with different molar ratios
of Al �Fig. 3�b�� indicate only the hexagonal structure, the
wurtzite phase, is present. In the XRD patterns of AZO NPs,
the presence of other phases, such as aluminum oxide
�Al2O3�, gahnite �ZnAl2O4�, and pure Al, was not detected.
These results suggest that Al atoms are successfully substi-
tuted into Zn atom positions and there is no significant varia-
tion in the crystalline structure of the resulting NPs. Because
Al3+ might be promptly reduced to Al0 in the presence of
oleylamine, which could be a reductant at high temperature,
the generation of aluminum oxide was suppressed. XRD pat-
terns of AZO NPs �5 mol % input molar ratio� synthesized at
a variety of temperatures �205, 230, 280, and 330 °C� are
shown in Fig. 3�a�. The presence of ZnO wurtzite phase over

FIG. 4. �Color online� �Color online� Reaction temperature dependences of
mean size �black circles� and reaction yield �red squares� of AZO NPs �5
input mol %�.

FIG. 2. �Color online� TEM images �right column� and size distributions
�left column� of AZO NPs �2.5 input mol %� synthesized under different
reaction times: �a� 60 min, �b� 120 min, and �c� 180 min. Bar 100 nm. �d�
Mean size and standard deviation plotted vs the reaction time.

FIG. 3. �Color online� �Color online� �a� XRD patterns of AZO NPs �5 input
mol %� synthesized under different temperatures 205, 230, 280, and 330 °C.
�b� XRD patterns of AZO NPs synthesized under different input molar ratios
of Al�acac�3: 0, 2.5, 5.0, 7.5, and 10 mol %. Red bars represent the reference
XRD pattern of ZnO �PDF #01–070–2552�.
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the entire range of temperatures means the reaction can be
carried out at under different temperatures to give consistent
products of different sizes. When the reaction temperature
was increased from 205 to 330 °C, the mean size decreases
from 13.4 to 9.9 nm and the reaction yield increased from
71% to 93% �Fig. 4�. The relationship between reaction yield
and temperature comes from the endothermic nature of the
decomposition reaction. These results suggest that to gain a
high reaction yield, the reaction should take place at higher
temperature. In addition, an increase in the intensity of the
XRD main peak �101� was observed as the reaction tempera-
ture increased. This indicates that higher temperatures favor
higher crystalline quality.

A summary of the crystal characteristics of the AZO NPs
�5 mol %� synthesized at different temperature is given in
Table I. The increase in the reaction temperature results in a
slight shift in the �101� peak toward wider angle. This result
suggests that the Al content slightly increases as the reaction
temperature increases as the ionic radius of Al �53.5 pm� is
much smaller than that of Zn �74 pm�. Thus, the substitution
of Zn by Al should decrease the d-spacing. However, the
change in the Al content was not detected by EDX analyses
possibly due to the difference being too small. On the other
hand, the FWHM of the �101� peak also increases with an
increase in the reaction temperature. This indicates that the
mean crystallite size �DXRD� is decreasing as the reaction
temperature increases. At the same time, estimates of the
mean size from the TEM image �DTEM� also decrease as
mentioned above. These results suggest that the nucleation
rate increases as the temperature increases. As seen in Table
I, the DXRD and the DTEM are similar, indicating the NPs are
nearly monocrystalline. These results indicate NPs synthe-

sized at higher temperatures will be superior for use as
nanoinks. However, the reaction temperature was limited by
the boiling point of the mixture, including the solvent and the
capping ligand. Based on the boiling points of 1-octadecene
�179 °C� and oleylamine ��350 °C� and the composition of
their mixture �1:1�, the reaction temperature should not be
higher than 330 °C.

The TEM-EDX spectrum of AZO NPs �Al 10 mol %,
reaction temperature 330 °C� is shown in Fig. 5. The copper
peaks are due to the TEM grid. Note that the EDX spectrum
was obtained from only a few dozen NPs. The presence of
aluminum in the spectrum indicates that Al has been doped
into the ZnO NPs. Table II summaries the TEM-EDX analy-
ses results of the ZnO and AZO NPs synthesized with differ-
ent molar ratios of Al:Zn. The minimum molar ratio, at
which Al can be detected, was 5 mol % and resulted in an Al
content of 0.7 at. %. When the molar ratio of Al in the reac-
tion mixture is increased from 2.5 to 10 mol %, the actual Al
content increases from 0 to 4.1 at. % as shown in Fig. 6. This
suggests that the doping of Al into ZnO NPs was more effi-
cient better at higher reaction molar ratios, and that AZO
NPs with yet higher Al doping levels could be synthesized.
HAADF images of AZO NPs �10 mol %� are shown in Fig.
7. The image on the left shows the AZO NPs are uniform.
The boundary between NPs can be clearly seen, indicating
good stability and no aggregation. The magnified image on
the right shows a single hexagonal AZO NP with a size of
about 12 nm. The atomic planes are arranged periodically
without grain boundaries indicating it is a single crystal.

To evaluate the dispersibility of the NPs, the ZnO and
AZO NPs were redispersed in nonpolar solvents, such as
chloroform, cyclohexane, or toluene, with a minimum con-
centration of 10 mg ml−1. These solutions were almost col-

TABLE I. The �101� peak position, d-spacing of the �101� plane, FWHM of
the �101� peak and the mean crystalline size estimated by Scherrer formula
and from the TEM images of AZO NPs �5 input mol%� synthesized under
different temperatures.

Temp
�°C�

�101� peak
�degree�

d101-spacing
�Å�

FWHM
�degree�

DXRD

�nm�
DXRD

�nm�

203 36.21 2.4788 0.600 13.3 13.4
230 36.22 2.4781 0.639 12.4 12.0
280 36.22 2.4781 0.655 12.1 10.7
330 36.26 2.4755 0.670 11.9 9.9

TABLE II. TEM-EDX analysis results of the AZO NPs synthesized under
different input molar ratios of Al�acac�3.

Input molar ratio of Al�acac�3

�mol%�
Al content
�atomic%�

0 0.0
2.5 0.0
5.0 0.7
7.5 1.7

10.0 4.1

FIG. 5. TEM-EDX spectrum of AZO NPs �10 input mol%�. Al content was
detected as 4.1 at. %.

FIG. 6. Al content plotted vs the input molar ratio of Al�acac�3. Dashed line
corresponds to the single exponential fitting curve.
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orless and transparent as shown in Fig. 8. It means that there
was no aggregation nor precipitation observed at ambient
conditions. These results agree with the TEM images showed
in the above sections �Figs. 1 and 2�. The average hydrody-
namic diameter �DDLS� and the dynamic stability of the NP
dispersion were examined for the AZO NPs �5 mol %� by
DLS measurements. As shown in Fig. 9, the dispersion was
stable after 1 h of storage, and its stability started to decrease
only slightly after 24 h of storage. However, neither precipi-
tation nor aggregation was observed by naked eye even after
this time. A discrepancy between DTEM and DDLS could be
explained based on the difference in nature between these
two techniques: TEM measures “static” diameters �the size
of the bare NPs deposited on the grids�, while DLS measures
“dynamic” diameters �the size of NPs with ligands under
Brownian motion in solution�. As expected, the static diam-
eter is smaller than the dynamic one. Considering oleylamine
is roughly 2 nm in length, the DLS results indicate that the
AZO NPs were well dispersed in the solvent without aggre-
gation at least for 1 day even at such a high concentration.

Finally, the AZO thin film was fabricated by spin casting
the AZO nanoink �Al 10 mol %, solid concentration 5 wt %,
solvent 9:1 �vol/vol� mixture of hexane and octane� onto a Si
substrate at 800 rpm. Subsequently, the AZO thin film was
annealed for 1 h in air at 450 °C. The film thicknesses of the
as-cast and annealed samples were measured as 83 and 73
nm, respectively, by using a Dektak profilometer. The vol-
ume shrinkage of the annealed film indicates that the organic
ligands were effectively removed. The surface morphology
of the AZO thin film was analyzed by SEM. Figure 10 shows
the SEM images of the AZO film before and after the an-
nealing. The granular surface observed in the as-cast film
was significantly smoothed after the annealing indicating the
AZO NPs were sintered. The annealed film shows an average
transmittance of about 90% in the visible region. The film

resistivities were measured at ten different positions by using
a four-point probe method. In consequence, the average re-
sistivity was calculated to be 5.0�10−3 � cm �standard de-
viation 1.6�10−3 � cm�, which is ten times as large as the
resistivities �the order of 10−4 � cm� of sputtered AZO films
�thicknesses were larger than 150 nm�.41,42 These results in-
dicate that our AZO nanoink is promising for practical use.

IV. CONCLUSION

ZnO and AZO NPs were synthesized by the solvother-
mal decomposition of the respective acetylacetonate precur-
sors with high reaction yield. All of the ZnO and AZO NPs
exhibited the hexagonal, wurtzite structure and the presence
of Al-contained compounds were not detected. Increasing the
reaction temperature improved the crystallinity and afforded
higher yields of the AZO NPs. The variation of Al content
did not significantly influence the phase structure or the crys-
talline quality. The composition of the NPs corresponded to
the molar ratio of precursors in the reaction mixture. Increas-
ing of Al content up to 10 mol % had no significant effect
upon the average diameter, size, or shape of NPs. The char-
acteristics of NPs were dominated by the initial nucleation.
The average diameter of the ZnO and AZO NPs were in the
8–13 nm range, which is much smaller than those in existing
reports synthesized using the same method. This may be a
result of the beneficial doping of Al into the ZnO crystal
structure. ZnO and AZO NPs obtained were well dispersed
in nonpolar solvents at various concentrations. An electri-
cally conductive and optically transparent AZO thin film was
fabricated using the AZO nanoink via a wet process.

FIG. 9. �Color online� Temporal change of the size distribution of AZO NPs
�5 input mol %� dispersed in chloroform measured by DLS.

FIG. 7. HAADF images of AZO NPs �10 input mol %�. �a� low-
magnification �bar 20 nm� and �b� high-magnification �bar 2 nm�.

FIG. 8. �Color online� Photos of AZO NPs dispersed in chloroform at con-
centration of 10 mg/mL. �a� AZO NPs �10 input mol %� and �b� ZnO NPs.

FIG. 10. SEM images of the AZO thin film �a� before and �b� after the
annealing. The inset in �b� shows the cross-sectional SEM micrograph of the
annealed film.
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