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Abstract Aluminum-doped zinc oxide nanopowders

were prepared using a surfactant assisted complex sol–gel

method, and were characterized using inductively coupled

plasma, X-ray diffraction, scanning electron microscopy/

energy dispersive X-ray spectroscopy, X-ray photoelectron

spectroscopy, and UV–Vis spectroscopy. Al was effec-

tively doped into the ZnO matrix with concentrations up to

6.00 atomic ratio percents (at.%). X-ray diffraction results

revealed that all of the nanoparticles had a pure hexagonal

wurtzite structure free of any impurities when annealing

temperature was below 1273 K. The optical band gap of

the nanopowders, which was affected by the Al-doping

concentration, reached a maximum of 3.43 eV when ZnO

was doped with 4.00 at.% Al. The effect of post-annealing

temperature and vacuum conditions on the resistivities of

the Al-doped ZnO nanoparticles was also investigated. And

the lowest volume resistivity (1.2 X cm) was achieved by

annealing the Al-doped ZnO nanoparticles in a vacuum at

1173 K for 2 h.

Introduction

Nano-sized zinc oxide (ZnO) powders doped with different

ions have improved electrical, optical, and catalytic prop-

erties, making them ideal for use in various technological

applications [1–10]. Among these, aluminum-doped ZnO

(AZO) nanopowders are both conductive and transparent in

the visible region and thus can be utilized in transparent

conductive pastes [6, 11–14]. Various methods have been

reported for preparing AZO nanopowders including sol–gel

[1, 4, 14], spray pyrolysis [6], precipitation [10, 15], and

hydrothermal processes [16, 17]. The sol–gel process had

attracted considerable attention because of its flexibility in

fine tailoring particle properties and was easiest to achieve

the Al-doped nanopowders [1, 18, 19]. Kim and Tai [20]

prepared an 1 atomic ratio percent (at.%) Al-doped ZnO

thin films using the sol–gel process and obtained crystal

sizes ranging from 13 to 29 nm with annealing tempera-

tures between 773 and 973 K. Serier et al. [1] synthesized

AZO nanopowders via the Pechini process with a doping

concentration varying from 1.00 to 4.00 mol%, and

observed an enhanced infrared absorption properties for the

doped samples annealing at 1200 �C. Simultaneously, the

optical and electrical properties of AZO nanopowders can

be easily tailored by changing the preparation parameters.

Kadam et al. [21] studied the optical band gap changes in

Al-doped ZnO nanocrystals as a result of Al-doping and

the related change in grain size. Lotus et al. investigated

the band gap and conductivity of Al-doped ZnO nanofibers.

Al-doped ZnO nanofibers exhibited lower band gap ener-

gies than did the undoped ZnO nanofibers. And it was

found that as the aluminum content (Al/(Al ? Zn))

increased from 1.70 to 3.20 at.%, the band gap energy

increased, resulting in lower conductivity [2]. Cheng et al.

[3] also studied the conductivity of Al-doped ZnO ceramics
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with doping concentration varying from 1.00 to 4.00 at.%

and obtained a conductivity of 7.5 9 10-4 S/cm with a

doping content of 2 at.%. Verma et al. [4] investigated

polycrystalline Al-doped ZnO thin film using the sol–gel

method and obtained a resistivity of 0.5 X cm with a

doping content of 3 at.%, and the films had exhibited

excellent transmittance (90%) in the 400–1100 nm wave-

length range. Thu and Maenosono [22] synthesized a high-

quality Al-doped ZnO nanoink by a thermal decomposition

method with a good dispersibility. An optical transparent

AZO film was fabricated using the nanoink by spin casting,

followed by annealing. The resulting AZO thin film resis-

tivity was 5 9 10-3 X cm. Though many works had been

focused on the preparation of AZO nanoparticles, a sys-

tematic investigation on the grain size, optical and elec-

trical properties of the AZO nanoparticles as well as the

effect of the post-treatments of the AZO powders on the

their resistivity was still lacking. In the first part of this

work, AZO nanopowders with different doping concen-

trations were synthesized using the surfactant assisted

complex sol–gel method. The microstructures and optical

property were systematically characterized. And then the

AZO nanopowders were subjected to various post-anneal-

ing treatments. Finally, the resistivities of AZO nanopow-

ders after applying different treatments were summarized.

Experiments

Powder preparation and post-treatments

The AZO nanopowders were synthesized from Zn(NO3)2�
6H2O, Al(NO3)3�9H2O, citric acid (CA), and polyethylene

glycol (PEG) using the surfactant assisted complex sol–gel

method [23]. The mixed transparent solution containing

0.03 mol Zn(NO3)2�6H2O and the Al(NO3)3�9H2O with

various contents (Al/(Al ? Zn) = 0.00, 2.00, 4.00,

6.00 at.%) was dissolved in 50 mL de-ionic water and was

dripped into the CA (0.045 mol) and PEG 2000

(0.003 mol) solution (50 mL). The total volume of this

solution was 100 mL. The pH of formed solution was

adjusted to 1 using ammonia (17 wt%). The solution was

then immersed in a 353 K water bath with stirring for 4 h

and aged at room temperature for another 4 h. The trans-

parent solution was gelled at 358 K and was immediately

put into a vacuum until it turned into xerol, which was then

sintered in a furnace at 773 K for 4 h in air. The AZO

nanopowders were milled in an agate mortar and were

further annealed at 773, 1173, and 1273 K for 2 h in air.

The obtained nanopowders were pressed into coin-shaped

samples at 300 MPa to measure the resistivity. In order to

study the effect of post-treatment conditions on the mate-

rials, the nanopowders were annealed in a high vacuum

furnace at 773 and 1173 K for 2 h in vacuum (10-4 Pa) to

remove the adsorbed oxygen on the surface.

Powder characterization

A Bruker AXS D8 Advance diffractometer was used with

Cu Ka radiation at a power of 1.6 kW to take X-ray dif-

fraction (XRD) measurements. The diffraction patterns

were calibrated using the standard corundum spectra. The

instrument broadening (the FWHM curve of standard

corundum) was subtracted before estimating the grain size

using the Scherrer equation. The inductively coupled

plasma (ICP) analysis was conducted using a Perkin-Elmer

Optima 2100 with 22 kW continuous electric powers with

a nominal frequency of 1 MHz. The powder (0.1 g) was

dissolved into HNO3 solution (HNO3:H2O = 1:1 volume

ratio), and then was set to be 100 mL using de-ionic water

for analysis. The chemical composition and chemical states

were characterized using X-ray photoelectron spectroscopy

(XPS) (UltraDLD, Kratos, UK) with a monochromatic Al

Ka source and pass energy of 10 eV. The morphology was

recorded using a Hitachi S-4800 field emission scanning

electron microscope (FESEM). The small area composition

analysis was performed using energy dispersive X-ray

spectroscopy (EDX) on a Hitachi S-4800 SEM/EDX

(Japan). The obtained nanopowders were dispersed in

cyclohexane under ultrasonic condition (600 W) with a

concentration of 5 mg/mL for UV–Vis analysis. The opti-

cal transmission spectra at various concentrations were

recorded using an ultraviolet–visible–near infrared (UV–

visible–NIR) spectrometer (Perkin Elmer Lambda 950)

with a wavelength range of 200–800 nm at room temper-

ature. The resistivities of all ZnO-based nanopowders were

measured on Keithley 237 using the method described in

Ref. [24].

Results and discussion

Structures and composition of AZO nanopowders

Figure 1 shows the XRD results for the pristine and

Al-doped ZnO nanopowders. All diffraction peaks could be

perfectly indexed to the wurtzite ZnO reported in JCPDS

(036-1451) [25]. This result suggested that the nanopow-

ders had a pure hexagonal wurtzite structure with well-

developed crystallinity. The (002) diffraction peak position

of the XRD signals detected from the AZO nanopowders

was revised taking into consideration a shift of 0.40�
towards a higher angle than that of the pristine ZnO. This

was due to the lattice shrinkage caused by the Al3? (radius

is 0.53 Å) replacing the Zn2? (radius is 0.74 Å) [21, 26,

27]. Figure 2 shows the full width at half maximum
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(FWHM) value of (002) diffraction peaks and corre-

sponding average grain size calculated from the Scherrer

equation [28] as a function of the doping concentration.

The average grain size decreased from 34 to 12 nm when

the aluminum doping concentration increased from 0.00 to

4.00 at.%. This was due to the decreased sintering rate that

occurred when the Al atoms were incorporated into the

ZnO lattice during the sol–gel process [29]. Figure 3 shows

the SEM results for the powders synthesized under the sol–

gel conditions. It was noted that with increasing Al, the

average particle size of the sphere-shaped AZO was

reduced. This was in good agreement with the XRD results.

The nominal doping concentration and the doping con-

centration measured with ICP are listed in Table 1. The Al

contents of the nanopowders were quite close to that of the

original materials, indicating that Al was mostly incorpo-

rated into the ZnO matrix during this process. Figure 4

shows the EDX results indicating that the Al content was

2.00 at.% in the original materials. As shown in Fig. 4, the

Al content of the nanopowders was ca. 2.50 at.%. Thus, Al

content in the nanopowders was greater than that in the

original materials. The XPS spectrum of Al-doped ZnO

(4.00 at.%) shown in Fig. 5 suggested that Al was pre-

sented on the surface of the samples. No Al0 was observed

in the samples. The high-resolution XPS spectrum of the

inserted Al 2p showed that the peak was centered at

74.7 eV, indicating the presence of Al3? on the surface of

the AZO nanoparticles [1, 30].

Optical properties

Figure 6 shows the optical transmission spectra of the AZO

nanopowder suspension. The AZO nanopowders revealed a

consistent blue-shift at the doping concentration from 2.00

to 4.00 at.% and a red-shift at 6.00 at.% compared with

that of the 4.00 at.% Al-doped ZnO. Figure 7 summarizes

the band gap calculated from the transmission data. The

band gap of Al-doped ZnO increased with the Al-doping

concentrations from 2.00 to 4.00 at.% compared with that

of the pristine ZnO, achieving a maximum value of

3.43 eV at 4.00 at.%, and then decreased at 6.00 at.%. The

question to be resolved at this point was whether the blue-

shift could be attributed to a Moss–Burstein type shift in

the AZO nanopowders or whether it was partially due to

the quantum confinement effect caused by the incorpora-

tion of Al3?. According to quantum confinement theory,

the energy band gap of a semiconductor depends on the

crystal size, and its value will increase as the crystal size

decreases [31, 32]. Viswanatha et al. [33] developed a

realistic and accurate tight binding (TB) scheme to explain

the blue-shift and correlate the absorption edge with the

size of the nanocrystal. According to Viswanatha et al.’s

model calculation, the blue-shift caused by the quantum

confinement effect was only 0.03 eV when the particle size

Fig. 1 a XRD patterns of the Al-doped ZnO nanoparticles at

different doping concentrations from 0.00 to 6.00 at.%; b (002) peak

of Al-doped ZnO nanoparticles (Al/(Al ? Zn) = 0.00, 2.00, 4.00,

6.00 at.%)

Fig. 2 Full width at half maximum of the (002) XRD peaks (circle)

and the calculated average grain size (black dot) of the Al-doped ZnO

nanoparticles as a function of the Al-doping concentration
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decreased from 34 to 12 nm, while the optical band breadth

in our experiment was 0.12 eV (3.43–3.31 eV). Since this

high value did not fit with the particle size decreased as

calculated with the model of Viswanatha et al., and thus

could not be explained by a confinement effect. However,

our results suggested that the Al-doping affected the band

gap, in what we believed to be a Burstein type shift due to

Al-doping proved by various previous studies [34–36].

Interestingly, the band gap variation was more pro-

nounced in the case of high Al-doping nanopowders (above

4.00 at.%) since the band gap did not increase

Fig. 3 SEM images of the Al-doped ZnO nanoparticles a Al/(Zn ? Al) = 0.00 at.%, b Al/(Zn ? Al) = 2.00 at.%, c Al/(Zn ? Al) =

4.00 at.%, d Al/(Zn ? Al) = 6.00 at.%

Table 1 Procedure ratios added in the original materials and results

of the ICP analysis on the Al-doped ZnO nanoparticles

Model Al contents in the

starting materials (%)

Al contents by ICP (%)

� Al/(Zn ? Al) = 0.00 at.% Al/(Zn ? Al) = 0.02 at.%

` Al/(Zn ? Al) = 2.00 at.% Al/(Zn ? Al) = 1.95 at.%

´ Al/(Zn ? Al) = 4.00 at.% Al/(Zn ? Al) = 3.54 at.%

ˆ Al/(Zn ? Al) = 6.00 at.% Al/(Zn ? Al) = 5.34 at.%

Fig. 4 EDX spectrum of the Al-doped ZnO nanoparticles at Al/

(Zn ? Al) = 2.00 at.%

Fig. 5 XPS wide scan spectra of the Al-doped ZnO nanoparticles

(4.00 at.%) with Al 2p spectrum inserted
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monotonically with the dopant concentrations. It was noted

that the band gap variation was quite similar to that of the

Al-doped ZnO thin film reported by Park. An initial

increase in the band gap was observed in our experiments,

followed by a decrease [24]. The band gap, Eg, was

expected to increase with the Al contents, since the band

gap of Al2O3 (bulk band gap = 6.4 eV) was greater than

that of ZnO (bulk band gap = 3.30 eV) [37]. According to

the Burstein–Moss effect, the broadening of the optical

band gap is:

DEg ¼
�h2

2m�cv

� �
ð3p2nÞ

2
3 ð1Þ

where DEg is the shift of the doped semiconductor with

respect to the pristine semiconductor, m�cv is the reduced

effective mass, �h is Plank constant, n is the free carrier

concentration, and p is a constant. According to this

equation, the band gap should increase with carrier

concentration. The decrease of Eg also observed by Park

et al. [26] at a concentration of 6.00 at.% was in

accordance with the decrease of ne. The Al-doping

mechanism could be described as [26]:

Al2O3 þ ZnO! ZnZn þ 2Al�Zn þ 3O�o þ
1

2
O2ðgÞ þ 2e�

ð2Þ

O�o þ 2e� ! O2� ð3Þ

The electronic concentration in the AZO gradually

decreased as O2- was increased, as shown in the formula

(3). Park et al. [38] experiment on AZO films produced by

pulse laser deposition yielded a similar result. Thus, as

more Zn2? was replaced by Al3?, the decrease in carrier

concentration could be attributed to excessive oxygen.

Thus, on the one hand, the band gap of Al-doping at

6.00 at.% decreased with the carrier concentration because

electrons were depleted by the excessive oxygen produced

as Al replaced Zn. On the other hand, the decrease of DEg

broadening on the Al/(Zn ? Al) = 6.00 at.% sample

might be related to the amorphous alumina, which indi-

cated a solid solubility limit of less than 4.00 at.% in the

AZO nanopowders prepared at 773 K.

Electrical properties

The high resistivities of Al-doped ZnO nanopowders made

it ineffective as a conductive material because of electron

scattering and the trap effects of adsorbed oxygen on the

grain boundaries. Thus, post-treatments were applied to

reduce the resistivity of the Al-doped ZnO nanopowders.

As reported in other studies, the number of grain bound-

aries could be reduced by increasing the annealing tem-

perature. In addition, Zn is replaced by Al. Here, the effect

of annealing temperature on powder resistivity was inves-

tigated. Figure 8a–c illustrated the relationship between

resistivity and the Al-doping concentration for the

Al-doped ZnO nanopowders annealed in air at 773, 1173,

and 1273 K, respectively. The XRD pattern of the sample

(2 at.%) sintered at 1273 K was also inserted in, signed as

Fig. 8d. In our experiments, the samples were sintered in

air at 773, 1173, and 1273 K for 6 h. Powder resistivity

decreased from ca. 108 X cm (773 K) to ca. 103/104 X cm

(1273 K) for both the pristine ZnO and the Al-doped ZnO

nanoparticles (Al/(Al ? Zn) = 2.00, 4.00, 6.00 at.%).

There were two processes at work here. First, grain growth

occurred at higher annealing temperatures [23]. Second,

increased Al effectively reduced AZO powder resistivity.

The minimum value we achieved was an Al/(Zn ? Al)

atomic ratio of 4.00 at.% at 1273 K, with some increase at

6.00 at.%. Similar results were obtained for the AZO thin

Fig. 6 UV–Vis spectra of the Al-doped ZnO nanoparticles at

different doping concentrations

Fig. 7 Optical band gaps of the Al-doped ZnO nanoparticles as a

function of the Al-doping concentration with average grain size of the

Al-doped particles inserted
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films [39, 40]. Although the resistivity of these Al-doped

ZnO samples decreased drastically from 108 to 103 X cm

by increasing the post-treatment temperatures, it did still

not meet the requirements for use as a conductive material.

The adsorbed oxygen on the surface of AZO nanoparticles

acted as an electron ‘‘trap’’ to increase the resistivities of

the AZO powders [37, 41]. Therefore, post-annealing

experiments had to be conducted to remove the adsorbed

oxygen on the surface of the AZO nanoparticles in order to

reduce the resistivity of the AZO nanopowders. Thus, the

Al-doped samples were vacuum annealed in the next part.

Figure 9a and b shows the relationship between the

resistivity and doping contents of the AZO nanoparticles

after post-annealing in a vacuum (10-4 Pa). Since the

ZnAl2O4 spinel phase occurred at 1273 K, the annealing

temperatures were chose at 773 and 1173 K here. The

resistivities of the pristine ZnO nanopowders decreased by

more than 5 orders of magnitude (108–103 X cm) after

annealing in a vacuum at 773 K and more than 4 orders of

magnitude (107–103 X cm) after annealing in a vacuum at

1173 K compared with the results of the pristine ZnO

annealed in air as shown in Fig. 8. And the resistivity

reduction of the 2.00 at.% Al-doping ZnO nanopowders

annealed in vacuum was similar to that of the 4.00 and

6.00 at.% Al-doping ZnO nanopowders annealed in vac-

uum both at 773 and at 1173 K, which decreased more than

7 orders of magnitude (107–100 X cm) compared with

those AZO (Al/(Al ? Zn) = 2.00, 4.00, 6.00 at.%) nano-

powders annealed in air (Fig. 8a, b). This might be due to

the existence of non-conductive amorphous Al2O3 in the

ZnO nanopowders with high Al-doping concentration. The

lowest resistivity of 1.2 X cm was obtained when the AZO

nanopowders (Al/(Al ? Zn) = 6.00 at.%) was sintered in

a vacuum at 1173 K shown in Fig. 9b.

Conclusion

In summary, The AZO nanopowders with different Al-

doping concentrations have been successfully prepared.

And the effects of Al-doping on the structural, optical, and

electrical properties of the ZnO powders were investigated.

The AZO powders had a pure wurtzite structure. The

optical band gap of the pristine ZnO nanopowders was

similar to that of single crystal ZnO (3.3 eV), and the

optical band gap of Al-doped ZnO nanopowders was larger

than that of the pristine ZnO nanopowders. And the max-

imum was 3.43 eV when the Al-doping content was

4.00 at.%. After post-annealing treatments in air, the AZO

nanopowders’ resistivity decreased with increasing

annealing temperatures up to 1273 K. The samples

annealed in a vacuum at 773 and 1173 K displayed

monotonically decreasing resistivity as the Al-doping

concentration increased. The lowest volume resistivity was

1.2 X cm (Al/(Al ? Zn) = 6.00 at.%), obtained when the

AZO nanopowders was sintered in vacuum at 1173 K.
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Fiévet F (2006) Nano Lett 6:866

9. Kamat PV, Patrick B (1992) J Phys Chem 96:6829

10. Du SF, Tian YJ, Liu HD, Liu J, Chen YF (2006) J Am Ceram Soc

89:2440. doi:10.1111/j.1551-2916.2006.01093.x

11. Hammarberg E, Schwab AP, Feldmann C (2009) J Colloid

Interface Sci 334:29. doi:10.1016/j.jcis.2009.03.010

12. Ismail B, Abaab M, Rezig B (2001) Thin Solid Films 383:92
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