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Abstract— The Zn1-xAlxO nanorod (NR) were grown on 
ITO substrates by a hydrothermal process. The influences of the 
Al doping concentration on the surface morphology, structural, 
optical, and electrical characteristics of the Zn1-xAlxO NR/ITO 
composite film were investigated in detail. The results indicated 
that characteristics of the Zn1-xAlxO NR/ITO composite film were 
strongly influenced by the Al doping concentration. Furthermore, 
the lowest vertical resistance of the Zn1-xAlxO NR can be obtained 
when x = 0.01 and it strongly reduces when the concentration 
of UV light illumination increases. This reduction follows an 
exponential decay with a decay rate of 4.35. This result shows good 
photoconductivity response of the Zn1-xAlxO NR/ITO composite 
film and its ability to apply for optoelectronic devices material.

Index Terms— Zn1-xAlxO NR/ITO composite film, Al doping, 
Optoelectronic devices.
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I. Introduction

ZINC oxide (ZnO) is a II-VI semiconductor with attractive 
characteristics such as a large exciton binding energy of 
60 meV and a wide direct bandgap of 3.37 eV [1]-[3]. In 
application for optoelectronic devices or photocatalytic 
materials, ZnO material is usually fabricated under one 
dimension (1D) nanostructures array [4]-[9]. By applying 
ZnO 1D nanostructure, the performances of solar cell and light 
emitting diode devices were significantly enhanced compared 
to that using ZnO film [10]-[11]. This enhancement in the 
characteristics of these devices was explained due to a higher 
electrical conductibility and larger effective surface area. 
Furthermore, optical, structural, and electrical characteristics of 
the ZnO 1D nanostructures can be also controlled and improved 
by doping with some kind of materials such as silver, copper, 
gallium, cerium, yttrium, and etc [12]-[21]. The red-shift in the 

absorption band of the ZnO nanostructure corresponding to 
improving the absorption of the photocatalysts was achieved 
by silver doping [13]-[14].  Besides that, the cerium doped 
ZnO nanostructure decreased band gap energy from 3.37 eV 
to 3.18eV, decreased size of nanorods, and increased the green 
emission peak in photoluminescence spectra [15]-[16]. In 
addition, Al doped ZnO nanostructures was also enhanced free 
charge carriers resulting in increasing electrical property [22]-
[23]. However, the influences of Al doping concentration on the 
characteristics of Zn1-xAlxO nanostructure fabricated under film 
are still needed further investigation in detail for optoelectronic 
devices applications.

In this work, wurtzite type Zn1-xAlxO NR structures were 
grown on ITO substrates by hydrothermal method (called the 
Zn1-xAlxO NR/ITO composite film). Influences of the Al doping 
concentration on surface morphology, structural, and optical 
characteristics of the Zn1-xAlxO NR/ITO composite film were 
investigated. Furthermore, electrical property of the Zn1-xAlxO 
NR/ITO composite film was also evaluated to find out optimized 
conditions for application in optoelectronic devices fabrication.

II. Experimental Details

The Zn1-xAlxO NR/ITO composite film were fabricated 
as the following processes. The first step, ITO substrates 
were immersed in HCl solution for 10 min to remove organic 
contamination and then cleaned by methanol, and deionized 
water in sequence. The second step, 0.1 M solution of zinc 
acetate dehydrate (Zn(CH3COO)2.2H2O) was spin coated on 
the ITO substrates. After the coating process, the zinc acetate 
dehydrate coated layer on ITO substrates were dried at 150 oC 
for 20 minutes in an oven to evaporate the solvent and remove 
organic residuals and then annealed at 500 oC for 1 h in air 
environment to create a ZnO seed layer on ITO substrates. The 
final step, Zn1-xAlxO NR structures were grown by hydrothermal 
process with x varied from 0 to 0.03. In this process, ITO 
substrates with coated ZnO seed layer and 100 mL solution 
of 20 mM zinc nitrate (Zn(NO3)2.6H2O), 5 mM C6H12N4 and 
Al(NO3)3.9H2O with various molar concentrations of Al3+ (0%, 
1%, 2%, and 3% in comparison with molar concentration of 
Zn2+) were transferred together into Teflon-lined stainless steel 
autoclave and then baked at 80 oC for 2 hours. The growth time, 
growth temperature, zinc nitrate concentration, and volume of 
solution were kept as constants. The obtained the Zn1-xAlxO NR/
ITO composite films after growth processes were ultrasonically 
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cleaned in ethanol and distilled water for 30 min, followed with 
drying treatment at 100 °C for 1 hours in air environment.

X-ray diffraction patterns of the Zn1-xAlxO NR/ITO 
composite film were chartered by an X-Ray Diffractometer 
(XRD) D5000 with CuKα radiation (λ = 1.5406 Å) at room 
temperature. The surface morphology of the composite film was 
observed using a Scanning Electron Microscope (SEM). The 
optical characteristic of the composite films was studied using 
an UV–VIS-NIR spectrophotometer in the wavelength range of 
300-800 nm at room temperature. The electrical property of the 
composite films was measured using home-setup system using 
a Keithley 2000 multimeter and an UV lamp (Hg lamp with a 
UV bandpass filter). 

III. Results And Discussions

SEM images of the Zn1-xAlxO NR/ITO composite films at 
various of the Al doping concentrations were shown in Fig. 
1.The images show that, Zn1-xAlxO NRs were of uniform size 
and have a tendency to become miss oriented perpendicular 
to the surface of the ITO substrate when the Al doping 
concentration increases. Furthermore, the diameter, length, 
and density of the Zn1-xAlxO nanorod were strongly depended 
on the Al doping concentrations. The Zn1-xAlxO NR density 
dependence was extracted and depicted in Fig.2. This result 
indicated that, density of the Zn1-xAlxO nanorod decreases with 
an increasing of the Al doping concentrations and this reduction 
follows an exponential function with the decay rate about 0.8. 
The miss oriented and reduction in Zn1-xAlxO NR density as 
increasing of the Al doping concentrations could be attributed 
to the replacement of bigger Al atoms to Zn position in the 
crystal lattice.

Fig. 1. FE-SEM images of the Zn1-xAlxO NR/ITO composite films

Fig. 2. Zn1-xAlxO NR density versus the Al doping concentration

The crystal structures of Zn1-xAlxO NR/ITO composite 
films were characterized by X-ray Diffractometer as shown in 
Fig.3. All the peaks shown in X-ray diffraction patterns (XRD) 
were sharp and narrow peaks and closely matched to that of 
hexagonal wurtzite ZnO structure. Diffraction peaks related to 
other impurity phases were not observed in the XRD patterns. 
Furthermore, a small variation of interplaner spacing (dhkl) 
of Al doped-ZnO from that of ZnO was also observed which 
implies that aluminum incorporates into ZnO crystal lattice. 
This means that doping would induce distorted crystal lattice 
manifested by the displacement of lattice indices. Moreover, 
the study of the (002) peak intensity also indicated that the 
ZnO nanorod/ITO structure (x = 0; 0.01) has a preferential 
orientation along the c-axis. However, when the Al doping 
concentration increases, this orientation strongly reduces. 
This is entirely satisfaction with the SEM result as shown in 
Fig.1. Furthermore, based on the Scherrer’s formula of [26], 
the crystallite size was calculated where d is the crystallite size, 
λ is the X-ray wavelength (1.54Å), β is the full width at half 
maximum (FWHM), and θ is the diffraction angle.

  
 
 
 
         0.9 
d = –––––– 
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The calculation data indicates that the average grain size 
was slightly smaller as well as increasing of the Al-doping 
amount that might be attributed to the substitution of bigger Al 
atoms at Zn site in the lattice of ZnO [24]-[25].  
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Fig. 3. XRD patterns of the Zn1-xAlxO NR/ITO composite films
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According to the diffraction peaks corresponding to planes 
(1 0 0), (0 0 2), and (1 0 1) the lattice constants were calculated, 
the results were summarized in table 1.

Table I.  The Dimensions Of Zn1-Xalxo Nr Structure

Sample FWHM D(nm) a(nm) c(nm)

0% Al 0.488 17.013 0.325 0.523
1% Al 0.368 27.736 0.325 0.520
2% Al 0.410 20.251 0.324 0.521
3% Al 0.443 18.747 0.324 0.520

The influence of the Al doping concentration on the optical 
characteristics was shown in Fig. 4. The optical transmittance 
of the Zn1-xAlxO NR/ITO composite films was slightly 
depended on  the Al doping concentration (Fig. 4.(a)). This 
can be explained based on the changing of length, density, and 
orientation of Zn1-xAlxO NR. However, the optical transmittance 
of the Zn1-xAlxO NR/ITO composite films with variation in Al 
doping concentrations was still higher 95% in visible region 
with the highest obtained average transmittance of 1% Al 
doping concentration as shown in Fig. 4.(b). For estimating the 
band gap energy (Eg) of the Zn1-xAlxO NR/ITO composite film, 
the first derivative of the optical transmittance spectra versus 
wavelength were calculated and presented in Fig. 4.(c). The 
bandgap energies that correspond to the peaks for all of the 
structures were extracted and depicted in Fig. 4.(d). The result 
indicates that the bandgap energy can be slightly enlarged as the 
higher Al doping concentration. The blue shift of the absorption 
edge might be attributed to an increase of carrier doping 
concentration. The doping increases the carrier concentration, 
when the Zn ions are replaced by Al ions, which may shift the 
Fermi level leading to widening of bandgap and increase in 
transmission which called Burstein–Moss effect [27]-[30].

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Optical characteristics of the Zn1-xAlxO NR/ITO composite films 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

Fig. 5. Electrical characteristics of the Zn1-xAlxO NR/ITO composite films 

 

Fig. 4. Optical characteristics of the Zn1-xAlxO NR/ITO composite films

For the electrical property investigation, ITO layer was an 
electrode. Another electrode was made by silver paste. The 

I-V characteristics of the Zn1-xAlxO NR/ITO composite film as 
shown in Fig. 5 were measured under dark and illuminated by 
UV lamp. The ohmic and quasi-liner behavior were observed 
in both of dark and under illumination conditions (Fig. 5.(a, 
c)). At a given voltage, the current was strongly influenced 
by the concentration of Al dopant. The highest current was 
obtained when the Al doping concentration was 1% that 
resulting in the lowest resistance as shown in Fig. 5.(b). This 
variation in electrical characteristic of the Zn1-xAlxO NR/ITO 
composite film could be attributed to the dependence of NR 
length, density, and orientation on the Al doping concentration 
[31]-[33]. The I-V characteristics of the Zn0.99Al0.01O NR/ITO 
composite film under UV light illumination were measured to 
find out the photon response of Zn1-xAlxO NR as shown in Fig. 
5.(c). The result indicated that Zn1-xAlxO NR showed the good 
photon response when the UV light concentration changes from 
0 to 30 mW/cm2. The related resistances were also extracted 
from Fig. 5.(c) and replotted in Fig. 5.(d). This indicated that 
the resistance of the Zn1-xAlxO NR reduces when the UV light 
concentration increases and following an exponential decay 
with a decay rate of 4.35. These results indicated that the 
Zn0.99Al0.01O NR shows good photoconductivity response and 
its ability to apply for optoelectronic devices material. 
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Fig. 5. Electrical characteristics of the Zn1-xAlxO NR/ITO composite films 

 

Fig. 5. Electrical characteristics of the Zn1-xAlxO NR/ITO composite films

Based on the NR density as shown in Fig. 2 and electrical 
characteristics as shown in Fig. 5(b) of the Zn1-xAlxO samples, 
the average value of electrical resistance and resistivity of an 
individual Zn1-xAlxO NR could be calculated and summarized 
in Tab. II.

Table II. The Average Value Of Electrical Resistance And Resistivity 
Of An Individual Zn1-Xalxo NR

0% Al 1% Al 2% Al 3% Al

Resistance (x1017Ω) 2.54 0.21 0.43 0.56

Resistivity (Ω.m) 4.25 0.35 0.72 0.92
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IV. Conclusion

The influences of the Al doping concentration on the surface 
morphology, structural, optical, and electrical characteristics of 
the Zn1-xAlxO NR/ITO composite films were investigated in 
detail. When the Al doping concentration increases, the density 
and orientation along the c-axis of the Zn1-xAlxO NR were 
decreased, the bandgap energy was slightly enlarged due to the 
Burstein–Moss effect. All the Zn1-xAlxO NR/ITO composite 
film showed a higher 95% in optical transmittance and the 
highest of 98.6% was obtained by 1% Al doping concentration. 
However, the best electrical behavior can be observed by 
the 1% Al doping concentration. This sample also showed 
good photoconductivity response and its ability to apply for 
optoelectronic devices material. 
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