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ABSTRACT

Introduction: In recent years a metal oxide semiconductors have been 
paid attention due to their excellent chemical and physical properties. 
ZnO (Zinc oxide) is considered as one of  the most attractive semi-
conductor materials for implementation in photo-detectors, gas sensors, 
photonic crystals, light emitting diodes, photodiodes, and solar cells, due 
to its novel electrical and optoelectronic properties. There are different 
uses of  metal oxide semiconductors such us, UV photodetectors which 
are useful in space research’s, missile warning systems, high flame detec-
tors, air quality spotting, gas sensors, and precisely calculated radiation 
for the treatment of  UV-irradiated skin. ZnO is a metal oxide semi-
conductors and it is used as a transparent conducting oxide thin film 
because it has the best higher thermal stability, best resistance against 
the damage of  hydrogen plasma processing and relatively cheaper if  
one compares it with ITO. Materials and Methods: On glass sub-
strates, Al-doped ZnO (AZO) nanorods have been grown by a low -cost 
chemical bath deposition (CBD) method at low temperature. The seed 
layer of  ZnO was coated on glass substrates. The effect of  the Al-dop-
ing on the aligned, surface morphology, density, distribution, orienta-
tion and structure of  ZnO nanorods are investigated. The Al-doping 
ratios are 0%, 0.2%, 0.8% and 2%. The Aluminum Nitrate Nonahy-
drate (Al (NO3)3.9H2O) was added to the growth solution, which is 
used as a source of  the aluminum dopant element. The morphology 
and structure of  the Al-doped ZnO nanorods are characterized by field 
emission scanning electron microscopy (FESEM) and high-resolution 
X-ray diffractometer (XRD). using the radio RF (Radio frequency) mag-
netron technique. Results and Discussion: The results show that the 
Al-doping have remarkable effects on the topography parameters such 
as diameter, distribution, alignment, density and nanostructure shape 
of  the ZnO nanorods. These topography parameters have proportion-
ally effective with increases of  the Al-doping ratio. Also, X-ray diffrac-
tion results show that the Al-doping ratio has a good playing role on 
the nanostructure orientation of  the ZnO nanorods. Conclusions: 
The Aluminum Nitride Nanohydrate considered as a good Aluminum 
source for doping ZnONR.  It is clear from FESEM results that the 
Al-doping of  ZnONR has a remarkable effect on the surface topogra-
phy of  nanorods for all aluminum doping ratios. From XRD patterns, 
it concludes that as the Al-doping ratio increases, the reorientation of  
the nanostructure of  ZnO increases towards [100] direction. The results 
obtained also have shown that the average diameter of  a nanorod is 
increased with increasing the ratio of  Al-doping.
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INTRODUCCTION 

In recent years a metal oxide semiconductors have 
been paid attention due to their excellent chemical 
and physical properties. ZnO (Zinc oxide) is con-
sidered as one of  the most attractive semiconductor 
materials for its implementation in photo-detectors, 
gas sensors, photonic crystals, light emitting diodes, 
photodiodes, and solar cells, due to its novel electri-
cal and optoelectronic properties. There are differ-
ent uses of  metal oxide semiconductors such us, UV 
photodetectors which are useful in space research’s, 
missile warning systems, high flame detectors, air 
quality spotting, gas sensors, and precisely calculated 
radiation for the treatment of  UV-irradiated skin (1). 
ZnO is a metal oxide semiconductors and it is used 
as a transparent conducting oxide thin film because 
it has the best higher thermal stability, best resistance 
against the damage of  hydrogen plasma processing 
and relatively cheaper if  one compares it with ITO 
(2). However, the resistivity of  pure ZnO thin films is 
high and its conductivity is low. It is usually necessary 
to promote the conductivity and this can be done 
by doping ZnO with various dopants and by ther-
mal treatment in a reducing atmosphere (3). To ob-
tain higher conductivity of  ZnO materials, the ZnO 
has been doped with other dopant materials such as 
ZnO doped with aluminum AZO, Indium IZO and 
gallium materials GZO (4-6). In recent years wide at-
tention has been drawn on inorganic 1D semicon-
ductor nanomaterials (e.g., nanotubes, nanorods, and 
nanowires) because usually show various significant 
electronic and photo-electrochemical properties and 
have a prospective application in photonic and elec-
tronic devices (7-11). ZnO materials have been grown 
with different techniques, such as chemical vapor 
deposition (CVD) (12), hydrothermal system process 
(13), thermal evaporation (14), pulsed laser deposition 

(15), sputtering (16), and etc. 

In this paper, a convenient low cost, and low growth 
temperature chemical bath deposition (CBD) meth-
od was used to synthesis pure ZnO nanorod and alu-
minum doped ZnO nanorods with different doping 
concentration. Also, the effect of  Al-doped ZnO on 
the morphology and structure of  ZnO nanorods 
have been investigated.

MATERIALS AND METHOD 

All chemicals are provided from Sigma Aldrich 
Company which they are of  analytical grade and 
have been used as starting materials without any fur-
ther purification. In this research, the ZnO coated 
glass (seed layer) has been used as a base for grow-
ing ZnO nanorods (ZnO NR). There are two steps 
needed to complete this process. The first step is the 
cleaning of  the substrate in an ultrasonic cleaner us-
ing ethanol, acetone and deionized water for 20 min 
respectively and then dehydrated by nitrogen gas. 
The second step is, an RF magnetron sputter coater 
is employed using high purity ZnO target (99.999% 
purity) (17). ZnO seed layers of  150 nm thick are de-
posited on the glass substrates under argon gas at a 
pressure about 5 *10-3 Torr and the power of  RF 
sputtering is 150 Watt for 20 min. The coated ZnO 
seed layer on the glass substrates is annealed under 
atmosphere using tubular furnace at about 360 oC 
for 2 h and this step is very important to enhance 
the structural and optical properties of  the ZnO 
seed layer. The Al-doped ZnO nanorods (AZO) are 
grown on the seed layer using a low-temperature 
CBD method.
 
The precursor’s materials are Hexamethylenete-
tramine (C6H12N4), Zinc Nitrate Hexahydrate (Zn 
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(NO3)2.6H2O) and deionized water. The equal mo-
lar concentration of  (Zn (NO3)2.6H2O) and HMTA 
(C6H12N4) are separately dissolved in deionized wa-
ter at 80 oC and a magnetic stirrer is used to mix 
them together. Various precursor concentrations 
(0%, 0.2%, 0.8%, and 2%) of  Aluminum Nitrate 
Nonahydrate (Al (NO3)3.9H2O) are used to assay 
the influence of  Al-doping ratio on the growth pro-
cess, structure, and morphology of  ZnO NR. The 
infectious ZnO seed layers were inserted vertically 
in the CBD reactor. To study the influence of  the 
Al-doping on the surface topography and structure 
of  ZnO NR, the CBD reactor is set inside an oven 
at 95 oC for 5 hrs. After the growth process of  ZnO 
NR is completed, the substrates have been taken out 
from the CBD reactor and washed with deionized 
water to clean it’s from the remaining salts, and then 
dehydrated by nitrogen gas. 

The Al-doped ZnO and undoped nanorods are 
tested using field-emission scanning electron micro-
scope (FESEM: FEI Nova nano SEM 450, Nether-
lands and Leo-Supra 50 VP, Carl Zeiss, Germany) 
and high-resolution XRD (HR-XRD) system X-Pert 
Pro MRD model with CuKα (λ = 0.154050 nm), 2θ 
scanning range was between 20˚ and 80˚ to study the 
surface morphology and structure respectively.

RESULTS  

The surface morphology of  the undoped (ZNs) and 
Al-doped ZnO (AZO) nanorods grown on glass 
substrate by chemical bath deposition method at 95 
ºC for 5 h are shown in figure 1. Figure (1a) shows 
the morphology of  undoped ZnO nanorods while 
figures (1b), (1c), and (1d) are shown the morpholo-
gy of  doped ZnO nanorods in different doping per-
centages.

F
Figure 1. FESEM Image of  Undoped and Al-doped ZnO nanorods fabricated by CBD method
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The X-ray diffraction (XRD) patterns of  pure ZnO nanorods and Al-doped ZnO nanorods grown on glass 
substrates are displayed in figure 2.  The crystal structure of  the undoped (pure) ZnO nanorods prepared 
by CBD is shown in figure (2a). Also figure 2 shows the crystal structure of  the doped ZnO nanorods in 
different doping percentages as in (2b), (2c), and (2D).

r diffractio

Figure 2.  X-Ray diffraction patterns of  ZnO nanorods (a) 0% Al, (b) 0.2% Al, (c) 0.8% Al and (d) 2% Al

The lattice parameters and the interplanar distance 
of  wurtzite hexagonal structure of  ZnO nanorods 
are summarized in tables 1, 2 and 3 and calculated 
according to Bragg’s law (18).

            2dsinθ=nλ                                                 (1)

Where d is the interplanar distance, n is the order of  
diffraction that usually is 1, λ is X-ray wavelength. 
The lattice constants a and c of  the ZnO 

wurtzite hexagonal structure can be found using 
Bragg’s law, as it’s shown in tables 1,2 and 3 (19, 20).

                                                                                                                                 

          
a= 1

3
λ

sinθ                                                                                                        (2)

                                                                                                                        

                  
c = λ

sin θ
                                                                                                            (3)

Where θ is the angle of  the diffraction peak.
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The strain (Ƹc) and perpendicular strain (Ƹa) of  the 
ZnO nanorod grown on the glass substrate along 
c-axis and a- axis respectively can be obtained by us-
ing the following equation, and are described in the 
tables 1, 2 & 3. (Ƹc) and (Ƹa) are calculated according 
to the following equations (21, 22):

             
Ƹc = c−co

co
∗ 100%

                                   (4)     	
	
                       

Ƹa = a−ao
ao

∗ 100%
                                                               (5)

Where co and ao are represents the standard lattice 
constant for unstrained ZnO which are equal to 
5.2151 Å & 3.2535 Å, respectively. A positive value 
of  strain is related to the tensile strain and indicates 
an expansion in lattice constant, whereas a negative 
value is related to the compressive strain and indi-
cates a lattice contraction. 

The Average particle size of  ZnO nanorods fabri-
cated by CBD method is calculated using the Debye 
Scherer formula. (23): 

               
D = Kλ

βcos θ                                                  (6)

 	
Where k is a constant which is taken to be 0.9, λ is 
the wavelength of  the X-ray (0.154056 nm), β is the 
full width at half  maximum of  the peak and the θ is 
the Braggs diffraction angle. The structural proper-
ties of  the ZnO nanorods are shown in Table 1, 2 
and 3. The dislocation density (δ), which represents 
the amount of  defects in the crystal, is estimated 
from the following equation (18):

                 
δ = 1

D2                                                   (7)

Where D is the average particle size of  the ZnO na-
norods

Table 1. lattice parameters and Structure properties of  the ZnO nanorods of  (002) plane

 

         
Sample Plane FWHM 2θ a (Å) c (Å) Ƹc Ƹa d (Å) D 

(nm) δ (nm-2) 

0.0% 
AZO 

002 0.7872 34.3750 3.01004 5.21354 -0.02986 -7.483 2.6068 10.5636 0.0090 

0.2% 
AZO 

002 0.4576 34.3733 3.01018 5.21379 -0.02506 -7.479 2.6069 18.1718 0.0030 

0.8% 
AZO 

002 0.3201 34.325 3.01429 5.22091 0.11137 -7.352 2.6105 25.9772 0.0015 

2.0% 
AZO 

002 0.1111 34.275 3.01856 5.22830 0.25302 -7.221 2.6141 75.0104 0.0002 
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Table 2. lattice parameters and Structure properties of  the ZnO nanorods of  (100) plane

 

Sample Plane FWHM 2θ a (Å) c (Å) Ƹc Ƹa d (Å) D 
(nm) δ (nm-2) 

0.0% 
AZO 100 0.2479 31.775 3.2492 5.62778 7.91308  2.8139 33.3197 0.00090 

0.2% 
AZO 100 0.3640 31.775 3.2492 5.62778 7.91308  2.8139 22.6918 0.00194 

0.8% 
AZO 100 0.4154  31.792 3.2475 5.62476 7.85521  2.8124 19.8848 0.00253 

2.0% 
AZO 100 0.5904 31.825 3.2442 5.61916 7.74791  2.8096 13.9919 0.00511 

 

-0.132

-0.132

-0.186

-0.285

Table 3. lattice parameters and Structure properties of  the ZnO nanorods of  (101) plane  

Sample Plane FWHM 2θ a (Å) c (Å) Ƹc Ƹa d (Å) D (nm) δ (nm-2) 

0.0% 
AZO 101 0.2254 36.225 2.8610 4.95555  2.4778 37.0710 0.00073 

0.2% 
AZO 101 0.3257 36.175 2.8649 4.96217  2.4810 25.6594 0.00152 

0.8% 
AZO 101 0.3006 36.007 2.8779 4.98460  2.4923 27.7887 0.00129 

2.0% 
AZO 101 0.0999 36.475 2.8421 4.92273  2.4613 83.6529 0.00014 

- 4.97691

- 4.84997

- 4.41980

- 5.92273

- 12.06

- 11.94

- 11.55

- 12.64

DISCUSSION

Figure (1a) shows the undoped (pure) ZnO, it can be 
clearly seen that the ZnO NR has a uniform distribu-
tion and density with tiny gaps in between, uniform 
orientation and vertically well-aligned growth with 
average diameters of  83nm. The 0.2% Al-doped 
ZnO nanorods (0.2% AZO) is shown in figure (1b), 
one can observe that the AZO nanorod has good dis-
tribution, different orientations and vertically aligned 
with the average diameter of  103 nm. It can be con-
cluding from figures 1a and 1b that the AZO has 
less compaction morphology and not vertically well 
aligned as compared to those of  undoped ZnO NR. 

Figure (1c) shows the 0.8% Al-doped ZnO nanorods 
(0.8% AZO) grown on a glass substrate. It is noted 
that the AZO nanorods have also different orien-
tations, different lengths, not vertically well aligned 
and have good distribution with an average diame-
ter of  259 nm. In addition, the 2% Al-doped ZnO 
nanorods fabricated on the ZnO seed layer-coated 
glass substrate at 95 ºC is shown in figure 1(d). It 
can be seen that the AZO nanorods like nanosheets 
over the very dense nanorods with nanosheets 
lengths of  about 699 nm and diameters of  about 
280 nm and the average diameters of  nanorods are 
658.6 nm. The results of  the average diameters are 
in good agreement with the reported values in the 
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literature (24, 25). The crystal structure of  the undoped 
(pure) ZnO nanorods prepared by CBD is shown 
in figure (2a). It can be notice that ZnO nanorods 
have hexagonal structure, remarkably sharp peak at 
2θ =34.3750, which is assigned to be the (002) peak 
of  hexagonal structure and with (FWHM) is 0.7872, 
and this is meaning that the most ZnO nanorods are 
grown along c-axis (26). Figure (2b) shows the XRD 
pattern of  the 0.2% Al-doped ZnO nanorods, from 
the figure one can found that the prominent sharp 
peak at 2θ =31.775, which is assigned to be the (100) 
peak with (FWHM) is 0.3640, and the other peaks 
belong of  ZnO are appeared. That means that the 
most of  Al-ZnO nanorods are grown along (100) 
direction, the diffraction peaks of  Al are appeared 
which is confirmed the Al doping of  ZnO nanorods. 
Also figure (2c) shows the XRD pattern of  0.8% of  
Al-doped ZnO nanorods on glass substrate. It is ob-
served that the sharp peak is appeared at 2θ =31.792 
with (FWHM) equal to 0.4154 with weakness peaks 
of  ZnO than the peaks of  ZNR and notable peaks 
of  Al, it means that all AZO nanorods are growth 
along (100) plane. In addition, the crystal structure 
of  2% Al-doped ZnO nanorods fabricated by CBD 
method is shown in figure (2d). It can clearly see 
that the XRD pattern is very noisy not remarkable 
sharp peak of  ZnO nanorods, that means that film 
destroyed with high ratio of  Al doped in ZnO na-
norod and this confirm with FESEM image, but the 
peaks of  ZnO and Al are appeared (27). The lattice 
parameters have been listed in tables 1, 2, and 3 and 
are found to be in good agreement with the report-
ed standard values (JCPDS cards No. 01-080-0074). 
The particle size are increases with increase the ratio 
of  doping Al in ZnO nanorods along (002) plan as 
shown in table 1, but along (100) plane the parti-
cle size are decreases with increase the ratio of  the 
Al doped ZnO nanorods as displayed in table 2 and 

the particle size along (101) plane of  pure ZnO na-
norods is about 37.07 nm is decreases to 25.6594 nm 
when increase the ratio of  doping Al to 0.2% in the 
ZnO nanorods, but with increasing the ratio of  do-
ing Al to 0.8% and 2% in the ZnO nanorods the par-
ticle size started to increase as shown in the table 3

CONCLUSIONS

The Aluminum Nitride Nanohydrate considered as 
a good Aluminum source for doping ZnO NR.  It 
is clear from FESEM results that the Al-doping of  
ZnO NR has a remarkable effect on the surface to-
pography of  nanorods for all aluminum doping ra-
tios. From XRD patterns, it concludes that as the 
Al-doping ratio increases, the reorientation of  the 
nanostructure of  ZnO increases towards [100] di-
rection. The results obtained also have shown that 
the average diameter of  a nanorod is increased with 
increasing the ratio of  Al-doping.
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