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The atmospheric-pressure chemical vapour deposition (APCVD) technique 
is used to grow ZnO nanowires (NWs) on glass substrates. The effect of 
different doping ratios (0, 2, 4, and 6 wt.%) of aluminium on the struc-
ture, morphological and optical properties of the ZnO:Al nanowires is 
studied. The optical, structural, and morphological results were evaluated 
using ultraviolet–visible (UV–Vis) spectroscopy, x-ray diffraction (XRD), 
and field emission scanning electron microscopy (FE–SEM) with energy 
dispersive x-ray (EDX) spectroscopy. Optical results indicate that, with 
the increase of aluminium doping, the interatomic distance in the crystal 
lattice is decreased, and the energy gap is shifted to redshift. The doping 
with aluminium improves the crystallinity of the network. Morphological 
observations indicate that, when measuring the diameters of ZnO nan-
owires, the diameter of the aluminium-doped ZnO nanowires increases 
with increasing doping ratio. The surface of the ZnO nanowires also con-
tains Al atoms, and EDX spectroscopy supports this finding. Our current 
research may serve the development of future nanooptical devices. 

Для вирощування нанодротів (НД) ZnO на скляних підкладинках було 
використано метод хемічного осадження з парової фази (APCVD) за ат-
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мосферного тиску. Було досліджено вплив різних ступенів леґування 
(0, 2, 4, 6 мас.%) алюмінієм на структурні, морфологічні й оптичні 
властивості нанодротів ZnO:Al. Оптичні, структурні та морфологічні 
результати оцінювали за допомогою ультрафіолетової й оптичної (UV–
Vis) спектроскопії, рентґенівської дифракції (XRD) та польової емісій-
ної сканувальної електронної мікроскопії (FE–SEM) з енергодисперсій-
ною рентґенівською (EDX) спектроскопією. Оптичні результати показа-
ли, що зі збільшенням леґування алюмінієм міжатомова віддаль у кри-
сталічній ґратниці зменшується, а енергетична щілина зміщується в 
бік довших хвиль. Леґування алюмінієм поліпшило кристалічність 
структурної мережі. Морфологічні спостереження показали, що з мі-
рянням діяметрів нанодротів ZnO діяметер леґованих алюмінієм нано-
дротів ZnO збільшувався зі збільшенням ступеня леґування. Поверхня 
нанодротів ZnO також містила атоми Al, а EDX-спектроскопія підтвер-
дила цей висновок. Наші поточні дослідження можуть сприяти розроб-
ці майбутніх нанооптичних пристроїв. 

Key words: atmospheric-pressure chemical vapour deposition, ZnO nan-
owires, band gap, doping with Al, vapour–solid process. 
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1. INTRODUCTION 

ZnO strong exciton-binding energy of 60 meV at room temperature, 
wide band gap of 3.37 eV, strong radiation tolerance, high thermal 
conductivity, high electron mobility, and high breakdown electric-
field strength are appropriate for optoelectronics, laser technology, 
and electronics applications [1, 2]. There are various structural ar-
rangements of ZnO nanomaterials [3] such as nanotubes [4], nan-
owires (NWs) [5], nanobelts [6], nanorods [7], nanoribbons [8], and 
nanocables [9]. Numerous ZnO nanowires distinguish from the rest 
of the configurations with the large surface-to-volume ratio, which 
gives a large active area, the high electron mobility, and transpar-
ency, are worthy for the electron-transport layer, which is benefi-
cial for UV lasers [10], light-emitting diodes [11], solar cells [12], 
nanogenerators [13], gas sensors [14], photodetectors [15], and pho-
tocatalysts [16]. 
 Aluminium (Al) is a cheap and abundant element; hence, Al:ZnO 
could be a good replacement for indium–tin oxide films, which are 
commonly used in solar energy systems [17]. It has been believed 
that adding dopants Ga, In, Li, Cu, Al, etc. is one of the easiest 
ways to control the nanostructures produced by chemical vapour 
deposition [18]. It should be mentioned that the band-gap energy of 
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ZnO is lowered by Cd, Ti, and Al, but raised by Li and Mg, for ex-
ample [19]. Increasing ZnO electrical conductivity is the primary 
objective of Al doping. The doping concentration primarily dictates 
where the Al atom is located inside the ZnO lattice; at concentra-
tions below 2%, it occupies the Zn site, while, at concentrations 
above 2%, it occupies the interstitial site. The concentration of free 
carriers increases, when Al3


 is used in place of Zn2 [20]. 

 Previous research investigated the effects of Al doping on prop-
erties of ZnO nanowires; however, a detailed analysis is still re-
quired to ascertain the effects of Al-doping concentration on ZnO 
[21–23]. Many deposition methods like sputtering [24], pulsed laser 
deposition [25], chemical vapour deposition, spray pyrolysis [26], 
and sol–gel processing [27] ways have been adduced to produce 
Al:ZnO nanowires. The method used in this paper, the chemical va-
pour deposition (CVD) method, for growing ZnO NWs does not re-
quire complex equipment or high vacuum and can be adapted to 
many practical variations. Its flexibility, thus, allows for many 
composition and location changes during deposition. This results in 
high-quality materials, i.e., with excellent homogeneity and purity 
of the fabricated material, step coverage, and adhesion, high 
productivity, etc. [28]. In this work, pure ZnO and Al:ZnO 
nanostructures were produced via the chemical vapour deposition 
approach. It examined the relationship between Al concentration 
and both the growth of morphology and the tuning of the optical 
band gap. It was demonstrated that the evolution of surface form 
and optical properties was related to the Al content in the Al:ZnO 
nanostructures. 

2. EXPERIMENTAL DETAILS 

Initially, the glass substrates of 1010 mm was ultrasonically 
cleaned in acetone, ethanol, and deionized water (DI) for ten 
minutes in each solution to eliminate impurities. Then, high-purity 
zinc acetate dihydrate 99.97% Zn(CH3COO)22H2O was used to pro-
duce zinc vapour, while aluminium nitrate Al(No3)39H2O was used 
to dope aluminium with 0, 2, 4, and 6 wt.% for 1D ZnO NWs 
growth via a dual-zone APCVD method at growth temperature of 
600C. Growing low-dimensional nanomaterials via vapour-transport 
deposition within the horizontal tube furnace are widely used [29]. 
A thorough explanation of the APCVD system was provided in an-
other place [30]. 
 The temperature of growth was raised by 10C/min. The sub-
strate and activator were weighed according to the weight ratios 
listed in Table 1 and placed in an alumina boat (5 cm) away from 
the flat steel substrate holder; after inserting them into the deposi-
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tion reactor, the quartz tube was tightly closed to prevent any leak-
age out of the system. 1D ZnO NWs were synthesized for 10 min at 
evaporation temperature of 600C using O2 gas applied at a flow 
rate of 25 cm3/min. The temperature of growth was raised by 
10C/min. To regulate precisely the flow rate, a mass flow control-
ler (MFC) was used. 
 Then, without an oxygen atmosphere, the samples were annealed 
for three hours at a constant temperature of 600C. Every other pa-
rameter related to the growth was maintained at a constant level 
and closely monitored. Finally, after the annealing time was over 
and the furnace was switched off, and once it gradually cooled down 
to room temperature, the samples were taken out from the reactor 
and analysed. It should be noticed that the substrates darkened 
(took on a brown tinge). A UV–Vis spectroscopy (UV-1800 Shimad-
zu, Japan) was utilized to measure the optical transmittance (T) and 
absorbance (Abs) spectra of the grown materials ZnO NWs/glass in 
the 360–1000 nm wavelength range, with bare glass serving as a 
reference. Using an x-ray diffractometer (Malvern PANalytical-
Aeris) with CuK (1.5406 Å) radiation operating at 40 kV and 
30 mA, the orientation and crystal structure of the grown samples 
(ZnO NWs/glass) were confirmed. The samples were scanned in the 
range of 25–75 with an angle step size of 0.011. FE–SEM 
equipped with EDX spectroscopy was inviting to obtain surface and 
cross-sectional images and settle the chemical composition of the 
grown samples. 

3. RESULTS AND DISCUSSION 

UV–Vis spectroscopy is a direct approach to studying the optical 
characteristics and band structure of semiconductor materials. The 
optical transmittance (T) and absorption (Abs) spectra of ZnO NWs 
fabricated on glass substrates with different impurity ratios are 

TABLE 1. The proportions of doping. 

Fixed weight Fixed ratio 
Weight of  

doping material 
Weight of  

base material 

The mixture 
weight remains 

constant 

Zn acetate, g Percentage 
Al nitrate, g

x 
Zn acetate, g 

(1x) 
Total, g 

0.8 0% 0.016 0.784 0.8 

0.8 2% 0.032 0.764 0.8 

0.8 4% 0.048 0.752 0.8 

0.8 6% 0.064 0.736 0.8 
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shown in Figs. 1, 2, respectively. These spectra show that the mate-
rials have low optical T in the visible range (400–700 nm). It was 
found that, as the impurity ratios grow from 0 to 6 wt.%, the 
transmittance values decrease, the absorption values increase, and 
the fundamental absorption edge shifts toward lower energies, or 
longer wavelengths. This may be due to the donor levels increasing 
near the conduction band [31]. 
 Moreover, a decline in transmittance from 80% to 60% has been 

 

Fig. 1. Optical transmittance spectra of ZnO NWs prepared with different 
doping ratios. 

 

Fig. 2. Optical absorption spectra of ZnO NWs prepared with different 
doping ratios. 
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noted in the visible region of the spectrum with a small transmit-
tance in the ultraviolet region known as the absorption. As the al-
uminium-doping ratio increased, the absorption likewise increased 
from 1.5 to almost 3.5, and it is well known that this is one of the 
factors used to calculate several optical constants, including optical 
energy [32]. This indicates that the doping caused actual donor lev-
els to form within the energy gap and close to the absorption edge. 
These donor levels then absorb low-energy photons, resulting in a 
noticeable increase in the absorption-coefficient values. Consequent-
ly, this allowed us to select the proper activation ratio, or the nec-
essary sample to block the necessary portion of the solar spectrum 
in the context of solar cell manufacturing, for instance [33]. 
 The absorption-coefficient values () for all prepared formula-
tions were obtained using the Beer–Lambert law [34] according to 
the following equation: 

 1
 [cm ] ln( )T t   , (1) 

where t is the thickness; the samples had a thickness of approxi-
mately 541 nm. 
 The optical energy gap of the prepared samples was calculated 
using Tauc’s relation according to the following equation [35]: 

  
n

gh A h E     , (2) 

where h is Planck’s constant,  is the frequency of the incident 
light photon, and A is a constant that depends on the values of the 
effective mass of the charge carriers; n depends on the nature of 
the prevailing optical transitions. 
 Figure 3 shows the  spectra of ZnO NWs grown on glass sub-
strates with different impurity ratios. As shown in Fig. 3, the  of 
NWs in the UV region increased from 1.3105 cm

1 to 6.0104 
cm

1 with the increase of impurity ratio. This behaviour can be at-
tributed to the difference in impurity ratios. 
 Figure 4 shows the relationship between (h)2 and h for ZnO 
NWs doped with different doping ratios (0–6 wt.%), where they 
decreased optical energy gap Egh from 3.2 eV to 3.1 eV with in-
creasing doping ratios, respectively. We also notice from Fig. 4 that 
the optical absorption edge showed a redshift. The decrease in the 
energy gap of the prepared samples with increasing doping ratio can 
be observed in Table 2 and Fig. 4, and can be attributed to the 
Burstein–Moss shift [36]. 
 Thus, for ZnO NWs made on glass substrates (see Fig. 5), the de-
velopment of different intensities of the (002) plane was ascribed to 
the crystallite-size variation and lattice-strain effects on the struc-
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tural-parameters’ current values. 

 

Fig. 3. Suggested malfunction spectra of ZnO NWs prepared with different 
doping ratios as the wavelength functions. 

  
a      b 

  
c      d 

Fig. 4. The relationship between (h)2 and h for ZnO NWs prepared with 
different doping ratios. 
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 Figure 5 shows that each peak can be matched with the standard 
pattern (JCPDS 36-1451). Each sample has a highly-crystalline 
wurtzite structure. The diffraction intensity of the ZnO NWs was 
significantly higher than that of the other axes, indicating that the 
NWs grew in line with the c-axis [37], which is because ZnO has the 
lowest surface free energy. In the 002 plane, no diffraction peaks of 
ZnO:Al NWs were observed in the XRD spectra, indicating that all 
samples had a preferential orientation of the c-axis perpendicular to 
the substrate surface. The intensity of the (002) peak of the ZnO:Al 
NWs is similar to that of the pure ZnO sample [38]. 
 From the XRD patterns, the structural parameters including 
crystallite-size ratio (D), dislocation density (), lattice confor-
mation (), interplanar distance (d), and lattice constants (a and c) 
of ZnO NWs were calculated using following equations [30]: 

 0.94 ( cos )D     , (3) 

 
2D  , (4) 

 (4tan )    , (5) 

 (2sin )d    , (6) 

 

Fig. 5. XRD patterns of ZnO NWs prepared on glass substrates with dif-
ferent doping ratios. 
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2 2 2

2 2 2

( )

1 4

3hkl

h hk k l

d a c

 
  , (7) 

where the x-ray wavelength, Bragg’s angle, Miller’s indices of the 
crystal plane, and FWHM of the diffraction peak in radians are 
represented by the variables, , , hkl, and , respectively. Table 2 
contains a tabulation of all the calculated values. 
 The values of the structural parameters of the grown nanofibers 
differ slightly from those in previous studies [39, 40]. This diver-
gence indicates that the values of the structural parameters were 
determined by the synthesis process and reaction parameters. We 
note that the increase in the crystal size in Table 2 and Fig. 5 with 
the increase in the doping ratio indicates an increase in the degree 
of crystallization of these samples after doping [41]. The crystal 
size of the samples prepared with different doping ratios was calcu-
lated based on the values of the (002) plane angle, which are ap-

  
a      b 

  
c      d 

Fig. 6. SEM images of ZnO NWs grown with different doping ratios (a—0 
wt.%, b—2 wt.%, c—4 wt.%, d—6 wt.%) on glass. The insets in a–d 
show a high-magnification top view of the grown ZnO NWs. 
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proximately equal to 34, and the values were within the nanoscale. 
Table 2 shows samples prepared with a 2%-doping ratio, which has 
a low value of . This behaviour indicates a low defect rate in these 
samples [42]. 
 Figure 6, a–d shows the FE–SEM images of the samples doped 
with aluminium with different ratios, where increasing the impuri-
ty content to 6% inhibited the growth process towards the c-axis, 
which has the lowest surface energy, indicating that the growth di-
rection became more likely lateral (horizontal), leading to an in-
crease in the diameter of the nanowires [43]. 
 Using ImageJ 1.47v software, the average diameter (DAvg.) of the 
grown nanowires was calculated from, at least, thirty measurements 
in FE–SEM images (see Fig. 6, a–d). 
 Figure 7 shows the distribution of the average diameters of the 
nanowires after the aluminium-doping process at different ratios (0, 
2, 4, 6 wt.%); different diameters of ZnO NWs were obtained on 

  
a      b 

  
c      d 

Fig. 7. Diameters’ distribution for ZnO NWs prepared at different doping 
ratios: a—0%, b—2%, c—4%, and d—6%. 
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glass substrates, and the average diameter increased from 591125 
nm to 662178 nm as the doping ratio increases. 
 The growing-samples’ diameters’ distribution was fitted with a 
Gaussian distribution and shown as a solid red line in each histo-
gram with the DAvg. serving as the peak position. 
 EDX analysis was performed as shown in Fig. 8 to evaluate the 
nanochemical composition of the samples grown on glass substrates, 
where the presence of carbon (C), oxygen (O), zinc (Zn), and alumin-
ium (Al) elements was confirmed. EDX spectra clearly showed the 
doping material through this analysis, as its percentage increased 
significantly with increasing doping. This demonstrates that Al is 
integrated into the ZnO NWs [44]. 

4. CONCLUSION 

ZnO NWs were successfully prepared on glass substrates using the 

  
a     b 

  
c     d 

Fig. 8. EDX spectra of ZnO NWs prepared on glass substrates with differ-
ent doping ratios. 
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APCVD technique. The effect of changing the aluminium-impurity 
ratio on the physical properties of the synthesized samples was de-
termined. Optical measurements revealed that the doped nanostruc-
tures resulted in decreased transmittance and increased absorption. 
This could be because the donor levels rise near the conduction 
band, and the absorption edge shifts to lower energies, which in-
creases the probability of photon absorption. XRD results confirmed 
the synthesis of ZnO NWs with a hexagonal structure and a prefer-
ential orientation along the (002) lattice plane. FE–SEM images re-
vealed the growth of ZnO NWs on glass substrates with different 
diameters, where the diameter of the nanowires increased with in-
creasing the aluminium-doping ratio. EDX analysis confirmed the 
high purity of the synthesized samples. In addition, quantitative 
surface EDX results revealed that the zinc content with aluminium 
content was suitable for the doping ratios. Therefore, it was demon-
strated that the addition of aluminium in different ratios plays a 
key role in improving the nanostructure properties and increasing 
the crystallinity of ZnO, using APCVD technique. Finally, our re-
sults demonstrate the potential of APCVD as a viable method for 
producing pure and doped ZnO nanowires. 
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