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ABSTRACT 

A novel method of doping Aluminum (Al) into zinc oxide (ZnO) nanorods by a simple 
chemical dip process is evaluated in terms of its performance in random lasing. The ZnO 
nanorods were synthesized by the chemical bath deposition (CBD) method at a fixed 
temperature of 96 °C for three hours. The ZnO nanorods were then dipped into a fixed doping 
solution concentration. The dip time was varied between 0 s to 80 s and a gradual increase of 
Al % from the nanorod array was observed with increasing dip time. Doping ZnO nanorods in 
aluminum nitrate nonahydrate solution for 40 s contributes to random lasing with the lowest 
threshold value of 12.48 mJ/cm2 and a spectral width of 2.12 nm. 

1. INTRODUCTION

The observation of random lasing is different from conventional lasers as it relies on 
nanostructures to trap photons through multiple photons scattering. It was first discovered in 
1966 by replacing one of the laser mirrors in a Fabry-Perot cavity with a scattering medium 
[1]. Letokhov then modified the diffusion theory to introduce scattering by investigating the 
random walk of photons in a random system to theoretically prove random lasing emission [2]. 
A multimode laser spectrum without an external cavity was discovered in 1994 by Lawandy et 
al, showing the first working principle of a random laser [3]. 

Random lasers are used in numerous biosensor applications to detect cancerous thyroid, 
changes in structure and composition of brain tissues, small pH and temperature variations, 
uterine tissues, sense low levels of dopamine, and distinguish malignant and healthy tissues 
[4]-[10]. However, lowering of the lasing thresholds for advancing in this field is still a 
challenge. Numerous initiatives to lower the lasing thresholds include using dye-doped 
polymer films [11]–[13], altering the irradiated laser conditions [14], coupling the random 
cavity modes with planar microcavity modes [15], employing SnO2 nanowires coated with an 
amorphous layer [16], doping of Al [17], doping of gold [18], and employing a SiO2 capping 
layer with ZnO nanorods [19].  

It has been demonstrated that doping ZnO with Al can reduce resistivity, increase transmittance 
in the visible area, obtain high conductivity, provide high sensitivity, generate extra electrons, 
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and increase the band gap energy [20]–[22]. Doping with Al was also reported to enhance 
photodetector performance due to long-term emission current stability, fast response and 
recovery time, and better electrical conductivity compared to pure ZnO [23]–[25]. These 
advantages make Al the ideal choice for doping with ZnO. In addition, Al is the most common 
doping element used in solution-based growth techniques to dope ZnO [26]–[28]. There are 
two methods to perform doping; in-situ and ex-situ. Our previous work on in-situ doping of Al 
revealed challenges in increasing the doping percentage whereby the maximum reported limit 
of doping concentrations was between 0.67 % [17] and 1.72 % [29]. In addition, a number of 
challenges that arise when employing the in-situ method of doping, include a significant 
distortion along the growth direction (c-axis) [30], decreased deposition rate [31] and slower 
growth rate [32].  

To solve the problems associated with in-situ doping, we proposed simple ex-situ doping of 
ZnO nanostructure to increase the doping concentration in ZnO and hence further reduce the 
random lasing threshold. The ZnO nanostructure was synthesized by chemical bath deposition, 
and doping was done by dipping the ZnO structures into aluminum nitrate nonahydrate solution 
at different dipping durations then followed by annealing to enhance doping. The aluminum 
nitrate nonahydrate solution is a non-toxic, low-cost dopant solution, and low energy 
consumption was used to evaluate its efficiency in random lasing. The morphology, structural, 
optical and lasing properties were characterized, analyzed and discussed in this manuscript. 

2. METHODOLOGY

2.1. Preparation of ZnO seed layer

Standard microscopic glass slides 1 mm thick and 7.5 cm x 2.5 cm in size was used as the 
substrate. The substrate was cleaned in a Branson 1510 ultrasonic bath with deionized water, 
acetone, and ethanol for 10 minutes each. Nitrogen gas was then used to dry the glass substrate. 
This cleaning procedure eliminates impurities from the glass surface to provide a very adhesive 
and high-quality surface for seed layer deposition. A 100 nm of ZnO seed layer was deposited 
using Auto HHV500 radio frequency sputtering with the base vacuum pressure of 5x10-5 mbar 
and operating power of 150 W. The deposited ZnO seed layer then undergoes heat treatment 
for 1 hour at 100 °C. 

2.2 Preparation of ZnO nanorods 

Chemicals were purchased from Sigma-Aldrich and used as received without any purification 
process. The ZnO nanorods were prepared using the chemical bath deposition (CBD) method. 
Both zinc nitrate (Zn(NO3)2.6H2O), product number 228737 with a molar mass of 297.49 g/mol 
and hexamethylenetetramine (HMT) (CH2)6N4, product number 33233 with a molar mass of 
140.19 g/mol were used. The synthesis starts with diluting 50 ml of deionized water to form 
0.08 M of zinc nitrate and 0.08 M of HMT, separately. Then, both solutions are combined and 
stirred for 1 minute. The ZnO seed layer-coated glass substrate was then placed vertically in 
the beaker containing a mixture of zinc nitrate and HMT. Note that, the glass substrate must be 
fully sinking in the solution to make sure the synthesis covers the entire glass substrate. The 
growth of ZnO nanorods was fixed at 96°C in a binder oven for 3 hours. The ZnO nanorods 
were then rinsed using deionised water to remove the excessive mass of ZnO. The chemical 
process during the CBD process is as follows: 



(CH2)6N4 + 6H2O → 6HCHO + 4NH3 

NH3 + H2O ↔ NH4
+ + OH− 

Zn(NO3)2 → Zn2+ + 2NO3
− 

Zn2+ + 2OH− ↔ ZnO(s)  + H2O 

 
2.3 Preparation of doping solution 

Aluminum nitrate nonahydrate (Al(NO3)3.9H2O) was diluted with 30 ml of deionized water 
and stirred for 10 minutes to form 10 mM of doping solution. The ZnO nanorods were then 
submerged in the doping solution for 0 s, 20 s, 30 s, 40 s, 60 s, and 80 s and samples were 
heated for one minute at 96 °C. Then, the samples were annealed in ambient air at 300°C for 
one hour. The reaction equation as ZnO nanorods dipped in aluminum nitrate nonahydrate 
solution is as follows [25]: 

Al(NO3)2. 9H2O → Al3+ + 3NO3
− + 9H2O 

Al3+ + 3OH− → Al(OH)3 

Zn2+ + Al3+ + 5OH− → Zn(OH)2 + Al(OH)3 

2Al(OH)3 ↔ Al2O3 + 3H2O 

Zn(OH)2 + 2Al(OH)3 ↔ ZnO + Al2O3 + 4H2O 

2.4 Characterization method 

Using a CuKα radiation source with wavelength of 1.5406 Å, PANalytical X’Pert PRO MRD 
PW3040 X-ray diffraction (XRD) analysis was used to evaluate the crystallinity of the samples. 
Meanwhile, the samples' morphology, distributions and atomic percentage of elements were 
determined using a field emission scanning electron microscope (FESEM) Nova NanoSEM 
450 paired with energy-dispersive X-ray spectroscopy (EDX). Both room temperature 
photoluminescence (PL) and room temperature random laser measurements were performed 
using a 355 nm Nd:YAG laser source with 0.6 ns pulse width and 20 kHz repetition rate. The 
power of the laser source was varied from 31 mW to 0.91 mW. Ocean optics fibre spectrometer 
was used to record the emission, and Ocean View software was used to analyse the spectrum. 
 
3. RESULTS AND DISCUSSION 
 
Figure 1 shows the FESEM image of top and cross-sectional (inset) view for ZnO nanorods 
dipped in aluminum nitrate nonahydrate solution at various dipping times. Image J software 
was used to determine the average ZnO nanorod’s diameter and height. Overall, the average 
ZnO nanorods diameter do not change significantly as the dipping time increases from 0 s to 
80 s (± 14 nm). However, the height of ZnO nanorods shows an obvious reduction as the 
dipping duration increases from 1200 nm to 676 nm. Further investigation on the acidity of the 
aluminum nitrate nonahydrate solution reveals a pH of 4 (acidic solution). Previous reports 
mention ZnO nanorods will slowly dissolve at a pH ≤ 4.6 [33]. This is observed in our samples 
as shown in the cross-section FESEM image whereby increasing the dipping time reduces the 



ZnO height. Important to note that during all dipping durations, the pH level of the aluminum 
nitrate nonahydrate solution was constant.  

 

Figure 1: Top view and cross-sectional view (inset) of FESEM images of ZnO nanorods with 
different times of dipping in aluminum nitrate nonahydrate solution of a) 0 s, b) 20 s, c) 30 s, 
d) 40 s, e) 60 s, and f) 80 s. 

 
EDX analysis was used to identify the atomic percentage (%) for each element in the samples 
as summarized in Table 1. The EDX result shows that as the dipping time increases, the atomic 
percentage (%) of aluminum (Al) rises from 0.81 % to 3.81 %. On the other hand, the zinc (Zn) 
atomic percentage dropped from 59.65 % to 48.73 % whereas the oxygen (O) atomic 
percentage increased from 40.35 % to 44.73 %.  
 
Table 1: EDX results of the atomic percentage of elements according to dipping time. 

Time of dipping (s) Atomic percentage (%) 
Zn O Al 

0 59.65 40.35 - 
20 51.96 47.23 0.81 
30 54.04 44.58 1.06 
40 51.61 43.70 1.19 
60 47.51 48.91 3.57 
80 48.73 44.73 3.81 

 
To observe the distribution of the elements, EDX mapping was done for the sample dipped for 
40 s as shown in Figure 2. The green colour of the image corresponds to the L-line spectra of 
the Zn element. Meanwhile, the red and yellow colour images are distinctly acquired at the K-
line spectra O and Al elements, respectively. It has been noticed that Zn and O have higher 
atomic percentages (%) than Al, which may be related to Al's short period of dipping. In 



addition, it is observed that the samples prepared are composed only of Zn, O and Al as no 
other elements were detected.  

Figure 2: EDX mapping for sample dipped for 40 s. The distribution of the two dominant 
elements, Zn and O, is consistent with the distribution of nanorods.  
 
Figure 3 shows the XRD pattern for all samples with peaks corresponding to the diffraction 
planes of (002) and (004). Both peaks were matched with the hexagonal wurtzite structure of 
ZnO (JCPDS data card number 80-0075). The dominant XRD spectra peak was (002) and the 
minor peak was (004) due to the preferred orientation along the c-axis. No significant Al peak 
was observed in the XRD pattern most likely because the Al dopant atoms do not occupy the 
zinc lattice sites and tend to occupy interstitial sites [34]. In addition, a 0.10° shift to a greater 
angle was observed in the (002) XRD peak. This is evidence that the crystallite size decreased 
[35] when doping is introduced and hence shows additional evidence of doping [22], [34]. 

 
Figure 3: a) The XRD patterns of ZnO nanorods after doping procedure. b) Shift in the (002) 
diffraction peak due to different doping duration as evidence of doping.  

 
The room temperature PL spectra of ZnO at the different duration of doping is shown in Figure 
4. Only near-band edge (NBE) peaks which are related to exciton recombination [36] appeared 
with narrow peaks centred at 377 nm, 379 nm and 381 nm for different duration of doping. The 
NBE peaks showed a slight shift of about 4 nm when dipped with different duration of doping. 



This is likely to be due to the Burstein-Moss (BM) effect [37], [38]. Note that, pulse excitation 
(high-intensity excitation) was employed to measure the PL emission, which caused the UV 
component and the visible component to partially overlap [39]. As a result, only NBE and not 
deep-level emission (DLE) was observed.  
 
   

 
Figure 4: a) PL spectra of samples undergo different dipping duration. b) Zoom in PL spectra 
of all samples. 
 
Figure 5 a)-e) show random lasing emission observed paired with the pump energy density 
against the integrated intensity and spectral width measured by the full-width half maximum 
(FWHM) of the lasing peak from samples that undergo different dip durations of 20 s, 30 s, 40 
s, 60 s, and 80 s, respectively. For the 0 s sample, it did not reveal any lasing emission 
suggesting that doping was required for lasing to occur. All other samples showed random 
lasing emissions. Different dip duration contributes to different modes formed inside the 
structure. To generate a particular lasing mode is challenging because light follows a random 
path in the random media. These modes tend to shift randomly because the random paths taken 
by subsequent pulses within the medium would be different. Therefore, lasing modes coexist 
and compete for the available gain so that no specific frequency can dominate, and the random 
laser can have different spectral features each time it is excited [40]. The threshold values and 
spectral width for samples undergo doping at 20 s, 30 s, 40 s, 60 s and 80 s were tabulated in 
Table 2. The lowest threshold energy density 12.48 mJ/cm2 corresponds to 40 s time of doping 
(about 1.2 % of Al detected) with a spectral width of 2.12 nm. If Al atoms replace Zn atoms, 
both scattering and transport mean free path increases [41]–[43]. This then lowers the threshold 
energy density. Sample doped for 40 s shows the lowest threshold value, implying Al replaced 
Zn sites and improved the crystallinity. This is evidently shown in the XRD spectrum (Figure 
3). Increasing the dip time increased the % of Al in the sample however this does not contribute 
to improving the lasing emission. In our previous work, lowest threshold was also observed at 
around this value of Al when doped during growth (in-situ) however it was not possible to 
investigate beyond 1.7 % as this was the limit in the doping procedure. This current work 
confirms that doping between 1 and 2 % is ideal for best random lasing as samples above these 
values showed higher thresholds. It is possible that scattering may be affected with increasing 
doping. Similarly, grain boundaries have been shown to affect random lasing emission [44] as 



such lasing from polycrystalline ZnO nanorods prepared by the same method (i.e. CBD) has 
also shown to increase threshold [45]. 

Figure 5: Random lasing measurement paired with the energy density against spectral width 
measured by the FWHM of lasing peak from samples that undergo different dipping durations 
of a) 20 s, b) 30 s, c) 40 s, d) 60 s and e) 80 s. 



 
Table 2: Summary of threshold energy density and spectral linewidth based on FWHM for 
samples with different dip duration. 
 

Time of doping (s) Threshold energy density (mJ/cm2) FWHM (nm) 
20 27.25 1.81 
30 21.39 0.73 
40 12.48 2.12 
60 22.92 1.45 
80 14.51 1.81 

 
4. CONCLUSION 

 
Ex-situ Al doping in ZnO nanorods was effectively carried out at different doping durations of 
0 s, 20 s, 30 s, 40 s, 60 s, and 80 s, respectively. It revealed that the ZnO nanorod structure 
remained even though the nanorod’s height was reduced. In addition, it was observed that the 
threshold value and spectral width are affected by the Al %, and the random laser cannot occur 
without doping. This is additional evidence that doping enhances random lasing and lowers the 
random laser threshold as well. The sample that was doped with Al in aluminum nitrate 
nonahydrate solution for 40 s resulted in a 1.19 % of Al, a threshold value of 12.48 mJ/cm2 and 
a spectral width of 2.12 nm. 
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