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Abstract—Zinc Oxide (ZnO) nanorods have been extensively studied owing
to their exceptional materials properties as well as outstanding performance in
optics, electronics, and photonics. Lately, photocatalytic applications of ZnO
nanorods are of greater interest in ecological defense applications. When mag-
nesium is doped with ZnO, the properties of nanorods can be improved for sev-
eral potential applications in diverse fields of science and technology. In this
work, we have studied the effect of parameters like doping concentration and
temperature for solution-based growth on the diameter and length of the nano-
rods grown on the glass substrate. Fuzzy Logic Controller (FLC) has been used
to calculate precise and accurate results as the FLC is based on human-like rea-
soning. The analysis of the dependence of diameter and length of Magnesium
(Mg) doped ZnO nanorods on different input parameters is done by fuzzy simu-
lations and the simulated results are then compared with the calculations done
using Mamdani’s model. An almost negligible percentage error is calculated be-
tween the simulated and calculated values. As at nanoscale the size of the struc-
ture is crucial, the results of this study demonstrate that the synthesis parameters
can be easily optimized to get Mg doped ZnO nanorods of the desired size to be
used in specified application purpose.
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1 Introduction

Now-a-days nanomaterials have gained considerable attention due to their tremen-
dous revolution in different fields including medicine, food, and others, etc. The struc-
tures of nanomaterials are different from macroscale structures as they are diverse and
complex. Nanomaterials have become broadly studied for the past few years due to
their unique properties which are, surface and edge effect, minor size effect, improved
surface-to-volume ratio, as well as quantum size effect. Through the fast development
in nanotechnology, a large number of engineered nanomaterials have been smeared in
agriculture, industry, service, food, and medicine [1]. Among numerous nano-
materials that are semiconductors in nature, ZnO has gathered great attention due to
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its remarkable properties and wide range of applications. ZnO is normally obtainable
in white powder form and insoluble in water. The high electron mobility and wider
band-gap of ZnO make it appropriate for high temperature and high voltage applica-
tions [2-4].

ZnO can display a wide range of nanostructures, exceptional semiconducting, pie-
zoelectric, and optical properties therefore have been considered for a wides range of
applications. Other most significant features of ZnO nanomaterials are their easy
biodegradability and low toxicity. ZnO is a semiconductor with a direct bandgap that
is 3.37eVand has an exciton binding energy of 60meV. ZnO exhibits immediate Ul-
traviolet (UV) emission, piezoelectricity, and transparent conductivity. Additionally,
ZnO is bio-harmless and bio-friendly and therefore used for biomedical applications
deprived of the coating. Concentrated research has been fixated on the fabrication of
One Dimensional (1D) ZnO nanostructures and in a correlation of morphologies with
size-associated photosensitive and electrical properties. Numerous types of ZnO
nanostructures have been recognized, such as nanorods, nanodots, nanowires, nano-
tubes, nanobelts, nanobridges and nanowalls, nanonails, seamless nanorings, nanohe-
lixes, mesoporous single crystal nanowires, as well as polyhedral enclosures [5-8].
ZnO nanorods have been extensively studied owing to their exceptional materials
properties as well as outstanding performance in optics, electronics, and photonics.
Lately, photocatalytic applications of ZnO nanorods are of greater interest in ecologi-
cal defense applications. Due to n-type structures, it has been observed that nanorods
have excellent piezoelectric and pyroelectric properties [9-11].

ZnO thin films have a wide range of applications in many optoelectronic devices
including sensors, Photodetectors, spintronic devices, light-emitting diodes, and ener-
gy harvesting. It has been reported the addition of doping elements results in the mod-
ification of properties of ZnO. Mg doped ZnO thin films have large exciton binding
energy, can be grown at low temperature, and also the bandgap can be tuned by
changing the incorporation amount of Mg [12]. Shewale et. al. [13] reported that vari-
ation in processing time results in a change of film thickness, growth time have a
direct relation with the film thickness of Mg ZnO nanorods. It has been reported that
the addition of Mg in ZnO nanorods can result in enhanced optoelectrical properties
and increased electrical conductivity [14]. Yang et. al. [15] proved that the diameter
of ZnO nanorods can be controlled successfully by adjusting the pH of the medium.
Al Hardan et. al. [16] synthesized ZnO nanorods with different concentrations of Mg
doping and it is noticed that by the addition of Mg the nanorods became hallow. Guo
et. al. [17] studied the effect of doping content of Mg and different substrates for the
growth of nanorods, and it is observed that Mg doping enhances crystalline quality
and morphology. Also, ZnO substrate is a good choice for Mg ZnO nanorods growth.
Azzez et. al. [18] studied the effect of temperature on the Mg-doped ZnO nanorods
synthesized via the hydrothermal method. It is proved from the results that at a mod-
erate temperature of 150°C improved crystal quality and uniform size distributed
nanorods can be obtained. Winkler et. al. [19] fabricated Mg dope ZnO film via the
chemical bath method and results reveal that the film can only be grown in a narrow
pH window. Kasi et. al [20] studied the annealing temperature effect on the antibacte-
rial action and morphology of Mg-doped ZnO nanorods. Mohar et al. [21] studied the
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dependency of Mg-doped ZnO nanorods optical properties on Al dopant. Qi et al. [22]
proposed a method that was observed promising as a facetious and innovative way for
changing light-trapping aptitudes of Mg-doped ZnO nanorods thin films appropriate
for polymer based solar cells as well as other ZnO based photonic and optoelectronic
devices. Senol et al. [23] proposed how the bandgap of Mg-doped ZnO nanorods
engineering has been prepared by hydrothermal method and has applications in differ-
ent industries.

Numerous methods that have been adapted for the growth of nano-rods include hy-
drothermal processes, pulsed laser deposition, vapor-liquid-solid deposition, seed-
layer deposition, and Chemical bath deposition [24, 25]. For solution-based tech-
niques, significant properties of the solution include the concentration of metal salts,
additives, solution composition, saturation level, and pH [26, 27]. The parameters
important for the growth process that play role in tuning the properties include deposi-
tion time, temperature, and stirring rate [28, 29].

Several simulation tools that can be adopted to check and estimate the process pa-
rameters include COMSOL [30], ANSYS [31], TRNASYS [32], and MATLAB [33].
The FLC is a method to incorporate human-like reasoning in a control system. FLS
works for any type of input irrespective of noisy or distorted information. Since the
execution is based on “degrees of truth” it gives a very logical solution to even com-
plex problems. FLC provides rules for mathematical models to resolve their com-
plexity [34-36].

In this paper, the growth of Mg doped ZnO nanorods on glass substrate has been
observed. Then to calculate the precise diameter and length of Mg-doped ZnO nano-
rods, the input parameters of temperature and doping concentration have been applied
to FLC and simulation is done on MATLAB. The accuracy of the obtained results is
crucial for applications in various fields by synthesis via chemical methods.

2 Synthesis Method

A glass substrate is cleaned with DI water and acetone. After cleaning the glass
substrate is dried for the growth of Mg doped ZnO nanorods. A 20mM solution of
Hexamine and zinc acetate with Mg as doper in DI water is prepared. This solution is
then added to the self-designed setup for chemical bath deposition of the rods. The
temperature of the water bath is set between 75-95°C. then the substrate is immersed
vertically into the solution for about 5 hours. The substrate is then washed with DI
water and baked for about 2 hours at 450°C. The schematic for the synthesis proce-
dure is shown in Fig. 1.
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Fig. 1. Schematic of synthesis process

3 Methodology

Fuzzy simulation and analysis has been carried out with MATLAB using Mamda-
ni’s model. The FLC block in Simulink has process temperature and Mg doping con-
centration as two inputs and two outputs including Rod length and Rod diameter. The
two input parameters are assigned with three membership functions making 9 rules
for the fuzzy analysis. The range of values is selected for each membership function.
The range of the process temperature is selected from a minimum of 75-95°C, where-
as the range for the Mg doping concentration in the ZnO nano-crystal is set from the
minimum value of 0-10%. The output parameters of length of rod are taken in the
range of 1-20 um and the diameter of the rod is taken in the range of 50-500nm. Fig. 2
represents the FLC block for two inputs and two corresponding outputs.
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Fig. 2. FLC Interface for 2 Inputs and 2 Outputs

Fig. 3(a-d) show the membership functions and ranges of the inputs and output.
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Fig. 3. Membership Function of Input and Output along with its Ranges (a) Process Tempera-
ture (b) Mg Doping Concentration (c) Diameter of Rod (d) Length of Rod

Membership functions for input 1 process temperature are taken as low, medium,
and high. Membership functions for input 2 Mg doping concentration are taken as
low, medium, and high. Membership functions for the output diameter of the rod are
taken as small, middle, and large. Membership functions for the output length of the
rod are taken as small, medium, and large as shown in Table 1.

Table 1. Ranges of Every Membership Function of Input and Output

Input/Output Membership Function Ranges
Low 75-80
Process Temperature (°C) Medium 77-93
High 90-95
Low 0-4.5
Mg Doping Concentration (%) |[Medium 2.5-7.5
High 5.5-10
Small 50-250
Diameter of the Rods (nm) Middle 150-450
Large 350-500
Small 1-8
Length of the Rods (um) Middle 1.5-19.5
Large 14-20
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Because there are 2 input variables, a total of 9 rules have been designed for simu-
lations. For a set of two rules from both inputs, there are two corresponding outputs.
The rules are set based on knowledgeable data and literature.

Based on these rules, 3D graphs are studied for input and their effect on output.
Fig. 4 shows 3D graphs between input and output. Fig. 4(a) shows the graph between
process temperature and Mg doping concentration and its effect on the diameter of the
prepared rods. Fig. 4(b) shows the graph between process temperature and Mg doping
concentration and its effect on the length of the prepared rods.
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Fig. 4. 3D Graphs between (a) Process Temperature and Mg Doping Concentration with the
Diameter of Rod as Output (b) Process Temperature and Mg Doping Concentration
with Length of Rod as Output

The diameter of the rod decreases with the increase in Mg doping owning to the
addition of conductive materials which results in the decrease in crystallite size of the
prepared nanostructure. Because of the small ionic radii of Mg, its incorporation in the
ZnO nano-crystal results in a decrease in its crystallite size. Similarly, with high pro-
cess temperature of chemical bath deposition highly hexagonal structured with small
diameter and length of nano-rods is prepared. Higher temperature will result in
smoother and better growth of Mg doped nano-rod material.

Fig. S represents the defined rules viewed by Matlab Rule viewer, which shows
that for process temperature 90.10C and Mg doping concentration of 7.17% the output
diameter of the rod is 266 nm and rod length 5.98 um.
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Fig. 5. Rule Viewer for Crisp Value Selection

4 Results and Discussion

Crisps values of the inputs and the corresponding output crisp value are noted for
the calculations of the results and rule viewer as shown in Fig. 4. The selected input
crisp values for process temperature 90.1°C and Mg doping concentration of 7.17%
the output diameter of the rod is 266 nm and rod length 5.98 um as shown in Fig. 4.

These values of membership functions are calculated as:

e1=(95-90.1)/95 = 0.05°C
e = l-e1= 1- 0.05 = 0.95°C

For the crisp value of the Mg doping concentration, the values of membership
function are calculated as:

es=(10-7.17)/10 = 0.283%
es=1-e3=1-0.0106=0.717%

For the corresponding membership function values e1, €2, €3, and es, the following
four rules out of a total of nine rules are selected. Table 2 shows the calculations per-
formed for minimum value (Mi) of membership functions, singleton values (Si) of the
film diameter of the rod, and its estimated value.
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Table 2. Calculations Using MAMDANI’s Model for Rod Diameter Calculation

Process Temperature | Mg Doping Concentration | Membership Functions | Mi Si |MixSi
Small Medium ei1’e; 0.0570.283 0.05 | 3.5 | 0.175
Small Small ere? 0.0570.717 0.05 | 3.5 | 0.175
Large Medium ex’es 0.9570.283 0.283 | 0.5 | 0.9905
Medium Medium ex’es 0.9570.717 | 0.717 | 3.5 2.51

Where * is used for comparison between respective Membership functions values

2(Mi x Si)=3.001

*Mi=1.1

¥ (MixSi)
> Mi

Mamdani's Model = x 100

Mamdani Model Value for Diameter = (3.001/1.1)x100 = 272 nm

The resultant of the calculations by Mamdani’s model is 272 nm which is approx-
imately equal to the crisp value of the length of rods by rule viewer for the corre-
sponding input crisp values. The difference and percentage error difference between
the simulated value and the theoretically calculated value is as follows:

Percemtage Errpr= % =0.06%

Table 3 shows the calculated value of length using the input crisp values.

Table 3. Calculations Using MAMDANI’s Model for Rod Diameter Calculation

Process Temperature | Mg Doping Concentration | Membership Functions | Mi Si | MixSi
Small Medium eel® 0.05% | 0.05 | 0.14 | 0.007
Small Small eel® 0.05°7'7 | 0.05 | 0.01 [0.00007
Large Medium ee2* 0.95°2% 1 0.283 | 0.14 [0.03962
Medium Medium ee2* 0.95°7'7 | 0.717 | 0.015 [0.01075

X(Mi x Si) = 0.05744
>*Mi=1.1

Mi x Si
Mamdani's Model = M x 100
> Mi

Mamdani Model Value for Diameter = (0.05744/1.1)x100 = 5.22 um

The resultant of the calculations by Mamdani’s model is 5.22 pm which is approx-
imately equal to the crisp value of the diameter of rods by rule viewer for the corre-
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sponding input crisp values. The difference and percentage error difference between
the simulated value and the theoretically calculated value is as follows”

Dif ference

Perctange Error = =0.0076%

These results calculated using the logic control system with human-like reasoning
can be utilized for the synthesis of the film with desired length and diameter of rods
by controlling the parameters. If the parameters can be controlled successfully then by
using chemical methods the rod length and diameter can be optimized with better
performance for the application for which it is to be used.

A comparative analysis between the previously carried out research work and the
finding of this work shows that the diameter, as well as the length of the rods decreas-
es with Mg doping concentration in ZnO nanorods. Various previously carried out
work co-relate with this finding. Sahoo et al reported the preparation of a 5% Mg
doped ZnO sample having a diameter of 113 nm gradually decreases as compared to
that of pristine ZnO 182 nm [37].

5 Conclusion

In this paper, we have performed the analysis of structural parameters of Mg doped
ZnOnanorods using the FLC. The parametric analysis is performed taking temperature
and doping concentration during the synthesis process as input. The effect of variation
of these inputs during the chemical bath synthesis on the length and diameter of nano-
rods is studied. The difference between the calculated and simulated is almost negli-
gible, hence the geometric features of the rods which are the length and diameter of
the rod can be optimized effectively by simply varying the process parameters during
the synthesis. These simulations help us to synthesize rods of desired features to be
used successively in practical applications. As at nanoscale the size and geometry of
the synthesized structure are crucial and if we can optimize the parameters of synthe-
sis then we can get desired size structure easily for any application.
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