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In the present work, the influences of synthetic parameters on the optical properties of hydrothermally synthesized ZnO 
nanoparticles were investigated. Multivariate experimental design was applied to study the growth behavior and optical 
properties of obtained nanoparticles. Doehlert experimental design allowed determining the influence of three parameters 
(Synthesis temperature; synthesis period; and, initial concentration of precursors) on the different properties of the obtained 
nanoparticles; including: crystallite size obtained from Debby-Scherer calculation, exciton energy and band-gap energy 
obtained from optical absorption spectra of synthesized nanoparticles. Experimental data were fitted using artificial neural 
networks (ANNs). The reproduced experimental data from mathematical model shows a confidence within 90% and allows 
the simulation of the process for any value of parameters in the experimental range studied. Also, the saliency of the input 
variables was measured using the connection weights of the neural networks in which the relative relevance of each 
variable with respect to the others was estimated. The ANN results indicated that the exciton band edge which was 
observed in UV-Vis spectra of the obtained nanoparticles due to confinement effects, exciton energy increase by increasing 
the crystallite size while the band gap shows shrinkage. 
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1. Introduction 
 
Nanosemiconductors have become promising 

materials for different fields of application, especially for 
electronics and optoelectronics. The evolution in these 
sciences are going to emerge new opportunities for 
different aspects and thrust their ways to daily life and this 
evolution in nanosemiconductors has been carrying out 
exponentially in respect of other branches of 
nanotechnology. Among these nanosemiconductors, ZnO 
has become one of the main semiconductors for most of 
the researches. Zinc oxide has a wide band gap of 3.3eV 
(at bulk state), low resistivity and high transparency in the 
visible light wavelengths and high light trapping 
characteristics [1], which ensures its efficient ultraviolet 
(UV) emission up to room temperature [2]. Hexagonal 
wurtzite (a=3.25Å and c=5.12Å) is the main stable 
structure of ZnO at room temperature [3]. Zinc oxide 
shows enhanced properties by decreasing its size from 
bulk state to nanoparticles. These properties which are 
arisen from quantum confinement effect and high ratio of 
surface to volume in nano-scale make this nanoparticle 
applicable in various areas; including: UV-light emitters; 
transparent high-power electronics; piezo-electric 
transducers; solar cells; etc [4].  

The more researchers have been focusing on the 
synthesizing smaller particles, the more newly developed 
synthesis methods have been emerging day by day. 

Chemical bath deposition (CBD) [5,6], sol–gel [7,8], 
sonochemical [9,10], hydrothermal [11,12], etc. are some 
of these methods in which researchers made a great efforts 
to synthesis smaller nanoparticles with specific 
morphologies and desired properties. Among 
aforementioned synthesis methods, hydrothermal is 
capable of producing different morphologies with ability 
to provide great controllability on growth and 
morphologies; but, the high working temperature with 
usually relatively long periods of synthesis time could be 
named as its main disadvantages. The main efficiency of 
the hydrothermal, regardless of its disadvantages, is its 
great controllability. Thus, many researchers use it as the 
main method to produce their desired nanoparticles 
[13,14].  

As the demands of using chemical products have been 
increasing, statistical experimental design methods which 
could cover the effects of parameters on properties of 
products have been growing to enhance the insurance of 
the quality among the producers. Multivariate designs, 
which allow simultaneous study of several control 
variables, are faster to implement and more cost-effective 
than traditional univariate approaches [15,16]. One of the 
conventional experimental designs for second-order 
models is the uniform shell design proposed by Doehlert 
in 1970 [17]. Doehlert designs are easily applied to 
optimize variables [18,19] and offer advantages in 
comparison with other experimental design methods. 
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Providing higher efficiency as well as fewer experiments 
has made this design as one of the most precise and 
efficient designs [19].  

In present work, an attempt carried out to investigate 
the effects of hydrothermal synthesis’ main parameters 
including: synthesis temperature and period and initial 
concentrations of precursors on the linear optical 
properties of obtained zinc oxide nanoparticles. 
Aforementioned variables effects were studied on the final 
products crystallite size, particle size and morphology by 
using XRD and SEM, respectively. The optical absorption 
spectra were investigated using UV-Vis 
spectrophotometer. The results of experimental tests were 
modeled using Artificial Neural Networks (ANN).  

 
 
2. Experimental 
 
2.1 Materials 
 
NaOH and Zn(Ac)2 were purchased from Merck and 

were used without further purification.  
 
2.2. Experimental design 
 
Doehlert experimental design was applied to 

investigate the effect of three variables: synthesis 
temperature, synthesis time and initial concentrations of 
precursors. The ratio of the Zn(Ac)2 to NaOH was kept 
equal to 1/2. The complete experimental design and 
variables range are listed in Table 1.  

 
 

Table 1 Mulivariate experimental design for present study. 
 

Samples Temperature 
[°C] 

Time [hrs] Initial 
concentration of 
Zn(Ac)2 [mol]

S1 150 12:00 0.75 
S2 190 12:00 0.75 
S3 170 17:12 0.75 
S4 170 13:44 0.5 
S5 110 12:00 0.75 
S6 130 6:48 0.75 
S7 130 10:18 0.5 
S8 170 6:48 0.75 
S9 170 10:18 0.5 
S10 130 17:12 0.75 
S11 150 15:30 0.5 
S12 130 13:44 1 
S13 150 8:30 1 

 
 

 
2.3 Synthesis method 
 
First; 100ml aqueous solution of Zn(Ac)2 was added 

dropwisely to a 100ml NaOH aqueous solution with 
desired concentration. The obtained solution was poured 

into a 35ml Teflon lined autoclaves and filled up to 80% 
of its volume. Then the autoclaves was kept at defined 
temperature for defined period of time. After that, 
autoclaves were cooled to room temperature naturally and 
then the precipitates were filtered and washed with 
distilled water and ethanol for several times. Finally 
obtained powder dried at 50°C for 24 hours. 

 
2.4. Analyses 
 
The crystalline structure of materials was studied 

using Siemens D-5000 X-ray diffractometer (XRD) with 
Cu-Kα radiation ( =λ  0.154178 nm). Scanning Electron 
Microscopy (Philips XL30) images were used for studying 
morphologies of prepared samples. The optical properties 
were studied by double-beam Shimadzu UV-2450 Scan 
UV-Visible Spectrophotometer.  

 
2.5 Neural networks strategy 
 
In this study, a three layer perceptron implemented in 

C++ was used for modeling experimental data. This 
network was optimized considering the number of neurons 
used in the hidden layer. Back-propagation algorithm was 
used for training ANN. Using these configuration for 
ANN, the best accuracy reached was about 10-4. The Fig. 1 
shows the results of network for different number of 
neurons. The used numbers of neurons for computations 
were 10 neurons. 

 
 

Fig. 1. Effect of number of neurons in the hidden layer on 
the performance of the neural network; a) Crystallite 
size, b) Band gap and c) Exciton network. 
 
 
3. Results and discussion 
 
3.1. Obtained results for samples 
 
Obtained XRD patterns of samples are shown in Fig. 

2. All peaks are attributed to crystalline wurtzite structure 
of ZnO (JCPDF 36-1451) and no peaks of other crystalline 
phases were detected. As shown in this Figure, peaks of 
(101) planes have highest intensity and the intensity orders 
of peaks are similar in all these samples.  
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Fig. 2. XRD patterns of obtained ZnO nanoparticles. 
 
 
The median crystallite sizes of particles were 

investigated from the full width at half maximum 
(FWHM) of the highest diffraction peaks using the 
Debye–Scherer formula [20]:  
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where D is the mean crystallite size; k is a grain shape 
dependent constant (here assumed to be 0.89 for spherical 
particles); λ is the wavelength of the incident beam; θ is 
the Bragg diffraction peak angle; and β is the full width at 
half maximum. 

SEM images of the obtained nanoparticles show 
similar morphologies but due to high interest of particles 
to form aggregate, the obtained SEM images show 
aggregates rather than particles. The SEM images of 
samples S2, S6, S9 and S10 are shown in Fig. 3. 

 

 
 

Fig. 3. SEM images of samples S2, S6, S9 and S10. 
 
Absorption coefficients of colloidal ZnO suspension 

(α, cm-1) have been calculated using the following 
equation [21]:  
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where, D is the optical density of a solution, ρ is the 

density of bulk ZnO crystals (5.606
3cm

g ) [4], C is the 

ZnO concentration (3×10-4
3cm

g ) and l is the optical path 

(cm).  
Absorption coefficient, α(λ) , for allowed direct 

transition of semiconductors is given by the following 
expression [22]: 
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where A is coefficient of the given electronic transition 
probability. The exciton band energy was determined by 
plotting ( )⎟⎠

⎞⎜
⎝
⎛

ν
α

hd
d vs. νh , as shown in Fig. 4. 

 

 

 
 

Fig. 4. a) UV-Vis absorbtion spectra of samples; b) 
exciton band energy and c) band gap of the samples. 

 



The use of artificial neural network (ANN) for modeling optical properties of hydrothermally synthesized …              383 
 

 
 

3.2. ANN fitting 
 
Experimental and neural network results are in good 

agreement. The computed correlation coefficients are near 
1, as shown in Fig. 5. The main reason of data scattering 
could be due to experimental error. 

 
 
 

Fig. 5. The neural network fitting of experiments; a) 
Crystallite size, b) Band gap and c) Exciton network. 

 
 
One of the methods for finding the significance of 

inputs from the trained network is the saliency analysis 
[23]. In this method, variables are removed from the 
network one at a time, and the forecast error is computed. 
By repeating the process for each input variable, it is 
possible to determine the relative importance of each 
variable. The results of saliency analysis on the input 
variable for each network (%) are shown in Table 2. From 
these results it is possible to deduce the effect of each 
parameter on the studied variables. In this study it is 
confirmed that temperature has the highest effect on the 
results of the ANN. 

 
 

Table 2 Saliency analysis of the input variables for the neural 
network (%). 

 
Neural 

network 
output 

Parameter 
Temperature Time Initial 

concentration 
of 

Zn(Ac)2 
Crystallite 

size 
79 15 7 

Band gap 72 15 13
Exciton 77 12 11 

 
 
 
 

3.3 Effects of synthesis variables on crystallite  
       growth 
 
The variation of crystallite growth of the obtained 

nanoparticles is shown in Fig. 6. As could be seen in this 
Fig. by increase in synthesis time and temperature, 
obtained crystallite sizes become bigger. The slope of 
obtained response surface becomes more intensive when 
the concentration of the initial precursors increases.   

 
 

 
 

 
Fig. 6. The variation of crystallite size of synthesized 
nanoparticles for initial concentration of Zn(Ac)2 equal 
to a)0.5 ,b)0.75 and c)1 mole. The left column is 3D 
sketch  of  obtained  ANN  fitting  results   and   the  right  
                    column is contours of them. 
 
 
 
The roles of synthesis temperature and time in the 

growth mechanism of the hydrothermally synthesized 
nanoparticles can be explained using growth unit theory 
[24]. In this theory, due to high pressure and temperature, 
unit cells [ −2

4)(OHZn tetrahedron] are created from 
reaction between different precursors (act as initial 
embryos); then, by gathering and reacting with each other 
the crystallites are created. The mechanism of the growth 
is shown in Fig. 7, schematically. 

As shown in this figure, the oxide particles can be 
produced by stacking of these polyhedrons by sharing their 
atoms. In the interior parts, the oxygen ions are the 
connection centers where the exterior and the surface of 

the particles are ( )−OH ligands, which have been proved 
by IR and Raman [25, 26] spectra in other investigations. 

In drying process these ( )−OH  ligands change into water 
and consequently, ZnO particles create. 
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Fig. 7. Idealized interface structure image of ZnO crystal in [0001] direction and the Growth Unit Mechanism of crystallization 

of ZnO. 
 

From thermodynamics point of view, the produced 
unit cells have some energetic obstacles for creation and 
consequently, making crystallites by joining to each other. 
This energy can be prepared by temperature and resulting 
pressure [27], in which enhancement of synthesis 
temperature due to increase in solubility of water make the 
process occurs faster. This phenomenon results in 
dissolution of unstable parts and reproduction on the 
surface of the more stable nuclease and make the progress 
continuously happen and; thus, it results in growth of 
crystallites. On the other hand, as the solubility increase 
the process of the joining of unit cells become faster and 
the crystallites become bigger in higher temperatures. 

 

 
 
Fig. 8. The variation of Band-gap of synthesized 
nanoparticles for initial concentration of Zn(Ac)2 equal 
to a)0.5 ,b)0.75 and c)1 mole. The left column is 3D 
sketch  of  obtained  ANN  fitting  results  and  the  right  
                        column is contours of them. 
 
 
If enough time is allotted for hydrothermal process, 

the final product could be form as one crystallite, as what 
is used in synthesizing quartz crystals [28]. This 
phenomenon is arisen from Ostwald ripening of crystals 
which leads to continues resolution in water and re-
crystallization of solved particles on bigger and more 
stable crystals by passing time. Therefore, as shown in Fig. 
5 the crystallites of ZnO nanoparticles increase in size by 
increase in synthesis temperature and duration. 

 

 
 

Fig. 9. The variation of exciton energy of synthesized 
nanoparticles for initial concentration of Zn(Ac)2 equal 
to a)0.5 ,b)0.75 and c)1 mole. The left column is                 
3D sketch of obtained ANN fitting  results  and  the  right  
                          column is contours of them. 
 
 
When initial concentration of produced unit cells 

increase, the available stable units in the synthesis media 
increase too. When temperature of synthesis media 
increases, solubility of media is increases too. This 
phenomenon leads to increase in growth kinetics due to 
increase in solved unstable parts and consequence re-
crystallization of them on the more stable parts. In other 
word, as shown in Fig. 6, by increasing in initial 
concentration of Zn(Ac)2 from 0.5 to 1 mol, the growth 
accelerates. This phenomenon results in production of 
bigger particles; and also, due to high amounts of the 
produced particles in higher concentrations, the obtained 
particles tend to make bigger aggregates with wider 
particle size distribution.  

 
 
3.4. Effects of synthesis variables on optical band- 
        gap and exciton energy 
 
The calculated band-gaps of the nanoparticles are 

shown in Fig. 8. As shown in this figure, the band gap of 
obtained nanoparticles show shrinkage by increasing 
synthesis temperature and duration. But, as what could be 
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seen in here all samples exhibit blue shifts in comparison 
with the bulk one.  The obtained values of exciton bands 
of nanoparticles are shown in Fig. 9. The variation term of 
the exciton band is vice versa in comparison with behavior 
of band gap.  

When initial and stable nuclei of ZnO are produced, 
they have sub-nano sizes and; thus, in this stage due to 
quantum confinement effects [21, 29] these particles have 
widest band gap. By growth of these nuclei, the band gap 
shows shrinkage. While growth; band gap of particles 
becomes constant equal to bulk material. Thus the band 
gap energies decrease while the exciton band increases by 
growth of particles.  

 
 
4. Conclusion 
 
In conclusion, we have hydrothermally synthesized 

ZnO nanoparticles. With Doehlert experimental design, we 
determined the influence of synthesis parameters 
(Temperature, period and initial concentration of 
precursors) on the crystallite size, exciton and band-gap 
energies. The shrinkage of band gap and the increase of 
the exciton energy were observed by growth of particle 
size. 
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