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ABSTRACT: Nanostructured zinc oxide thin films have been synthesized onto suitably cleaned glass substrates by 
SILAR (Successive Ionic Layer Adsorption and Reaction) method. X-ray diffraction study confirms the formation of 
nanocrystalline hexagonal wurtzite phase of zinc oxide in the films. Lattice constant is determined using Nelson Riley 
plots. Using X-ray broadening, crystallite sizes and lattice strain have been studied by using Williamson – Hall (W-H) 
method and size-strain plot method. The physical parameters such as strain, stress and energy density were calculated 
using modified W-H method. Morphology of the prepared films and the elemental composition were detected by using 
Scanning Electron Microscope (SEM) with Energy Dispersive X-Ray Analysis (EDX) and ultra-high resolution 
transmission electron microscope (UHRTEM).Optical properties have been studied by UV-Vis study and 
photoluminescence intensity. 
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I. INTRODUCTION 
 

Nanostructured materials have drawn attentions to the researchers due to the unique physical and chemical properties 
of nonmaterial, which are different from those of either the bulk materials or single atoms [1]. The reduction of the size 
of materials causes a deviation of their physical and chemical properties from the bulk; and such resultant materials 
(nanocrystals) are known to possess potential applications and novel properties [2].Among the different metal oxide 
films, ZnO have attracted much interest as it is one of the most important II- VI wide band gap (WBG) semiconducting 
material with a band gap of around 3.2-3.37 eV at room temperature [3,4] with a number of interesting physical 
properties. Some of the favorable aspects of ZnO include its radiation hardness, biocompatibility, its high transparency 
in visible region and high electron mobility.  ZnO has been extensively used as a window material for solar cells due to 
the high transmittance in the visible region and its low electrical resistivity [4]. Among different physical forms, the 
thin films of ZnO find a multitude of immensely important applications in electronic and optoelectronic devices such as 
transparent conductors, gas sensor, surface acoustic wave devices, heat mirrors etc [5]. ZnO is attractive for 
optoelectronic applications such as photo detectors, light emitting diodes and electro and photoluminescence devices[6] 
due to the direct band gap and the large exciton binding energy of 60 meV [7-9]. It has potential applications in ultra 
violet light emitting devices, laser devices and daylight blind UV detectors [4]. ZnO has two stable crystalline 
structures, hexagonal wurtzite and cubic zinc blende. The wurtzite structure is the most stable phase at ambient 
conditions. ZnO thin films have been obtained  by pulsed laser deposition [6,7,10,11], RF magnetron sputtering [12], 
spray pyrolysis [13,14] and sol–gel [15],chemical vapor deposition (CVD)[16-18], photo atomic layer deposition[ 19], 
metal oxide chemical vapor deposition( MOCVD)[20], electro deposition[21], Chemical bath deposition (CBD)[22,23] 
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and successive ionic layer adsorption and reaction (SILAR)[24] etc. We have also used SILAR (Successive Ionic Layer 
Adsorption and Reaction) technique for the preparation of thin films which is presently attracting considerable attention, 
as it does not require sophisticated instrumentation like vacuum system and other expensive equipment. Simple 
equipment like hot plate with magnetic stirrer is needed for this method [25]. 

 Nelson Riley plot has been used by many research groups for calculating the lattice constant of a cubic system 
[26]. We have also used it for the same purpose. Crystallite size and  lattice strain and stress have been calculated using 
Williamson Hall method [27] and  Size-Strain plot (SSP) have also been used for finding size and strain of the prepared 
nanocrystals [28, 29], which are also used here.  
 X-ray diffraction (XRD) patterns of ZnO samples were recorded in PANalytical X’Pert Pro XRD with CuKα 
radiation (k = 1.54056 A°) at room temperature. Surface morphology was analysed by ultra high resolution 
transmission electron microscope (UHRTEM) (JEM 2100) operated at 200 kV. Study of SEM analysis was done by 
Zeiss Sigma-VP model and EDX analysis was done by Oxford X-max model. The optical absorbance spectra were 
recorded by UV-Vis spectrophotometer (UV-1800, SHIMADZU) and photoluminescence spectra were recorded by 
using F-2500 Fluorescence spectrophotometer. 
 

II. EXPERIMENTAL 
 

2.1 Cleaning of the substrate 
The microscope glass substrate was cleaned with following steps (1) washed with mild detergent, (2) rinsed with 
distilled water, (3) dipped in dilute chromic acid for three hours (4) rinsed thoroughly with distilled water and (5) 
heated at 200C for 10 minutes by keeping the substrate vertically. 
2.2 Deposition of thin film 
Based on SILAR method the cleaned glass substrate was immersed alternatively in the zinc complex (at room 
temperature) for a known standardized time followed by immersion in hot water (near boiling point) for the same time 
for hydrogenation. The sodium zincate (zinc complex) bath was prepared by addition of a solution sodium hydroxide 
(NaOH pellets, Merck, mol. wt. 40) to an aqueous solution of zinc nitrate Zn(NO3)2.6H2O until pH of the complex 
becomes 12. Initially a white precipitate of zinc hydroxide appeared according to the reaction 
Zn(NO3)2+2NaOH = Zn(OH)2+2NaNO3                                                                                   (1)  
However, on further addition of NaOH the precipitate dissolved forming the Na2ZnO2  following the reaction 
 Zn(OH)2 + 2NaOH = Na 2ZnO2 + 2H2O                      (2) 
Thus the overall reaction leading to the formation of sodium zincate is obtained by adding equations (1) and (2) 
Zn(NO3)2 + 4NaOH = Na2ZnO2 + 2NaNO3 + 2H2O        (3) 
In case of sodium zincate bath, the reaction occurring on the substrate surface leading to the formation of ZnO may be 
represented as  
Na 2ZnO2 H2OZnO 2NaOH        (4) 
 
. The period of dipping the substrate in the zinc bath (30 sec) was referred as ‘‘adsorption’’ and that in H2O (30 sec) as 
‘‘reaction’’. This process forms one cycle and was repeated 50 times in order to increase the film thickness. After each 
cycle, the glass slide was rinsed with distilled water and after a complete cycle the films were dried with an air dryer.  
Finally the film was heated at 100oC for 1 hr and allowed to cool to room temperature The precursor solutions were 
prepared by adding Zn(NO3)2  solutions of 0.25, 0.50, 0.75 and 1.00 molar concentrations separately to an aqueous 
solution of 2 M NaOH under a high stirring rate (200 rpm) condition. During the stirring process a constant temperature 
30 oC was maintained for 3 h. 
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III. RESULTS AND DISCUSSION 
 

3.1 X-Ray Diffraction Structural Analysis  
X-Ray Diffraction (XRD) pattern of the four prepared films is shown in Fig.1. According to this figure, the films are 
polycrystalline and the diffraction peaks of ZnO exhibited hexagonal plane (crystals have hexagonal structure) with 
preferred orientation of the grains along (100), (002), (101), (102), (110), (103) and (200). All evident peaks could be 
indexed as the ZnO wurtzite structure (JCPDS Data Card No: 36-1451). The prominent and sharp peaks suggest that 
the deposited films are well crystallized. It is observed that the peak position of (100) plane of 0.25 M sample, shown in 
Fig.1(a), shifts slightly by an amount 0.03 towards lower diffraction angle (2θ) from its corresponding value for bulk 
(2θ=31.76°; JCPDS 361451), indicating tensile stress. The tensile stress is enhanced in 0.5 and 0.75 M films as peak 
positions get shifted more towards lower diffraction angles (2θ), which are evident from Fig.1 (b) and 1(c). The shifting 
of diffraction angles towards left is smaller for 1.00 M films as seen from Fig.1 (d) than that for 0.75M film. 
Diffraction pattern corresponding to impurities is found to be absent. This proves that pure ZnO nanoparticles were as 
synthesized. The sharp and strong diffraction peaks confirmed the high crystalline quality of the prepared samples. The 
lattice parameters have been calculated using the relation  

2 2 2
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Fig. 1 XRD Patterns of ZnO films with molarities (a) 0.25 M, (b) 0.50 M and (c) 0.75M and (d) 1.00 M 
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3.1.1 Lattice constant 
Lattice parameters ‘a’ and ‘c’ of the hexagonal phase for ZnO were calculated according to the next expressions [30] 

2
2 2 24 ( )

2sin 3
aa h hk k l
c




      
                            

(6)    

 
2

2 2 24
2sin 3

cc h hk k l
a




     
 

                  (7)
  

The corrected values of lattice constants are estimated from the Nelson-Riley plots. The Nelson – Riley curve is a plot 
between the calculated ‘a’ for different planes and error function [31] given by 

2 21 cos cos( )
2 sin

f  


 
 

  
 

                             (8)  

and extrapolation to θ=900. A typical Nelson – Riley plot for synthesized samples are shown in Fig.2 and Fig.3 and 
values are shown in Table1. The lattice constant ‘a(corrected)’ and ‘c(corrected) of the film calculated using Nelson-
Riley plot (Table 1) is different from its bulk value ao = 3.253  Å and co  = 5.215 Å . This means the particles are under 
strain which contributes towards broadening of the diffraction peak.  
 
3.1.2 Film thickness measurement 
If W1 and W2 are the weights of the substrate before and after film deposition in gm., A is the area of film deposition in 
cm2 and ρ is the theoretical density of ZnO (5.6 gm/cm3), then the film thickness is evaluated as:  

   nm
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Fig. 2 Nelson–Riley plots of ZnO films for (a) 0.25 M, (b) 0.50 M, (c) 0.75 and (d) 1.00M for parameter ‘a’ 
 
 
3.1.3 Texture Coefficient 
Quantitative information concerning the preferential crystal orientation can be obtained from the texture coefficient, [32]

     
   

0

0

/
1 /

c

n

I hkl I hkl
T hkl

I hkl I hkl
n




         (10)    

where TC(hkl) is the texture coefficient, n is the number of diffraction peaks considered, I(hkl)is the measured x-ray 
intensity and Io(hkl) is the corresponding recorded intensity according to JCPDS card [32] Since six diffraction peaks 
were used, the maximum value TC (hkl) possible is 6. The texture coefficient for the (002) orientation has been found to 
be 2.756 ,2.663 ,2.579 and 2.645 respectively for 0.25 M,0.50M , 0.75M and 1.00M films respectively. 
 
3.1.4 Dislocation density 
The dislocation density is a measure of the number of dislocations in a unit volume of a crystalline material. The 
dislocation density (δ), defined as the length of dislocation lines per unit volume are  

estimated using the equation 
2

1
D

  and they are calculated for four different samples of ZnO films prepared and are 

found to be 18.01x1014,14.89x1014,13.9x1014 and 15.26x1014 lines/m2 respectively for 0.25,0.50,0.75 and 1.00 molarity 
films. The molarity versus dislocation density are shown in Fig.5 (d). 
 
3.1.5 Unit cell volume 

The unit cell volume for hexagonal structure can be calculated by the relation  

2 23sin 60
2

V a c a c            (11) 

The values are tabulated in table1. 
 
3.1.6 Crystallite size 
The crystallite size ‘D’ of the prepared ZnO-Films is estimated from the Scherrer’s formula [33]
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cosD D



            (12)

  
where the constant K is taken as 0.94, λ is the wavelength of the wavelength of X-rays used (λ = 1.5406 Å). D is the 
full width at half maximum of the diffraction peaks after necessary correction for instrumental broadening. The average 
values of Crystallite size are  shown in Table2. 
 
3.1.7 Williamson Hall method  
In X-Ray Diffraction, the broadening of XRD line profile is not only due to crystallite size but also due to the presence 
of non-uniform strain in the material. If the size and strain broadening is present simultaneously then crystallite size 
and strain may be found from W–H plot. Crystal imperfections and distortion of strain induced peak broadening are 
related by  

 4 tan
S


  ⟹ 4 tanS                             (13) 

 Depending on different ‘θ’ positions, the separation of size and strain broadening analysis is done using Williamson 
and Hall. According to Williamson and Hall 
   S D                            (14)  

 
 
 
 
Substituting eq. (11) and (12) in the above equation we get,             

 4 tan
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
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           ⟹   cos 4 sin
D
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Table 1. Structural parameters of chemically deposited ZnO film with different molarities 
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Fig. 3 Nelson–Riley plots of ZnO films for (a) 0.25 M, (b) 0.50 M (c) 0.75 M , (d) 1.00M for parameter ‘c’ 

 
    
Equation (15) represents the uniform deformation model (UDM). Here the strain is assumed to be uniform in all 
crystallographic directions. A graph is drawn with 4 sinθ along X – axis and βcosθ along Y – axis (Fig.4). From the 
graph, strain and crystallite size are calculated from the slope and y intercept of the fitted line respectively and the 
values are tabulated in Table 3. It is observed that there is a gradual increase in crystallite size obtained both from 
Scherrer’s formula and W–H plot with the increase in the molarities of the solutions till 0.75M and at 1.00 M it again 
decreases.(Fig. 5(a) and 5(b)). A similar kind of result has been also reported earlier by other workers [34].There is a 
decrease in strain with molarity (Fig.5(c)) till 0.75M and it again increases after that. 
 
3.1.8 Size–Strain plot Method 
 “Size–strain plot’’ (SSP) can be used for estimation of size–strain parameters for isotropic line broadening. In this 
method, less importance is given to the data from reflection at high angles, because, normally   precision is less in those 
ranges of angles [35]. 

 
In this approximation method, the ‘‘crystallite size’’ profile is described by a Lorentzian 

function and the ‘‘strain profile” is described by Gaussian function [36]. Then one can write 
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 Fig. 4 W–H plots of ZnO Films for (a) 0.25 M, (b) 0.50 M and (c) 0.75M and (d) 1.00M 
 

The term 
2 cosd  


 
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 

 is plotted along X-axis against
2cosd 


 
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 

 along Y-axis for different peak orientations of 0.25, 

0.50 and 0.75M of ZnO films as shown in Fig. 6.The crystallite size is determined from the slope of the linearly fitted 

data and the value of strain is obtained from y-intercept. The size of the crystallite is obtained from  
kD

slope


  where 

 K = 3/4 for spherical particle. The mean apparent strain is  2 intapp y ercept  and the root mean square strain is 

obtained from 
2 2

app



  [37].  The estimated values of D and  are shown in Table2. 
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Fig.5(a)Avg. Crystallite size from Scherrer’s formula versus molarity. (b) Crystallite size from W–H plot versus 

molarity. (c) Strain from W–H plot versus molarity (d) Dislocation density versus molarity of ZnO films 
 

 
3.1.9 Modified Williamson – Hall method 
 From Uniform Stress Deformation Model (USDM), strain is calculated from Hooke’s law maintaining linear 
proportionality between stress and strain given by Y    where σ is the stress, ε is the strain and Y is the Young’s 
modulus. Applying Hooke’s law approximation to eq. (15), we get 

4Cos Sin
D Y
 

              (17)  
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 Table2. Size and strain of nanocrystals of ZnO films prepared using Scherrer method and SSP method 
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Fig.6 Size–strain plots of ZnO Films for (a) 0.25 M, (b) 0.50 M and (c) 0.75M and (d) 1.00 M  
 

Molarity of 
Solution 

Scherrer 
method  

SSP method 

D (nm) D(nm) Strain Ɛ x 10-3 

0.25M 23.56 
 

35.75 1.411 

0.50M 25.91 
 

37.38 1.274 

0.75M 26.82 42.46 1.245 

1.00 M 25.60 36.44 1.288 
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Again, the modulus of elasticity or Young’s modulus ‘Y’ for hexagonal crystal is given by the relation [38]  

         

 

   

22 2
2

2 2 22 42 2
11 33 13 44

2
3

2( 2 ) (2 )
3 3

hkl

h k alh
c

h kh k alalS h S S S hc c

           
                    

         (18)  

where S
11

, S
13

, S
33

, S
44 

are the elastic compliances of ZnO with values of 7.858 x10
-12

, -2.206 x10
-12

, 6.940x10
-12

, 23.57 

x10 
– 12

  m
2
N

-1
, respectively[39] .Average value of Young’s modulus, Y calculated is 130 GPa.[40].  
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Fig. 7 Modified W–H plots of ZnO films using USDM for (a) 0.25 M, (b) 0.50 M and (c) 0.75M and (d) 1.00M 

 

A graph is plotted between 
Y
sin4  along X – axis and  cos  along Y – axis (Fig.7). The stress is calculated from 

the slope of the graph and crystallite size from the Y intercept and the values are tabulated in Table 3. The energy 
density of a crystal was calculated from a model called Uniform Deformation Energy Density Model (UDEDM).  
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According to Hooke’s law, the energy density u (energy per unit volume) is
2

2
Yu 

  . Therefore, Equation (15) can be 

modified to the form 

        

1
22cos 4sin u

D Y
       

 
               (19)   

A graph is plotted between 
2
1

2sin4 







Y
 along X -axis and βcosθ along Y – axis (Fig.8).From the slope of the graph, 

energy density u is calculated and the crystallite size D is calculated from the Y intercept and the values are tabulated in 
Table 3. 
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Fig. 8 Modified W–H plots of ZnO films using UDEDM for (a) 0.25 M, (b) 0.50 M and (c) 0.75M and (d) 1.00M 
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Table3. Geometric parameters of ZnO films prepared using W-H method and modified W-H method 
 

MOLA
RITY 

Williamson Method 

UDM USDM UDEDM 
D (nm) 
  

strain є 
x10-3 

D (nm) 
 

Strain є 
x10-3 

stress σ 
(MPa) 

D (nm) 
 

strain є 
x10-3 

Stress σ 
(MPa) 

u  
(KJ/m3 ) 
 

0.25M 27.16 1.68 27.53 1.682 218.70 28.17 1.684 218.92 184.40 
0.50M 29.13 1.30 29.61 1.302 169.30 30.10 1.304 169.52 110.64 
0.75M 30.22 1.23 30.52 1.215 157.97 31.10 1.216 158.08 96.10 
1.00M 28.99 1.35 29.25 1.352 175.74 29.83 1.348 175.20 118.06 

 
Fig.9 SEM image of ZnO thin films with molarities (a) 0.25M, (b) 0.50M ,(c) 0.75M and (d)1.00M 
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  Fig.10 EDX spectra of ZnO thin films with molarities (a) 0.25M, (b) 0.50M ,(c) 0.75M and (d)1.00M 

 
3.2 Scanning electron microscopy (SEM) and Energy dispersive X-rays (EDX) study 
The surface morphology of the ZnO thin film deposited on the glass substrate at different precursor molarities which 
are observed in the SEM images shown in the Fig.9. The results showed that the thin films exhibit a uniform films are 
of good quality. The EDX spectrum and atomic composition of the ZnO/glass is shown in Fig.10. The EDX results 
show that there is no other impurity present in the films prepared. The morphology of the prepared films indicates that 
the particles are coated uniformly over the entire substrate. SEM results are found to be very good with nearly 
stoichiometric formation of ZnO nanocrystals of granular shape and obviously demonstrate aggregation of the particles 
in some places.  In the sample of 0.25M some porosity is seen on the film but for other three films of molarity 0.50, 
0.75 and 1.00 there is closely packed homogeneous nanostructure with absence of porosity.  
 
3.3 Ultra High Resolution Transmission electron microscopy (UHRTEM)  
The UHRTEM micrograph of ZnO sample of 0.25, 0.50 and 0.75 molarity is shown in Fig11. The image of ZnO 
samples show the granular shape and as molarity increases there shows aggregation of the particles. The aggregation of 
particles should had been originated from the large and specific surface area and high surface energy of ZnO 
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nanoparticles [41].The aggregation occurred probably during the process of drying [42,43]. From TEM image the 
average particle size of the ZnO samples are found to be 36 nm, 39nm and 44 nm respectively which is very nearly  

 
Fig. 11 UHRTEM micrograph of ZnO sample with (a) 0.25M, (b) 0.50 M (c) 0.75M and (d)1.00M 

close to the result obtained based on XRD study by SSP method. The well crystallinity can be observed in lattice planes 
along (002) having values of d (interplanar spacing of the crystal planes) as 0.260nm [Fig. 12(a)] and Fig.12(b) shows 
selected area electron diffraction (SAED) pattern of the sample consisting of a central halo and concentric rings, which 
indicate the crystalline structure of the sample.  
 
3.4 Optical properties 
 
3.4.1UV-Vis Study  
Fig.12 (A) shows the absorption spectrum of ZnO films coated on glass substrate. The absorption edge at 353 nm ,357 
nm ,360 nm and 361nm are  observed in the absorption spectrum for four samples of 0.25,0.50 , 0.75 and 1.00 molarity 
samples respectively. When the energy of a photon is equal to or greater than the band gap of the material, the photon is 
absorbed by the material and excites an electron into the conduction band where there occurs an abrupt increase in 
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Fig. 12 (a) lattice planes and (b) SAED pattern of ZnO nanocrystals of molarity 0.25M . 

 
the absorbency of the material to the wavelength corresponding to the band gap energy. The optical band gap gE of the 
thin film was calculated from Tauc plot as shown in Fig.12 (B). The presences of single slope in the plot suggest that 
the film have direct and allowed transition. For such transition we have  

  2 ( )n
gh A h E                   (20)   

where α  is absorption coefficient, h  is the incident photon energy,  gE  represents the optical band gap, n is 1 for 
direct transition and A is constant. The band gap energy is obtained by extrapolating the linear portions of the plot to 
zero absorption coefficient. The band gap value of ZnO thin films are found to be 3.47 eV, 3.45eV , 3.38ev and 3.4 eV 
respectively for the films of molarities 0.25, 0.50 , 0.75 and 1.00 .These values show blue shift of band gap from its 
bulk value 3.37 eV due to weak quantum effect of prepared ZnO nanocrystals. The blue shift in the excitation 
absorption clearly indicates the quantum confinement property of nanoparticles. In the quantum confinement range, the 
band gap of the particles increases resulting in the shift of absorption edge to lower wavelength, as the particle size 
decreases. The decrease in the band gap when crystallite size increases has been reported in literature [44]. 

 
3.4.2Photoluminescence study 

Photoluminiscence emission spectra were recorded by using F-2500 Fluroscence spectrophotometer in the wavelength 
range 325-800 nm with excitation wavelength of 325nm. The room temperature PL spectra of prepared nanocrystals 
are shown in Fig.12.Peaks were observed around 380nm (UV),475 nm (blue)and 555nm(green).The UV emission 
corresponds to the near band edge emission which is caused by annihilation of excitons by recombination[45-47]. The 
blue and green emissions results from the radiative recombinations of photo generated holes with singularly ionized 
oxygen vacancies[46] and oxygen related vacancies[47] respectively. The sharp intense UV emission indicates that 
ZnO nanocrystalline thin films are highly crystalline with excellent optical properties. As molaritiy of the precursor 
samples increases the intensities of emissions increases which may be due to decrease in the quantum size effect, 
surface area, and oxygen vacancy concentration, which are essential for intense emission [48]. 
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IV. CONCLUSION 
 

Nanostructured ZnO films deposited by SILAR method are found to be uniform and have good adherence to the 
substrates. The formation of ZnO nanoparticles have been confirmed by XRD and UHRTEM analyses. The peak 
broadening was analyzed by the Scherrer’s equation, SSP and W–H methods Some variation in the average crystallite 
size obtained from Scherrer’s formula and W–H analysis is due to the difference in averaging the particle size 
distribution. From different methods it is seen that with the increase in molar concentration of the precursor solutions 
crystallite size of the prepared ZnO films increases upto some concentration of Zinc .Moreover, strain decreases as 
particle size increases. As the molarity increases optical absorbance edge shifted towards higher wavelength sides and 
red shift of optical band gap occurs. The photoluminescence of the ZnO composite nanostructures showed major bands 
in the UV, blue and green regions. 
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