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Abstract. Nanostructured ZnO films are obtained by chemical bath deposition from zinc nitrate, 

hexamethylenetetramine and ammonia. The evolution of the structural and sub-structural properties 

of the films is characterized using high resolution scanning electron microscopy (SEM) and X-ray 

diffraction analysis. In particular, we detail here the influence of condensation time on the crystal 

phase, texture quality, lattice constants, grain size, coherent scattering domain size (CSD), 

microstrain, stress and concentration of dislocations. Obtained condensates have the wurtzite 

structure with lattice parameters in the range a = 0.3248-0.3254 nm and c = 0.5206-0.5214 nm, 

depending on the condensation time. The grain size and microstrain in the direction perpendicular to 

the crystallographic planes (002) are in the range L ~ 26-42 nm and ε ~ (0.59-3.09)⋅10
-3

, 

respectively. Furthermore, the effects of deposition time on microstrain, stress and concentration of 

dislocations in the layers is established. By adjusting the condensation time, we are able to produce 

ZnO films with controlled structural properties: from nanorods to continuous nanostructured films. 

Introduction 

The excellent properties and the related broad range of applications of ZnO have stimulated 

intensive studies on this material. Owing to the large exciton binding energy (60 meV) of ZnO, it 

has been proposed for effective laser generation at room temperature [1]. The large band gap of ZnO 

allows effectively absorbing of ultraviolet light, making it a promising material for UV detectors 

and filters. Also due to its high radiation, chemical, and thermal stability [2], ZnO is widely used for 

gas sensing, light-emitting diodes, varistors, etc [3]. ZnO is also a promising material for the anti-

reflective, conductive and window layers of large area solar cells based on absorbing layers of Si, 

CdTe, CIGS or CZTSe [4]. Also, zinc oxide is considered as one of the most promising 

photocatalysts for water and air. 

Another important advantage of ZnO is the possibility to grow nanostructured films controlled 

structural characteristics using non-vacuum, low-temperature and thus low-cost methods such as 

hydrothermal synthesis [5, 6], electrodeposition [7, 8, 9, 10, 11], sol-gel method [12], spray 

pyrolysis [13] and chemical bath deposition (CBD) [14, 15, 16, 17]. The latter technique is one of 

the most promising due to its simplicity, efficiency and the possibility to produce ZnO films on 

different types of substrates including flexible, large area substrates. 

However, for practical use of ZnO films it is necessary to be able to precisely and reliably control 

their optical, electrical, and physical characteristics, which depend on the ZnO structure and sub-

structure parameters. To realize a wide range of devices it is important to establish the corelation 
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between the deposition conditions (deposition time, source precursors) and morphology and 

structural characteristics of obtained condensates. 

There are a number of reports devoted to the investigation of structural properties of ZnO 

deposited by different methods [18, 19, 20, 21, 22]. However, the structural and sub-structural 

characteristics of CBD-grown ZnO layers have not been thoroughly investigated. Here, we present 

the results of our comprehensive study of the structural and sub-structural features of ZnO films 

prepared by CBD under controlled physical and chemical conditions. 

Experimental details 

Nanostructured ZnO films were prepared using CBD by immersing the precleaned glass 

substrates in a chemical reactor with a solution of zinc nitrate hexahydrate precursor (0.1 M) 

(Zn(NO3)2·6H2O) and hexamethylenetetramine (C6H12N4). Details of the procedure are described in 

Ref. 22. The deposition was carried out at a bath temperature of 90ºC. Since the surface 

morphology of zinc oxide condensates largely depends on the time of deposition, the duration of 

film deposition, τ, was varied in the range from 30 to 120 min. The pH of the solution was 

maintained at 10 by adding the appropriate amount of ammonia (NH4OH). 

 Structural investigations of the samples were carried out using an X-ray diffractometer (Bruker 

D8 Advance) with Ni-filtered Kα - radiation of copper anode in a range of angles 20º <2θ <80º, 
where 2θ is the Bragg angle. XRD patterns were normalized to the intensity of the (002) peak of the 

hexagonal ZnO phase. Phase analysis was performed by comparing interplanar distances and 

relative intensities of the investigated samples with the standard according to JCPDS 79-0207 [23]. 

The X-ray radiation was focused according to the Bragg–Brentano method.  

The texture quality of the ZnO films was estimated using Harris method [24-25]. The pole 

density was calculated using the equation: 
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intensity of the i- diffraction peak for the film samples and the standards, respectively; and N is the 

number of lines in the diffraction pattern. Thereafter we built the dependences Pi - (hkl)i and Pi - φ, 

where φ is the angle between the chosen direction and normal to different crystallographic planes, 

which correspond to the reflection in the XRD pattern, (hkl)i. This angle was calculated for the 

hexagonal lattice, using the equations given in Ref. 25. The axis of the texture has indexes 

corresponding to the maximal value of Pi. The orientation factor was estimated via 
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. Determination of the interplanar distances of the wurtzite structure 

of ZnO was performed from the position of Kα1 component of all of the most intense lines present 

in the XRD pattern. 

The lattice constants, a and c, of the hexagonal phase were calculated using: 
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where λ is the X-rays wavelength. The ratio c/a was considered constant and equal to the value of 

the ideal wurtzite structure, c/a = 1.601 [23]. 

The values of the lattice constants of ZnO were further clarified using the extrapolation method 

of Nelson-Riley [24-25]. At the same time we used the graphical method of successive 

approximations, which included an iterative procedure. From the dependences a(c) vs. 

1/2cos
2θ (1/sin θ +1/θ) we determined the values of lattice parameters, a and c, and the ratio c/a. 
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The calculated ratio c/a (a/c) was used to estimate new constants from equations (1) and (2). 

Thereafter, an iterative procedure was repeated several times (up to four), until the obtained values, 

a, c, and c/a, converged [25]. The approximation of the points in a(c) – 1/2cos
2θ (1/sin θ +1/θ) 

dependencies was made with the help of the least-squares method. Using this procedure has allowed 

to significantly increase the accuracy of the lattice constant determination and to calculate the ratio 

of c/a, which was impossible using X-ray methods. 

 The values of a and c obtained after the fourth iteration were used to calculate the volume of the 

hexagonal primitive cell using V= ( a
2
c)/2. The Zn–O bond length was determined via the 

equation given in Ref. 26. 

The diffractometrical method was also used to estimate the average values of the coherent 

scattering domain size (CSD) L and microstrain (ε) from the half-width of the diffraction lines. 

Traditionally, determining of the crystallites size is carried out using electron microscopy or X-ray 

diffraction with the help of Scherrer equation [18, 21, 22]. This leads to some overstatement of the 

results, because the authors neglected the presence of micro strain in the films. To separate the 

diffraction broadening caused by physical and instrumental effects, we used approximations of the 

X-ray line by Cauchy and Gauss functions. Further separation of contributions from dispersion on 

CSD and microstrain was performed by the graphical method of Williamson–Hall. Accordingly, it 

was built the graphics in coordinates λθβ cos - ( )λθsin4  and ( )2
cos λθβ - ( )2

sin4 λθ , 

where β is the physical broadening of X-ray line [25]. Additionally, microstrain and the CSD size 

were determined by the method of approximation of the X-ray line as a threefold convolution [27-

28]: 
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pairs of analyzed lines; and Bi, bi, βfi are the measured, instrumental and physical broadening of the 

corresponding XRD peaks, respectively. Stress was calculated by the formula σ = Eε, where Е is 

the Young's modulus, which for the hexagonal lattice is determined from [20]: 
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where s11, s13, s33, s44 are the elastic compliances of ZnO. 

These constants were found with the help of the known values of elastic stiffness constants cij of 

the material (с11=209.70 GPa, с12=121.10 GPa, с44=42.47 GPa) [29]. In addition, for calculations we 

used experimentally determined values of the lattice constant a, c (after 4 iterations) of samples 

obtained after deposition time of 120 min. 

Further, on the basis of calculations of CSD and microstrain, we estimated the average 

dislocation density in ZnO films. The average dislocation density, which forms the boundaries of 

the blocks, is 
2

3

L

n
L =ρ  [30], where n is the number of dislocations in each of the six faces of the 

block. If dislocations are located mainly inside of CSD, the dislocation density is calculated by 

 2

0

24








=

dF

ε
ρε  [30], where F is a number that takes into account how many times the dislocation 
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energy grows under interaction with other dislocations; and d0 is the lattice period of the material in 

the appropriate direction. Taking n = F = 1,  the lower bound for ρL and the upper bound for ρε can 

be estimated. 

To determine the total concentration of dislocations we used the following equation: 

Ld0

15ε
ρ = [31]. These estimations allowed us to calculate the concentration of dislocations in the 

CSD bulk and on their boundaries, and the total concentration of dislocations. 

Results and discussion 

Figure 1 displays SEM images of the surface of ZnO nanostructured films obtained after different 

deposition time. At the initial stage of the deposition, nanostructures in the form of hexagonal 

prisms were formed onto glass substrates. After deposition for 60 min, a densely packed array of 

ZnO nanorods with a hexagonal prism shape formed with diameters in the range of 0.2 - 0.9 µm and 

lengths in the range of 2.0 - 3.5 µm was obtained. ZnO nanorods grew at various angles to the 

substrate. When the deposition time was increased to 90 min, an increase in nanorod thickness (1.0 - 

1.9 µm) and length (4.8-6.7 µm) occurred. In addition, there is a reduction of intervals between 

them. Further growth of the films occurred through the nucleation on the surface of the nanorods, 

which led to their branching. Increasing the deposition time up to 120 min caused a change of 

growth mechanism and resulted in the formation of laminar crystallites with thickness in the range 

0.10-0.16 µm and a much greater length and width. As a result, the formation of highly porous 

labyrinthine layer film of zinc oxide is occurred. 

 

  

  
Figure 1. SEM images of ZnO films obtained at condensation time τ:  60 min (a, b), 90 min (c), 

120 min (d) 

 

а b 

d c 
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The XRD patterns of the ZnO layers are presented in Figure 2a. The phase analysis showed that 

reflections from the crystallographic plane (002) of the hexagonal phase of ZnO had maximal 

intensity. This indicated the presence of growth texture [002] in the films. Also in the diffraction 

patterns we registered fairly intense lines at angles 31.65º, 36.13º, and 47.52º, which were 

identified as reflections from (100), (101), (102) planes, respectively, of the ZnO wurtzite structure 

[23, JCPDS 79-0207]. 

 

  
Figure 2. XRD patterns (а) and dependence of the pole density  Pi and orientation factor f (in the 

inset) on the angle φ between the texture axis and the normal to the reflection plane for ZnO films 

obtained at τ = 30 min (1), 45 min (2), 60 min (3), 90 min (4) and 120 min (5) (b) 

 

In the XRD patterns of ZnO with small thickness (condensation time <45 min) peaks at angles 

26.03º, 28.72º, and 32.99º from another phase were present. They were identified as reflections of 

the (311), (020), (021) planes, respectively, of H12N2O16Zn5 compound [32, JCPDS 024-1460]. The 

presence of other phases may be due to incorporation during the chemical reaction of residual 

sediment into the crystalline structure of the condensation product. 

As a result of the calculation of the pole density and orientation factor of the hexagonal phase of 

zinc oxide films (Fig. 2b), we confirmed the existence of [002] axial texture growth in the layers. 

This growth texture is typical for ZnO films obtained by chemical bath deposition from a solution of 

zinc nitrate and ammonia [14] and zinc acetate and ammonia [15]. The dependence of the 

orientation factor f on condensation time is given in Figure 2(b). The quality of the texture initially 

decreased as deposition time increased, and then with further increase of deposition time and film 

thickness, the value of the orientation factor increased, indicating improvement of the crystalline 

quality. We observed similar dependence in the condensates deposited from solutions of zinc 

sulphate and ammonia [33]. 

It is important to determine precisely the lattice parameters, because the value of lattice constant 

is extremely sensitive to changes in stoichiometry of the films and embedded of impurities in the 

crystal structure of the condensate. Traditionally, authors determine the lattice constants of ZnO 

using equation given in [35] in which they substituted reference value of c/a [27]. As a result the 

accuracy of lattice constants calculating is low. Moreover it is impossible to determine the ratio of 

c/a for obtained sample. To improve the accuracy of measurement of lattice constants (a, c) of the 

material we proposed a method for their determination, including the iterative procedure described 

above. As a result of calculations, it was found that the values of lattice constants a, c and their ratio 

c/a converged after the fourth iteration, indicating about the finishing of calculation procedure. 

 

а 
b 
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Figure 3. Dependences of lattice constants a and c (fourth iteration) estimated by Nelson-Riley 

method (a), c/a ratio (first and fourth iteration) on deposition time of ZnO films (b). The inset (b) 

shows the dependence of unit cell volume of ZnO on deposition time 

 

Figure 3(a) presents the dependence of the lattice constants on the condensation time. The dotted 

lines in the figure correspond to the values given in Ref. 23 for the stoichiometric case. It was found 

that the lattice constants a, c and the ratio c/a were practically unchanged after the fourth iteration, 

confirming the validity of the procedure for determination of the lattice parameters. The lattice 

constants of the thinnest ZnO layers (τ = 30 min) were a = 0.32486 nm, c = 0.52087 nm (Table 1), 

which were smaller than the reference values (a = 0.3256 nm, c = 0.5212 nm) [23, JCPDS 79-

0207]. However, with increasing film thickness, the estimated values (a = 0.32538 nm, c = 0.52149 

nm) approached the reference data. 

The volume of the hexagonal primitive cell in ZnO films (inset of Fig. 3 b) was calculated from 

the estimated lattice parameters. We found that increasing the deposition time from τ = 30 min tо τ 

= 120 min lead to an increase of the cell volume from V = 1.428⋅10
-29

 m
-3

 tо V = 1.434⋅10
-29

 m
-3

. 

Simultaneously, the bond lengths between atoms of zinc and oxygen varied from l = 0.19775 nm to 

l = 0.19804 nm (Table 1). These values are close to the reference one for solid material (l = 0,19778 

nm). 

As it mentioned, traditionally to determine CSD size in ZnO, authors use Scherrer equation [18, 

21, 22]. Despite that, to estimation of substructural characteristics, we use the method of 

Williamson-Hall method. Furthermore to determine CSD size, method of threefold convolution is 

used, which is more accurate. 

 

Table 1 – The calculations results of lattice constants, unit cell volume, stress and dislocation 

density in the films  
τ 

[min] 

a 

[nm] 

c 

[nm] 
с/а 

l 

[nm] 

V·10
-29

 

[m
3
] 

σ 10
8 
[Pa] 

ρL 10
-15

 

[lin/m
2
] 

ρε 10
-14

 

[lin/m
2
] 

ρLε 10
-16

 

[lin/m
2
] 

30 0.32486 0.52087 1.603 0.19775 1.428 4.46 1.72 22.50 4.27 

45 0.32534 0.52096 1.601 0.19796 1.432 2.45 3.34 6.80 3.26 

60 0.32548 0.52064 1.600 0.19798 1.433 1.69 3.91 3.24 2.43 

90 0.32538 0.52145 1.603 0.19804 1.434 - - - - 

120 0.32538 0.52149 1.603 0.19804 1.434 0.86 3.47 0.83 7.94 

[17] 0.3256 0.5212 1.601 0.19810 1.435     

 

Estimations of substructural parameters of the obtained films were carried in the directions of a 

(by reflections from the (100) plane) and c (by reflections from the (002) plane) axes of ZnO 

hexagonal phase and in the direction that is at the angle of 61.6º to the c axis (by reflections from 

the (101) plane). The results of calculations of CSD and microstrain in these crystallographic 

directions are summarized in Table 2. 

 

а b 
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Table 2 – Sub-structural features of ZnO films obtained using different approximations 

τ, min (hkl) 

L [nm] ε⋅ 10
3
 

Approximation by From 

convolution 

Approximation by From 

convolution Gauss Cauchi Gauss Cauchi 

30  
(002)-(004) 61.8 36.5 41.7 2.68 3.55 3.09 

(101)-(202) 30.1 26.3 26.6 6.89 1.84 1.09 

45 

(100)-(200) 32.6 27.2 27.6 1.19 2.49 1.93 

(002)-(004) 35.6 29.3 29.9 1.04 2.18 1.69 

(101)-(202) 34.5 28.0 28.6 1.12 2.26 1.77 

60 

(100)-(200) 35.8 28.6 29.3 1.41 2.66 2.10 

(002)-(004) 30.4 27.5 27.6 0.46 1.58 1.17 

(101)-(202) 30.3 26.9 27.1 0.57 1.69 1.27 

90 (100)-(200) 27.3 26.1 26.1 0.12 1.16 0.82 

120 

(100)-(200) 29.1 27.9 27.9 0.068 1.03 0.72 

(002)-(004) 30.5 29.3 29.3 0.007 0.85 0.59 

(101)-(202) 36.9 30.2 30.9 0.97 2.04 1.59 

 

As it is shown in Table 2, the values of substructural parameters, obtained with the help of 

different approximations, correlated well with each other, as it should be on theoretical 

considerations. This demonstrated the reliability of the results.  

The results of CSD calculation in the direction perpendicular to the crystallographic planes (002), 

(101), (100) and the microstrain in the same directions obtained using the threefold convolution are 

shown in Fig. 4. It was found that increasing the condensation time of thin films resulted in a 

decrease of CSD from L ~ 42 nm tо L ~ 26 nm in the [002] direction, whereas the average value of 

CSD remained approximately constant (L ~ 27-28 nm) in the [100] crystallographic direction. 

  
Figure 4. Effect of the deposition time on CSD  L (a) and the microstrain ε (b) of ZnO films 

obtained using threefold convolution in different crystallographic directions: 1 - (100); 2 - (002); 3 - 

(101) 

 

It should be noted that this behavior of L is due to the details of the thin film growth process: at 

the initial stage of growth well-aligned nanorods were formed in the [002] direction; then the space 

between nanorods was filled by laminar crystallites. Using Scherrer equations Z. Y. Wu et al. 

obtained similar values of CSD (L = 47 ± 11 nm) for ZnO films produced from solutions of zinc 

nitrate, ammonia and sodium hydroxide [16]. 

The microstrain in the [002] direction of ZnO layers decreased monotonically with increasing 

deposition time from ε ~ 3.09⋅10
-3

 tо ε ~ 0.59⋅10
-3

 (Fig. 4(b)). The same behavior was observed for 

microstrains in the [100] direction, whereas in the [101] direction the microstrain slightly increased 

from ε ~ 1.09⋅10
-3

 tо ε ~ 1.59⋅10
-3

 with increasing τ. 

Estimations of microstrain allowed to calculate stress (σ) in the films, in the [002] direction. For 

this purpose, we used the value of Young's modulus that equals to E = 144 GPa (calculated from Eq. 

а b 
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(5)). It was established that microstress values varied in the range of σ = 86-446 MPa. The 

maximum value of σ = 446 MPa was slightly higher than what was found by G. Sh. Thool et al. in 

zinc oxide films (σ  = 277 MPa) deposited by chemical bath deposition from solutions of zinc 

acetate, trisodium citrate, triethanolamine and sodium hydroxide [34]. 

 
Figure 5. Dependence of dislocation density on deposition time: dislocations, which form the 

boundaries of the blocks (1); density of dislocations located mainly in the bulk of CSD (2); total 

concentration of dislocations in the material (3). Used reflexes (002)-(004) 

 

In contrast to works, where authors calculate the averaged density of dislocations, which form the 

boundaries of the blocks [27], on the basis of CSD and microstrain calculations in the [002] 

direction we make an assessment of the total dislocation density in the samples, that includes both: 

averaged density of dislocations at the boundaries of the blocks and concentration of dislocations in 

the bulk of CSD (Table 1). (Table 1, Figure 5). 

 With increasing deposition time, the dislocation density in the bulk of CSD decreased, whereas 

the concentration of dislocations on the boundary of CSD slightly increased. As a result, the 

minimum of the total dislocation density was found for τ = 70-80 min. Calculations indicated that 

dislocations were mainly concentrated on the CSD boundaries, being the bulk of crystallites in the 

thin films almost free from dislocations. This is a particularly important result taking into account 

the important role that dislocation play in II-VI compounds limiting charge carrier lifetime and the 

strong dependence on location that recombination centers have. 

Conclusions 

We reported a comprehensive study of the structural (texture quality and lattice constants) and 

sub-structural (coherent scattering domain size, microstrains, and dislocation density) characteristics 

of nanostructured ZnO films obtained by chemical bath deposition from zinc nitrate, 

hexamethylenetetramine and ammonia for different condensation time. It was established that 

growth of condensates occurred through the formation of nanorods, followed by filling the gaps 

with laminar crystallites with increasing duration of deposition. Thus by adjusting the deposition 

time, ZnO films with controlled structural properties could be obtained: from nanorods to 

continuous nanostructured films.  

It was shown that ZnO films were mostly single-phased and had hexagonal structure with [002] 

growth texture. The crystalline quality of the films depended on the time of deposition. Using the 

Nelson-Riley extrapolation method and iterative procedure, the precise values of lattice constants of 

the material (a = 0.3248-0.3254 nm, c = 0.5206-0.5214 nm) and their ratio (c/a = 1.600 -1.603) 

were calculated. CSD and microstrain in the direction perpendicular to the (002) crystallographic 
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planes were L ~ 26-42 nm and ε ~ (0.59-3.09)⋅10
-3

, respectively, and decreased with increasing 

condensation times. Furthermore, on the basis of calculations of ε and L, the average density of 

dislocations in the bulk and on the boundaries of CSD, and their total concentration were estimated. 
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