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ABSTRACT

We investigated the structural and sub-structural characteristics of ZnO films obtained by chemical bath deposition from
solutions of zinc sulfate, thiourea, and ammonia. The duration of deposition ranged from 20- to 120-minutes. The
concentration of thiourea was varied from 0.1- to 3-mol. We detailed the structural and sub-structural characteristics of
these films using high-resolution scanning electron microscopy and x-ray diffraction. This research enables us to study
features of the films’ structural formation, and to determine their basic characteristics, viz., phase analysis, texture
quality, lattice constants, grain size, and size of the coherent scattering domain. Regimes were identified for depositing
films with optimal structural characteristics for eventual use in solar-energy applications.
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INTRODUCTION

Increasingly, zinc oxide is attracting the attention of researchers due to its unique properties and the possibility of its
application as the base material in a variety micro-, optical- and acoustic-electronic devices. This material has high
transparency in the visible spectrum, low toxicity, chemical- and thermal-stability, and good biocompatibility [1].
Moreover, due to the material’s high exciton-binding energy (60 meV), effective laser generation is expected at room
temperature [2]. Also, zinc oxide has a large band gap (E; = 3.37 eV); consequently, it effectively absorbs ultraviolet
radiation and so can be used as a sensor of UV radiation [3]. Furthermore, ZnO films are widely used as conductive- and
window-layers of large-area solar cells [4].

Numerous growth techniques have been used to produce ZnO thin films including molecular-beam epitaxy [5], vapor
deposition [6], magnetron sputtering [7], spray pyrolysis [8], and the sol-gel method [9]. Most of these processes are
characterized by high complexity, and they necessitate use of high vacuum, energy or temperature during synthesis.
Nowadays, chemical bath deposition (CBD) [10-15] is one of the most promising methods for obtaining ZnO films. Its
main advantages are simplicity and efficiency, requiring only low temperature and pressure during synthesis, and, also
affording the possibility of obtaining of large-areal layers on substrates of different shapes. Moreover, this method is
suitable for depositing ZnO films with controllable structural properties, such as nanocrystalline layers, nanorods, and
nanosheets. [10,12-14]

To generate ZnO layers, we employ different chemical reagents as precursors. Other researchers [10-13] have obtained
zinc-oxide films from solutions of zinc nitrate and hexamethylenetetramine (HMTA) [10-11], hexamethylenetetramine
and ammonia [12], and ethylenediamine and trietanolamine [13]. In contrast, in making the films, we employed a more
accessible solution of zinc sulphate (ZnSQ,), thiourea (CS(NH,),) and ammonia (NH,OH), the latter serving as a
complex agent to control sedimentation. The aim of our work was to study the structural- and sub-structural-
characteristics of the condensates. These condensates were conditional upon our choice of the concentration of thiourea,
the duration of the deposition, and the selection of optimum deposition conditions used to obtain films with the desired
structural characteristics.

EXPERIMENTAL DETAILS

We generated ZnO films by chemical bath deposition by immersing the glass substrate in a chemical reactor with the
aqueous precursors heated to 368 K. We prepared the initial solution by adding 50 ml of 0.1-M zinc sulfate dihydrate
(ZnSO42H,0) and 50-ml thiourea (CS(NH,),) at concentrations of 0.1M, 0.5M, 1M, 2M, and 3M. The pH was
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maintained at 10 by adding 10 ml of 25% ammonia solution (NH,OH). The duration of deposition, z, varied from 20- to
120-min. The substrates previously were cleaned with KOH, then isopropyl alcohol, and finally, distilled water.

The structure of the films was investigated via the X-ray diffractometer DRON 4-07 (Ni-filtered K, — radiation of Cu-
anode). The spectra were registered in the angle range 26 =20°-80° (20 - the Bragg angle). We focused the x-ray
radiation according to the Bragg-Brentano method [16]. The phase analysis was accomplished by comparing the inter-
plane distances and specific intensities of the XRD patterns of the samples, and from powder-diffraction data [17].
Harris’ method was used to determine the film’s texture. It especially is convenient for plane specimens where the axis
of the texture is oriented normal to the surface tested [18]. The pole-density value was calculated via the equation:
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where I;, 1g; — are the integral intensities of i-diffraction peak of the sample and etalon; N is the number of lines in the
XRD pattern.

Thereafter, on the basis of this calculation, we built the dependencies P;— ¢ (where ¢ - is an angle between chosen
direction and the normal to different crystallographic planes corresponding to the reflexes in the XRD patterns), and P; —
(hkl); (where (hkl); — Miller indexes). The angle ¢ was calculated for the hexagonal lattices according to equations given
in [18]. The axis of the texture has values corresponding to the maximum P;. The orientation factor was computed as
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The interplane distances for the wurtzite phases of the ZnO were obtained from the position of the K,; component of all
of the most intense lines registered in the XRD-patterns. To determine the lattice parameters, a and c, of the hexagonal
phase for ZnO, we used the following expressions:
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where 4 — is the X-ray wavelength.

The ratio c/a was considered equal to the value defined in the reference c/a = 1.601 [17]. Further, to gain precise values
of the lattice constants, we followed the extrapolation method of Nelson-Riley [19, 20]. The least-squares method
yielded a linear approximation of the points. For specifying the a and ¢ constants of the hexagonal phase, we used a
graphical method of successive approximations [18], repeating the calculations until the value of 4, ¢, and ¢/a converged.
To determine the size of the coherent scattering domain (CSD) L in compounds, we used the Scherrer equation [16]:

KA
= Fo0s0 where the K - coefficient depended on the grain’s shape (K = 0.94), and on /- the physical broadening of
the X-ray line [19, 21].

RESULTS AND DISCUSSION

Figure 1 shows the electron-microscopic images of the surface of ZnO films obtained after different durations of
deposition. It shows that the condensates, deposited for 20 minutes, are nanorods formed as hexagonal prisms with
dimensions: d = (0.25-1.00) um in diameter and | = (2.50-3.00) um in length. They grow at different angles to the
substrate. With increasing condensation time (from 60- to 120-minutes), due to the secondary nucleation there took place
splice of intervals between nanorods and formation continues in the film.



Figure 1. SEM micrographs of ZnO obtained after different durations of deposition: a,b: t=20 min, ¢: 90 min, d: 120 min

Phase analysis of the XRD patterns for the condensates deposited at different concentrations of thiourea (tr = 60 min)
showed that layers have a hexagonal structure. In the X-ray patterns, the intensities of reflections at angles (36.36°-
36.38°%) were the largest ones. The diffraction peaks correspond to the reflections from the (002) plane of the hexagonal
phase of ZnO. This finding points to textured growth of the films.

Along with these peaks, we registered very intense lines at the angles 31.66°, 36.16°, and 62.72° that were identified as
the reflections, respectively, from (100), (101), and (110) planes of the ZnO wurtzite phase [17].

In addition in some XRD patterns, we discerned peaks at angles (24.65°-24.65°) that have been identified by others as a
reflection of the (002) plane of Zn,SO4(OH)s H,O compound. We note that annealing the layers in vacuum caused the
decompoasition of this compound [12].

45
{Zn S0 (OH) H.O
4,0 1 J
{3 g8z & 8 g8
1= =)l < -z = =
3,0
£, SLWWJU
g ] I wwwww
£ 2.0
=7 4
i | STM\‘M“"F WJ
1,0 1L "‘”mew
0.5 2
T - A y 1
010 I T T I T
20 30 40 50 60 70 80

2Q, degrees
Figure 2. XRD patterns of films obtained at different concentrations of thiourea (1 - 0.1 M,2-0.5M,3-1M,4-2 M,

5 — 3 M) and duration of the deposition of T = 60 min



The growth of the films’ texture was confirmed by calculations of the reverse pole figures. The results of this assessment
are depicted in Figure 3(a); they reveal that the pole density has a maximum value for the crystallographic (002) plane of
ZnO hexagonal phase, indicating the existence of [002] texture. This growth texture is atypical for zinc oxide, which
most often, has a growth texture in the [100] direction [10, 11]. Similar textural growth [002] was observed by others
[12], wherein zinc oxide films were prepared by chemical-bath deposition from solutions of zinc nitrate and ammonia.
Figure 3(b) displays the dependence of the orientation factor on the concentration of thiourea. We found that increasing
the concentration of thiourea improves the films” growth texture because atoms of thiourea embedded in the structure of
the film, making it more uniform.
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Figure 3. Pole density P;, and orientation factor f, as a function of the incidence angle ¢ between the direction and the
normal to the reflection plane for films obtained at different concentrations of thiourea (1-0.1 M,2-0.5M,3-1M,4 -2
M, 5-3M)

Figure 4 shows the results of calculating the coherent scatter domain (CSD) in directions perpendicular to the
crystallographic (100), (110) and (002) planes. These directions correspond to the crystal lattice axes of the hexagonal
phase. We found that the CSD varies in the range of Lyqq = (21-48) nm, L) = (38-60) nm, and L) = (21-36) nm.
Furthermore, L has maximum value at the concentrations of thiourea of C =0.1-0.5 mol. Increases of the thiourea
concentration in the initial solution results in a monotonic decrease of the CSD size in all three directions. Others [14]
obtained similar results in determining its size (Loo),002 = 47-48 nm) using the Scherrer equation (grain shape factor
K =0.89).
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Figure 4. The effect of thiourea concentration on the CSD size in ZnO thin films. The CSD sizes in directions normal to the
crystallographic (100), (110) and (002) planes were determined



Table 1 presents the results of calculating the lattice constants of ZnO condensates, made in solutions with different
thiourea concentrations. Data were obtained by a graphical method of successive approximations after the first- and
fifth-iteration. The value of the lattice constants a, ¢ and the ratio c/a is practically unchanged after 4 and sometimes 5
iterations; this indicates convergence of the calculation for lattice parameters.

Table 1. Results of calculating ZnO lattice constants obtained by the iteration method using Nelson-Riley extrapolation
graphs

C,M 1 iteration 5 iterations
a, nm ¢, Nm c/a a, nm ¢, nm c/a
0.1 0.32535 0.52119 1.601936 0.32525 0.52136 1.6029
0.5 0.32513 0.52094 1.602251 0.32488 0.52201 1.6067
1 0.32511 0.52262 1.607517 0.32401 0.52746 1.6279
2 0.32524 0.52138 1.603062 0.32503 0.52171 1.6051
3 0.32463 0.52143 1.606229 0.32466 0.52306 1.6111
Reference a=0.3256 nm; ¢ = 0.5212 nm, ¢/a = 1.601 [15]
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Figure 5. The effect of thiourea concentration on the lattice constants a, ¢, and c¢/a. The results of the fifth iteration for ¢/a
are depicted in the inset

The dependence of a, ¢, and their ratio c/a as a function of thiourea concentration derived from the fifth iteration are
shown in Figure 5. It was established that the lattice constants values for the material (« = 0.32466-0.32525 nm and
¢ =0.52171-0.52306 nm) are well correlated with data given in the reference [15] (a = 0.3256, ¢ =0.5212, and c¢/a=
1.601). Similar results of our calculation of lattice parameters (a =0.325 nm and ¢ =0.521 nm) for zinc oxide films
obtained by CBD from zinc acetate-dehydrate and sodium hydroxide solutions were found by others [15].

CONCLUSIONS

We obtained ZnO films by chemical-bath deposition in a solution of zinc sulfate, thiourea, and ammonia solution. Then,
we assessed the dependence of the structural- and sub-structural- properties of the resulting condensates on the duration
of the deposition and the concentration of thiourea in the initial solution. Furthermore, we showed that nanostructures
form in the substrates during a 20-minute deposition. The optimal duration of deposition to assure the formation of a
continuous layer is 60 min. Moreover, the films we generated display a hexagonal [002] growth texture, the quality of
which depends on the concentration of thiourea. The average size of the CSD in directions corresponding to the axes of
the crystal lattice of the hexagonal phase is equal to (L(ig0) = (21-48) nm, Loz = (38-60) nm, L1109y = (21-36) nm); it
decreases with increasing thiourea concentration in the initial solution. The films have lattice constants of a = 0.32466-
0.32525 nm, ¢ =0.52171-0.52306 nm, and c/a=1.603-1.611. These values show a good correlation to reference films. In
addition, we identified the best physical and technological conditions for obtaining continuous films with a single-phase
structure and a relatively large CSD.
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