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Effect of Acid Treatment in Dye Loading Capacity of Spin 
Coated ZnO Film 

Highlights
•  ZnO is  a potential semiconductor material generally used to fabricate devices such as dye sensitized solar cell and 

gas sensor.
• Spin coating is an economic and effective thin film deposition method where deposition parameters such as thickness 

and concentration can be easily controlled.
• Acid treatment on ZnO surface enhanced dye loading capacity

*Corresponding author

Abstract
In recent times, the research on ZnO is growing tremendously, because of its potential use in many applications such as optical 

devices, dye sensitized solar cell (DSSC), gas sensors and biomedical. ZnO thin films of various thicknesses were prepared by the spin 
coating method using the zinc acetate precursor with diethanolamine and ethanol. The structural and optical characterizations of 
as-prepared ZnO films carried out using XRD and UV-Vis spectrophotometer, respectively. The XRD results showed polycrystalline 
wurtzite structure of ZnO. The average crystallite size of ZnO as calculated using Debye Scherrer’s formula was 26 nm. The optical 
band gap of ZnO was found to decrease with film thickness. The dye extracted from the leaves of Tectona Grandis (Sagun) which 
possesses a high and wide absorbance was used in this experiment. The study on the effect of acid treatment on ZnO films in dye 
loading showed enhanced absorbance in acid treated ZnO as compared to untreated ZnO. 

Key words  : ZnO, Polycrystalline structure, Acid treatment, Optical band gap

Introduction
For some time, investigations on metal oxide semiconductor materials such as Indium Tin Oxide (ITO), Titanium dioxide 

(TiO2), Zinc Oxide (ZnO), Tungsten Oxide (WO3), etc. have been significantly rising. Among these ZnO is a potential compound 
material because of its interesting physical and chemical properties. Reports also show that it is one of the most extensively 
researched materials in this industry [Shabbir et al. (2016)] because of its great future scope in a variety of applications including 
gas sensors, UV detectors and dye sensitized solar cell. Zinc oxide is an abundant, cheap, highly transparent, nontoxic material 
with high exciton binding energy (60 meV), wide band gap energy (3.37eV) at room temperature and strong room-temperature 
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luminescence [Wang et al.(2010); Ozgur et al. (2005); Haufu et. al. (2011)]. ZnO is also an effective UV absorber and emitter too. 
The optical properties of this compound depend on its underlying intrinsic and extrinsic defects. Generally, it exists as an n-type 
due to the presence of native defect states such as oxygen vacancies or zinc interstitials. It crystallizes in different structures 
such as hexagonal wurtzite (WZ), and cubic zinc blende (ZB) and rarely cubic rock salt (RS) [Koster et al. (2015)]. ZnO can 
be synthesized into various morphologies such as nanostructured thin films, nanorods, nano-sheets, tetrapods, nanoflowers, 
nanoparticles, nanofibres depending on the method employed [Nurlela et al.(2017); Joshi et al.(2015)]. In ZnO based DSSC, the 
amount of dye adsorbed into ZnO plays a vital role. Therefore, this study aims to study the influence of acid treatment on ZnO 
film deposited by spin coating technique in dye loading capacity. 

Materials and Methods
The 0.5M precursor solution was prepared using zinc acetate dihydrate [Zn(CH3COO)2.2H2O)] precursor with ethanol and 

diethanolamine (DEA) (C4H11NO2)] with continuous stirring at (60±5)°C for two hours. The stirred solution appeared transparent 
and homogenous [Shrestha et al. (2010)]. Addition of DEA increases the solution stability as well as helps in reducing the surface 
tension so that solution spreads uniformly throughout the substrate to deposit homogeneous film. The ZnO film was deposited 
on glass substrate using a spin coater of speed 3000 rpm and spinning time 30sec.  Then, the deposited film was preheated at 
(110±5)°C for 5 minutes and then post heated at (450±5)°C for 10 minutes for each coat of the film.  The process was repeated 
to deposit every other coat. After the last coating, the sample was annealed in air at (450±5)°C for 30 minutes to remove all the 
unwanted residues. The following schematic diagram (figure 1) summarizes the basic steps of ZnO film disposition. 
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Fig. 1. Schematic diagram for ZnO film coating by the spin coating technique

Results and Discussion

Figures 2(a) and 2(b)illustrated the optical transmittance (T %) spectraand corresponding band 

gap of ZnO films of various thicknesses respectively. The film thickness was calculated 

employingSwanepoel method [Xieet al. (2012)].The calculations showed that the film 

thicknesses corresponding to 3, 5, 8, 10,14, and 16 coats were 557 nm, 776 nm, 897 nm, 1006 

Fig 1: Schematic diagram for ZnO film coating by the spin coating technique

Results and Discussion
Figures 2(a) and 2(b) illustrated the optical transmittance (T %) spectra and corresponding band gap of ZnO films of various 

thicknesses respectively. The film thickness was calculated employing Swanepoel method [Xie et al. (2012)]. The calculations 
showed that the film thicknesses corresponding to 3, 5, 8, 10, 14, and 16 coats were 557 nm, 776 nm, 897 nm, 1006 nm, 1461 nm, 
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and 2137 nm correspondingly. The spectra clearly showed the decrease in transmittance for increasing thickness (figure 2a). The 
transmittance of 3 coat sample represented by the top most dark black curve was more than 95%, whereas it decreased to about 
80% for 16 coat sample (bottom graph) in figure 2a. The corresponding band gaps were calculated from the Tauc’s plot (the graph 
of (αhν)2 versus hν). Figure 2(b) showed the measured band gap energies of ZnO. Inset of this figure depicted the significant 
decrease of band gap of ZnO for increasing film thickness. The band gap of ZnO decreased from 3.26 eV for 3 coat to 3.17 eV 
for 16 coat.  This trend of decreasing band gap is consistent with reported values [Bouderbala et al. (2008)].

Fig 2: (a) Transmittance and (b) optical band gap of spin coated ZnO films of various thicknesses.

Structural haracterization
Figure 3 shows the X-ray diffraction (XRD) pattern of ZnO films of different thicknesses. In the figure, the bottom plot, 

middle plot and top plot represent the XRD pattern of 16 C, 14 C and 10 C ZnO films respectively. Here, C represents the number 
of coatings of ZnO. The XRD experiment was performed using X-ray beam, CuKα (λ = 1.5418 Å) in the 2θ ranged from 25o to 
80o. The multiple peaks obtained in the XRD pattern showed the polycrystalline hexagonal wurtzite structure of ZnO. The intense 
and sharp peaks were indexed as (100), (002), (101), (102), (110), (103) and (201) with respect to standard peaks of ZnO from 
JCPDS file no. 361-451 [Garceset al. (2015)]. The asterisked (∗) peak centered at 2θ = 30o, present in all patterns, which was 
due to a secondary zinc oxo-acetate phase [Garces et al. (2015)]. A slight shifting of peak positions with film thickness was also 
visible in the table which may be due to strain of film. The crystalline size (D) of ZnO was determined using Debye Scherrer’s 
formula  

θβ
λ

cos
*94.0

=D
θβ
λ

cos
*94.0

=D where β is the full width half maximum value and θ is the diffraction angle. The details of calculation of 

D for 10C, 14 C and 16 C films were illustrated in table 1. The result showed slight fluctuation in D because of polycrystalline 
nature of films. The average D value of ZnO was found to be about 26 nm.

Fig 3: X-ray diffraction profiles of 10 coat, 14 coat, and 16 coat ZnO films.
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Table 1. The d-spacing, miller indices (hkl) and crystallite size of ZnO films.

No. of Coats of 
ZnO

2θ (Degree)
Calculated d-spacing

(Å)
(hkl)

Crystallite Size (D)
(nm)

Ave
D (nm)

Ave D 

10 C

33.1762 2.6714 (100) 28.38

27.59

26 nm

35.8242 2.5055 (002) 30.38

37.6451 2.3597 (101) 24.03

14 C

33.1910 2.6985 (100) 24.96

23.9935.8394 2.5047 (002) 25.14

37.6556 2.3882 (101) 21.87

16 C

33.1129 2.7850 (100) 27.31

25.8535.7616 2.5104 (002) 26.99

37.5842 2.3927 (101) 23.26

Effect of acid treatment on dye absorption of ZnO film
To study the dye absorption capacity of ZnO film, we first prepared the dye extract solution of Tectona Grandis locally 

known as Sagun by dissolving well dried crushed leaves of Sagun in pure ethanol. Figure 4 showed the captured absorbance 
spectrum of dye extract of Sagun leaves. The characteristic feature of this dye is high and broad absorbance in the visible region. 
The peak observed at 660 nm was found to be well matched with the characteristics of anthocyanin pigment [Syafinara et al. 
(2014)]. The other anthocyanin peak at 270 nm is missing here because of the resolution of our spectrophotometer. As-prepared 
ZnO films were readily etched in acidic solutions to study dye loading capacity [Mariano et al. (1963)]. The color of the film 
quickly changed to dark green after immersing into acid solution accompanied by a significant increase in absorption (figure 
5) due to the binding of anthocyanin to the oxide surface. The absorbance spectra of five coated (5 C) ZnO only, ZnO with 
dye and acid treated ZnO with dye were shown in figures 5(a) 
Likewise, absorbance spectra of ten coated (10 C) ZnO, ZnO 
with dye and acid treated ZnO with dye were shown in figure 
5(b). Both the figures clearly showed an increase in absorbance 
of acid treated ZnO with dye in the wavelength range 400 nm 
to 650 nm. This is due to the availability of more absorption 
centers as created by acid treatment.  In general, the surface 
atoms of thin films are tightly bound to three adjacent atoms 
in the bulk material. The partial positive and negative charges 
of the dangling bonds at the Zn and O terminated on surfaces 
which can easily be attacked by hydronium (H+ O) ions of 
acidic solution [Gatos (1961); Jo et al. (2005); Hupkes et al. 
(2012)].According to the dangling bond model high etch rates 
are achieved for O-terminated surfaces. Thus, deep craters are 
etched at those sites which absorb more dyes than untreated 
sample. Acid treatment in ZnO film enhanced the dye loading 
capacity that is useful in the fabrication of low cost and high 
performance natural dye sensitized solar cells. 

Fig 4: Absorbance spectrum of Tectona Grandis (Sagun).
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Fig 5: Absorbance spectra of ZnO films with (a) 5C, and (b) 10 C where black, red and green curves represent absorbance of bare ZnO, 
dye loaded ZnO and dye loaded into acid treated ZnO respectively.

Conclusions
Thin films of ZnO with various thicknesses were prepared using spin coating method. The presence of multiple peaks of XRD 

pattern confirms the polycrystalline nature of ZnO. The average crystallite size, about 26 nm of ZnO was independent of film 
thickness. The optical analysis showed the decrease of band gap of ZnO film for increasing film thickness. The absorbance of 
dye extract of leaves of Tectona Grandis was high and wide in the visible range which is advantageous for fabrication of natural 
DSSC. Ultimately, results on absorbance measurement showed an enhancement with acid treated ZnO film than untreated films 
due to formations of more craters in acid treatment of ZnO. 
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