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In this study, Zinc Oxide crystals were grown using a combination of the gel method and 
thermal evaporation. The solution for the gel was maintained at a temperature of 104oC, 
and was prepared using absolute ethanol. Identification of the chemical species of the 
crystals grown was done using Fourier Transform Infrared Spectroscopy (FTIR), the 
structural analysis was done using X-Ray Diffraction technique and optical properties 
were studied using UV-VIS technique. The optical band gap values were found to increase 
from 2.75 eV in as grown to 2.85 eV for annealed at 100oC for 10minutes. This value is 
further increased to 2.88 eV after annealing at 150oC for 10 minutes and finally to 3.00 eV 
when annealed at 200oC. The effect of annealing temperature on the structural properties 
was studied using the (002) direction of the zinc oxide crystal as a focal point and showed 
that crystallite sizes decrease from 18.4nm to 15.3nm with increase in annealing 
temperature.  
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1. Introduction 
 
Technological advancement in recent years has led to the development of crystalline 

materials with certain desired qualities enabling their applications in areas like electronics 
(optoelectronics), spintronics, medicine, superconductivity, nuclear and electron resonance, 
molecular structure investigation, photonics, and photovoltaics. Some of these crystalline materials 
are specifically used in the manufacture of diodes, rectifiers, photovoltaic (PV) cells, scintillators, 
gauss metres, and particle Counters. Amongst these crystalline materials, the semi-conducting 
ones are of great interest because their properties can be easily modified or enhanced through 
doping, thus enabling them have a wide range of possible applications. 

Recent developments in the semi-conductor industry have seen an increased interest in 
zinc oxide (ZnO) and zinc oxide based semi-conducting crystalline materials because of their 
current and potential applications. Currently, zinc oxide and zinc oxide based semi-conducting 
materials are applied in solar cells and liquid crystal displays (as front contact), rubber 
manufacturing, concrete manufacturing, medicine, food industry (as additive), cigarette 
manufacturing, and anticorrosive coatings. They also have potential applications which include 
applications in laser diodes and light emitting diodes, transparent thin-film transistors (TTFT), 
optoelectronics, spintronics, and hydrogen sensors. 

Zinc Oxide is a wide-band gap group II–VI semiconductor and is typically an n-type 
semiconductor. In particular, it is considered a promising candidate for use as visible and 
ultraviolet (UV) light emitters [1]. It exhibits tuneable effect [2] and dopant-related luminescence 
properties in the visible region of the electromagnetic spectrum. In contrast to gallium nitride 
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(GaN), its main competitor for ultraviolet (UV) applications, ZnO exhibits favourable properties 
such as a high exciton binding energy of 60 meV (prospect of low laser threshold at room 
temperature, in contrast to 25 meV for GaN), unproblematic wet-chemical etching, radiation 
hardness (space applications) and the availability of substrates for homoepitaxy [1]. Zinc oxide is 
strongly piezoelectric with a coupling factor greater than four times that of quartz [3]. Also, it has 
a very low dielectric constant making it suitable for such devices as transducers [3]. Crystals of 
zinc oxide are also useful in acoustical amplifiers, delay lines and other electrical devices.  

As a result of its huge prospects in the semiconductor industry, zinc oxide have been 
synthesized via pulsed laser deposition (PLD) [4], chemical vapour transport [5-8], flux method [9, 
10] and hydrothermal method [11, 12].  

Our aim of this study is to investigate into the effect increase in the annealing temperature 
of bulk ZnO crystals (grown via the gel route), will have on its structural and optical properties. 

 
 
2. Experimental details 
  
In the synthesis of zinc oxide crystals, absolute ethanol was used as solvent. Zinc acetate 

dihydrate [Zn(CH3COO)2
.2H2O] was used as a source of both zinc and oxygen. Zinc acetate 

dihydrate was used as source of both zinc and oxygen because it is known to be a ‘mono-
precursor’ [13]. This is a unique property of the zinc acetate dihydrate compound. Being a ‘mono-
precursor’ means that one does not need an oxygen precursor to grow ZnO since zinc acetate 
dihydrate decomposes to yield zinc oxide. Decomposition of zinc acetate dihydrate to yield zinc 
oxide proceeds as shown below [13]: 

 
4Zn(CH3COO)2 (solid)  Zn4O(CH3COO)6 (solid) + (CH3CO)2O (gas) 

 Zn4O(CH3COO)6 (liquid) 
 4ZnO (solid) + 3CH3COCH3 (gas) + 3CO2 (gas) 

 
It therefore follows that in the use of ethanol as solvent; ethanol could be viewed as being 

a medium through which heat is supplied for the decomposition of zinc acetate dihydrate. The 
choice of ethanol as solvent was based on a recent study, in which absolute ethanol and zinc 
acetate dehydrate were used as precursors in the synthesis of ZnO thin films via the Sol-Gel route 
[14]. There are also a number of other studies where various organic compounds (e.g. 
Monoethanolamine, Diethanolamine, 2-Methoxy Ethanol, etc) were used as solvent for dissolving 
zinc acetate dihydrate [15, 16]. This shows that zinc acetate dihydrate is soluble in organic 
solvents. 

To synthesize the zinc oxide crystals, 10g of Zinc acetate dihydrate [Zn(CH3COO)2
.2H2O] 

was mixed with 25ml of absolute ethanol (C2H5OH) in a beaker. The resulting mixture was stirred 
using a magnetic stirrer for about 10 minutes after which it was placed in an oven maintained at 
104oC. The gel medium allowed for the growth of the crystals in a homogenous manner. No seed 
crystal or impurity was introduced into the gel mediums and as such, homogenous nucleation was 
the prevalent nucleation process during the nucleation phase of the growth process. 

After about 120 minutes in the oven, zinc acetate dihydrate decomposed to yield ZnO. 
Keeping the beaker in the oven (at 104oC) for an additional 90 minutes ensured that the solvent 
and any moisture present were evaporated completely, leaving behind the zinc oxide (ZnO) 
crystals. The crystals were then ground into finer particles using a mortar and pestle. 

 
 
3. Results and discussion 
 
3.1 FTIR Analysis 
 
FTIR is a technique used to obtain information about the chemical bonding in a material. 

It is used to identify the elemental constituents of a material sample. FTIR analysis was performed 
using SHIMADZU FTIR. For our study, the Double-Pass Transmission mode was used. Here, the 
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infrared (IR) beam makes a double pass through the sample before reaching the detector. The 
double-pass mode was used because it offers the highest level of sensitivity [17]. 
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Fig. 1. FTIR Spectra of ZnO crystals – (a) As-grown, (b) Annealed for 10mins at 150oC, 

(c) Annealed for 10mins at 200oC. 
 
 

 Fig. 1 shows the FTIR spectra of ZnO crystal annealed at various temperatures for 10 
minutes. In Fig. 1(a), we observe various peaks as indicated, showing the main absorption bands. 
These absorption bands are due to O-H bending of the hydroxyl group at 1429.3cm-1 [18] and O-H 
out-of-plane bending of the hydroxyl group at 619.17cm-1 and 695.26cm-1 [18]; Zn-O stretching of 
ZnO at 386.74cm-1 [19]; and an O-H stretching of hydroxyl group at 3150.83cm-1 [18, 20]. Fig. 
1(b) show absorption bands due to O-H bending of the hydroxyl group at 1451.48cm-1 [18] and O-
H out-of-plane bending of the hydroxyl group at 612.42cm-1 and 695.36cm-1 [18]; Zn-O stretching 
of ZnO at 374.2cm-1 [19]; and an O-H stretching of hydroxyl group at 3099.71cm-1 [18, 20]. 
Similarly, Fig. 1(c) show absorption bands due to O-H bending of the hydroxyl group at 
1431.23cm-1 [18] and O-H out-of-plane bending of the hydroxyl group at 612.42cm-1 and 694.4cm-

1 [18]; Zn-O stretching of ZnO at 382.88cm-1 [19]; and an O-H stretching of hydroxyl group at 
3422.80cm-1 [18, 20]. 

The presence of the absorption peak associated with the Zn-O bond in each spectra show 
clearly the presence of zinc oxide crystals in the samples. This confirms that the crystal sample 
analysed is composed of zinc oxide crystals. From the spectra shown in Fig. 1(a-c), we observe a 
splitting of the IR peak corresponding to O-H bending of the hydroxyl group (1410-1310cm-1) and 
that corresponding to O-H stretching of the hydroxyl group (3500-3000cm-1). This splitting could 
be attributed to the dissociation of the OH molecule due to increase in annealing temperature. 
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3.2 Structural Analysis 
 
XRD was used to uniquely identify the crystalline phases present in the crystals and to 

measure the structural properties. The XRD characterisation of crystal samples were carried out 
using MD-10 Diffractometer. The diffractometer recorded diffractograms using CuKα radiation. 
Diffraction patterns of the samples were recorded in the 2θ range from 10o to 72o.  

 The XRD spectra in the figures below show that the compounds grown are 
crystalline in nature. For each of these XRD spectra, the crystallite size D, was determined using 
the Debye Scherrer formula [19, 21-23] as given below:  

                                          (1) 
where K = 0.9, is the shape factor, λ = 1.5408Ǻ, θ is the diffraction peak angle (Bragg Angle) in 
degrees, and β denotes the full width at half maximum (FWHM) in radians, of the corresponding 
diffraction peak.  
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Fig. 2. XRD Spectrum for ZnO crystals – ‘a’ = As grown, ‘b’ = Annealed at 150oC for 10 minutes, 

‘c’ = Annealed at 200oC for 10 minutes. 
 
 
 Fig. 2 above shows the XRD spectra of ZnO. The spectrum in Fig. 2(a), shows that the 
crystal is crystallized in the wurtzite phase (i.e. has the Zinc Blende wurtzite structure). This 
spectrum has peaks which are related to hexagonal phase ZnO. The peaks and their corresponding 
planes are as follows: (100) for 2θo = 32.02, (002) for 2θo = 33.68, (102) for 2θo = 46.72, (110) for 
2θo = 56.10 and (200) for 2θo = 66.41. These are comparable to the most frequently observed XRD 
peaks in many related studies [23-31]. The (100) peak is labelled as a-axis related and the (002) as 
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the c-axis related [5]. The presence of various peaks corresponding to planes other than the (002) 
plane shows that sample is polycrystalline in nature [26]. Using the Debye Sherrer formula the 
crystallite size of the (002) plane [24] was found to be 18.4nm. 
 For ZnO crystals annealed for 10 minutes at 105oC, its spectrum (Fig. 2(b)) also shows 
that the crystal has the Zinc Blende wurtzite structure with corresponding spectral peaks. These 
peaks and their corresponding planes are as follows: (100) for 2θo = 31.28, (002) for 2θo = 34.25 
and (200) for 2θo = 66.20. These peaks are comparable to that reported in various studies [23-31]. 
Here, the crystallite size of the (002) plane [24] was found to be 16.2nm. Similarly, the spectrum 
of ZnO crystals annealed for 10 minutes at 200oC (Fig. 2(c)) also shows that the crystal has the 
Zinc Blende wurtzite structure with corresponding spectral peaks. The peaks and their 
corresponding planes are as follows: (100) for 2θo = 31.70, (002) for 2θo = 34.39 and (200) for 2θo 
= 66.01; and are comparable to that reported in various studies [23-31]. Here, the crystallite size of 
the (002) plane [24] was found to be 15.3nm. 
 From the foregoing discussion of the XRD results, we observe that an increase in the 
annealing temperature of Zinc Oxide crystals introduces variations in its structural properties. This 
variation is shown in table 1, for the (002) plane crystallite size and full width at half maximum 
(FWHM). 
 

Table 1. Variation of the (002) Plane Crystallite Size and Full Width at Half Maximum (FWHM) of ZnO 
Crystals with Annealing Temperature. 

 
Sample Annealing Temperature (oC) Crystallite Size (nm) FWHM (radians) 
a As-grown 18.4 1.1002 
b 150 16.2 1.0346 
c 200 15.3 0.9055 

 
 

3.3 Optical Studies 
 
Optical absorption studies of the crystalline particle colloids were carried out using a 

JENWAY 6405 UV-VIS spectrophotometer operating at a wavelength range of 200nm to 1200nm 
at intervals of 5nm. In the optical absorption study, deionised water was used as reference solution 
[32]. First, the crystal samples were dissolved in deionised water forming a colloidal solution 
which is then subjected to UV-VIS analysis. 
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Fig. 3. Optical absorption spectra of ZnO crystals – (X1 = As-grown, X2 = Annealed for 10mins at 100oC, 

X3 = Annealed for 10mins at 150oC, X4 = Annealed for 10mins at 200oC) 
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 The optical absorption spectra above show that annealing ZnO crystals at temperatures up 
to 150oC decreases its absorbance steadily. The sample annealed at 200oC (X4) showed a deviation 
as it has a higher absorbance compared with others (X2 and X3), though its absorbance is still 
lower than the as-grown sample (X1). The absorption spectrum shows that ZnO crystals have a 
low absorbance in the visible region, which is a characteristic of ZnO.  
 Fig. 4 shows the direct band gap plots. From the figure, X1 (as-grown) has a band gap of 
2.75eV, X2 (annealed for 10mins at 100oC) has a band gap of 2.85eV, X3 (annealed for 10mins at 
150oC) has a band gap of 2.88eV, while X4 (annealed for 10mins at 100oC) has a band gap of 
3.0eV. This shows that an increase in the annealing temperature increases the band gap. The 
increase in band gap could be attributed to the evaporation of impurity ions (OH- ions) which 
causes a lowering of the band gap. 
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Fig. 4. Plot of Band Gap (Direct) for different annealing temperatures. 
 
 

The Urbach’s energy, which corresponds to the width of the tail of localised states within 
the optical band gap, it is linked to the absorption coefficient in the lower energy region of 
fundamental edge and is shown in figure 5. Urbach’s energy can be deduced from the absorption 
coefficient (α) and depends on structural defects [33]. It is determined by plotting ln(α) against 
photon energy [34] , and extrapolating to the photon energy axis. Ubarch’s energy determined for 
as-grown ZnO crystals (X1) is 0.7eV, for ZnO crystals annealed at 100oC for 10mins is 0.88eV, 
for ZnO crystals annealed at 150oC for 10mins is 1.15eV, while that for ZnO crystals annealed at 
200oC for 10mins is 0.80eV. We observe that the Urbach’s energy increases with an increase in 
annealing temperature. Sample X4 showed a drop in the Urbach’s energy as compared to sample 
X3. This might be due to the breakdown of crystalline structure of ZnO at high annealing 
temperature. 
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Fig. 5. Urbach’s Energy Plot 

 
 
4. Conclusion 
 
Annealing zinc oxide crystals at higher temperatures, results in higher quality crystals. We 

observe that an increase in the annealing temperature results in a decrease in the crystallite size of 
the (002) plane. This is evident from the crystallite sizes calculated. Also we observe that for zinc 
oxide crystals, increase in annealing temperature results in a decrease in the width of the 
diffraction peak of the (002) plane. This shows that annealing at higher temperatures produces 
pure zinc oxide crystals. Optical studies show that subjecting ZnO crystals to increasing annealing 
temperature decreases its absorbance, while increasing its band gap (direct), as well as increasing 
the Urbach’s energy. 
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