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Abstract: The stress and lattice constants in zinc oxide (ZnO) nanoparticles play a major 
role in determining the distortions that occur in the crystal during the preparation of the 
sample as a result of exposure to several factors, such as external strain, temperature, 
pressing and structural defects (oxygen vacancies and zinc/oxygen interstitials). ZnO 
nanoparticles (20 nm) were used to make high-density ZnO discs via uniaxial pressing at 
4 ton cm–2 and sintering at 1200°C for 1 h. Structural, elemental and optical 
characterisations were then performed on the samples using various techniques. High-
oxygen thermal annealing significantly affected the ZnO discs, particularly in enhancing 
the growth of the grain even at a low annealing temperature (450°C). The strong solid-
state reaction during annealing may be attributed to the high surface area of the 20 nm 
ZnO nanoparticles that exhibited a strong surface reaction even at low annealing 
temperatures. The annealing treatment also improved the grain crystallinity, as shown by 
the transition of the intrinsic compressive stress to tensile stress based on the XRD lattice 
constant and full-width at half-maximum data. Therefore, high-oxygen thermal annealing 
can be used as a new technique in controlling the stress in nanoparticle-based ZnO discs 
and produce discs with improved structural and optical properties. 
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1.   INTRODUCTION 
 

Considerable interest has been focused on zinc oxide (ZnO) in recent 
years because of its wide direct bandgap and strong excitonic binding energy, 
which makes it a promising material for ultraviolet (UV) lasers with low 
thresholds,1 field emission arrays,2,3 surfacial acoustic devices,4 and transistors 
and biosensors.5 Aside from the typical nanowire, nanorod, nanobelt and 
nanotube morphologies, other fascinating ZnO nanoparticle structures include the 
hierarchical and tetrapod nanowhiskers, nanocombs and nanopins, which have 
been synthesised via different routes.6,7 
 

Thermal annealing treatment is a widely used, effective technique for 
improving the crystalline quality of ZnO. The annealing temperature plays an 
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important role in controlling the intrinsic defects in ZnO and the properties of the 
samples. Recrystallisation can occur at higher annealing temperatures, and the 
concentration of the defects changes with the annealing temperature and the 
ambient atmosphere. Other important annealing parameters include the ambient 
gas, time and gas flow rate. 
 

Previous studies8–11 have shown that an optimum annealing treatment 
improves the crystal quality of ZnO and changes the Zn/O ratio as well as the 
intrinsic defects of the sample. Meanwhile, a number of studies have focused on 
determining the effect of thermal or oxygen partial pressures on the stress and 
structure of ZnO.12,13 These two parameters are known to strongly affect the 
residual stresses in ZnO discs. However, thermal annealing significantly affects 
the ZnO structure because thermal energy improves the crystallisation of ZnO 
discs.14 The stress arises during the growth process; hence, a perfect, stress-free 
crystallisation of ZnO can be achieved by adjusting the temperature and oxygen 
flow rates under optimal conditions. In other words, the intrinsic growth stress in 
the ZnO disc can be controlled by adjusting the conditions of the annealing 
process. The current study aims to demonstrate the conversion of stress from 
compressive to tensile during the annealing of ZnO discs by controlling the 
thermal annealing temperature at a fixed oxygen flow rate (2 L m–2). The 
correlation between the stress during annealing and the lattice constant is also 
investigated. Therefore, this study presents the effect of high-oxygen thermal 
annealing at various temperatures on the stress and lattice constant of ZnO 
nanoparticle-based ZnO discs.  
 
 
2.   EXPERIMENTAL 
 

ZnO discs were prepared via the conventional ceramic processing 
method involving ball milling, drying, pressing and sintering (1200°C). ZnO (20 
nm) powder (MK Nano, > 99.8% purity) was obtained from the industry and 
used in producing ZnO discs.        
 

ZnO nanopowder was blended with polyvinyl alcohol (PVA) by mixing 
with distilled water in a ball milling jar for 6 h. ZnO slurry was air-dried at 60°C 
for 1 h. The dried material was granulated by sieving through a 20-mesh sieve. 
The resulting granules were pressed under 4 ton cm–2 pressure to produce 26 mm 
wide and 3 mm thick green ZnO discs. Finally, the green discs were sintered at 
1200°C in air for 1 h. 
 

The as-grown ZnO samples were annealed in oxygen atmosphere at 
various temperatures from 450°C to 850°C for 1 h. The oxygen flow rate was 2 L 
min–1.   
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The microstructure of the ZnO discs was examined using scanning 
electron microscopy (SEM) and Energy dispersive X-ray spectroscopy (EDX) 
system (model: JSM – 6460 LV) and the grain size was determined by the ZnO-
ZnO grain boundary crossing method. The crystalline phases were studied using 
a high resolution X-ray diffractometer (XRD) equipment (PANalytical X' Pert 
PRO MED PW3040) with Cu Kα radiation (λ =1.5406 Å). Room temperature 
photoluminescence (PL) spectra were obtained using a Jobin Yvon HR 800 UV 
spectrometer system at room temperature. Raman spectroscopy was conducted as 
a supplementary tool to identify structural information (514.5 nm, argon ion 
laser, Labram-HR).  
 
 
3.   RESULTS AND DISCUSSION 
 

Figure 1 shows the SEM micrographs of unannealed and annealed ZnO 
discs at 450°C, 550°C, 650°C, 750°C and 850°C. The surface morphology of the 
samples strongly depended on the annealing temperature, indicating that the 
average grain size of ZnO increased with temperature. The as-grown ZnO discs 
consisted of co-joined grains (average grain size = 1.3 μm) and exhibited a highly 
porous morphology [Figure 1(a)]. 

 
             The ZnO grains increased in size to approximately 1.4, 1.6, 1.9, 2.4 and 
2.7 μm as the annealing temperature was increased to 450°C, 550°C, 650°C, 
750°C and 850°C, respectively [Figures 1(b) to 1(f)]. The grains became more 
structurally arranged as they increased in size, resembling polygons/hexagons; at 
the same time, the porosity decreased, indicating that a higher annealing 
temperature promotes internal atomic diffusion, which is responsible for grain 
growth and pore elimination. 

 
The ZnO nanoparticles had small-grains sized structures with the 

morphology changing according to the variation in the annealing temperatures. 
The SEM images show that the grain boundaries were fewer and the grains grew 
much bigger with further increase of annealing temperature. The high annealing 
temperature provides more activation energy to atoms to grow larger grains. Lin 
et al.32 described that high temperature can stimulate the migration of grain 
boundaries and cause the coalescence of more grains during the annealing 
processes. Fang et al.8 further indicated that at high temperature, more energy 
should be available for the atoms to acquire so that they may diffuse and occupy 
the correct site in the crystal lattice and grains with lower surface energy will 
grow larger at high temperature. 
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Figure 1:  Typical SEM images of (a) as-grown ZnO discs, and annealed at (b) 450°C,        
(c) 550°C, (d) 650°C, (e) 750°C and (f) 850°C temperatures.  

 
Interestingly, tiny, distinct white spots of ZnO nanoparticles 

(approximately 80 nm to 100 nm) were found on the specimens, particularly for 
the 850°C sample shown in Figure 1(f). At a very high annealing temperature, the 
atoms have enough diffusion activation energy to occupy the correct site in the 
crystal lattice and the free zinc in the samples have a high energy to interact with 
oxygen during the annealing process which in turn leads to the appearance of the 
large white spots during annealing in this temperature. The larger white spots 
may be the agglomerates of ZnO nanoparticles. Excess zinc naturally produced 
from sintered ZnO may have provided this free zinc that was oxidised into ZnO 
during the oxygen-rich annealing treatment. The EDX spectra [inset of Figure 
2(f)] for the white spots in samples annealed at 850°C show that presence of only 
Zn and O, suggesting pure ZnO nanoparticle composition of this white spots.  
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Figure 1 also shows the layer-by-layer growth of several grains. The 
growth of the secondary layer occurred during the oxygen-rich annealing, 
particularly at temperatures above 650°C. This polycrystalline layer is 
approximately 80 nm to 120 nm thick. The growth of the secondary layer may 
have been due to a high concentration of free zinc in the localised grains 
exhibiting multilayer growths.       

           
Significant grain growth occurred in the ZnO discs even at a low 

annealing temperature (450°C), in addition to a secondary growth involving ZnO 
nanoparticles and multilayer grains. This interesting phenomenon may be 
attributed to the strong surface reaction during annealing due to the very large 
surface area of the 20 nm nanoparticles used in creating the ZnO discs. Increasing 
the annealing temperature resulted in the compression of the ZnO grains towards 
the centre of the disc and the growth of grain size. The increased annealing 
temperature was led to the oxygen concentration in the disc and caused a 
distortion in the form of the grains; this result indicates the presence of tensile 
stress in ZnO discs. 
              

The EDX scan data (Figure 2) for the all area show that the oxygen 
content in the ZnO discs increased with increasing annealing temperature because 
of the increase in the oxygen diffusion energy. The observed high oxygen content 
in the annealed sample may be attributed to the interaction of ZnO with 
atmospheric oxygen during the annealing process under ambient conditions. The 
EDX results also reveal the presence of trace amounts of other elements such as 
Si (impurities) in the ZnO discs, which were introduced during the preparation 
and annealing processes. 
 
 The XRD spectra (Figure 3) of the ZnO disc specimens are characterised 
by major peaks at (101), (100), (002) and (110), which confirm the 
polycrystalline nature of the discs. The increase in the annealing temperature 
resulted in higher and narrower diffraction peaks with smaller full-widths at half-
maximum (FWHM), indicating better crystallinity, as observed in the sample 
annealed at 850°C [Figure 3(f)]. This result is in contrast to the lower intensity 
peaks of the sample annealed at 450°C [Figure 3(b)]. 
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Figure 2:  EDX spectra of (a) as-grown ZnO discs, and annealed at (b) 450°C, (c) 550°C, 
(d) 650°C, (e) 750°C and (f) 850°C temperatures.  

 
The intense (101) peak of the as-grown ZnO disc increased from 

2θ = 36.10° to 2θ = 36.14° after annealing at 450°C, indicating the occurrence of 
residual stress in the ZnO disc. The (101) peak (Figure 4) became narrower, less 
asymmetric and gradually shifted to higher 2θ values as the annealing 
temperatures increased, which resulted in the decrease in the lattice constant  
(Table 1). Moreover, the FWHM of the (101) diffraction peak decreased with the 
increasing temperature (Table 1), suggesting that the thermal annealing 
temperature improved the crystallisation of the ZnO nanoparticles. 
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Figure 3:  XRD patterns of (a) as-grown ZnO discs, and annealed at (b) 450°C, (c) 550°C, 
(d) 650°C, (e) 750°C and (f) 850°C temperatures.  

 

 
Figure 4:  An enlarged view of the (101) X-ray diffraction peak of ZnO discs showing a 

shifting of this peak at different annealing temperatures.  
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Table 1: Summarised data from SEM images, XRD patterns and PL spectra. 
 

 SEM XRD PL peak 

Anneal-
ing 

tempe-
rature 

Grain 
size 
(μm) 

2θ 
(°C) 

a (Å) c (Å) 
FWHM 

(°C) 

Stress 
(σ) 

(G.Pa) 

Wave-
length 
(nm) 

Energy 
band-
gap 
(eV) 

Wave 
length 
(nm) 

Band 
peak 

energy 
(eV) 

As-grown 1.3 36.10 3.253 5.217 0.295 –0.941 365.53 3.392 527.97 2.349 

450°C 1.4 36.14 3.251 5.215 0.258 –0.767 365.14 3.396 526.17 2.356 

550°C 1.6 36.15 3.250 5.211 0.199 –0.418 365.03 3.397 526.04 2.357 

650°C 1.9 36.19 3.249 5.205 0.198 0.105 368.67 3.363 540.91 2.292 

750°C 2.4 36.21 3.245 5.203 0.198 0.279 369.22 3.358 545.21 2.274 

850°C 2.7 36.27 3.242 5.195 0.197 0.976 369.85 3.353 550.33 2.253 

 
The stress in the ZnO discs may have been introduced via two 

mechanisms. One is that the intrinsic stress is due to the crystallite deficiency 
during growth, as well as the impurities and defects in the discs. Another is that 
the growth parameters, such as pressure, gas mixture, power and deposition 
temperature, may have caused the intrinsic stress. Previous studies9,15 have 
revealed that the intrinsic stress of the as-grown ZnO is compressive. By contrast, 
extrinsic stress can be generated during pressing, sintering, and annealing 
processes. The thermal stress in the discs results from the difference in the 
coefficient of thermal expansion α due to the variations in the annealing 
temperature.  
 

The magnitude of the compressive stress component during the growth 
process was increased until it was converted to the thermal (tensile) stress 
component at a very high annealing temperature; therefore, an overall 
compressive residual stress was observed in the as-grown ZnO. The increase in 
the tensile stress with increasing temperature may be attributed to the increasing 
diffusion rate of oxygen on the surface of the disc, as well as the increase in the 
rate of reaction between the free Zn in the sample and oxygen at high annealing 
temperatures, which lead to an increase in the oxygen concentration in the ZnO 
disc. On the other hand, increasing the annealing temperature increased the 
energy for the diffusion of oxygen in the ZnO disc, which leads to tension in the 
lattice constant during the growth process. 
 

The lattice constant (c) of the ZnO samples was obtained from the peak 
positions of the ZnO (002) planes. The results are summarised in Table 1. These 
values are comparable to the lattice constants of bulk ZnO (c0) at 5.208 Å.16 
Using these data, the stress (σ) in the ZnO disc was calculated using the strain 
model for hexagonal crystals, as shown in Equation 1:17,18 
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where C11 = 209.7 GPa, C12 = 121.1 GPa, C13 = 105.1 GPa, C33 = 210.9 GPa, co 
and c refer to the mean stress in the ZnO sample, the elastic stiffness constants of 
bulk ZnO, the lattice constant of strain-free bulk ZnO and the lattice constant of 
the ZnO disc, respectively. The numerical value of the elastic stiffness constants 
of bulk ZnO is approximately –453.6 GPa. The estimated values for σ in the ZnO 
disc for the (002) plane grown at different annealing temperatures are listed in 
Table 1. The increasing order of the stress values is as follows: σ(a) < σ(b) < σ(c) 
< σ(d) < σ(e) < σ(f). The negative value of the compressive stress indicates that 
the lattice constant is elongated compared with that of the stress-free sample.16 
The positive values of samples d, e, and f indicate a tensile stress that results 
from the stretching crystal size, indicating that the lattice constant decreased 
compared with that of the stress-free sample.  
 

The photoluminescence (PL) spectra in [Figure 5(a)] show two emission 
bands for the ZnO discs, particularly in the UV and blue-green-red regions. The 
UV emissions with band peaks at 365 nm to 369 nm have lower intensities 
compared with the broad, visible band peaks at 527 nm to 550 nm. The 
characteristic UV band edge PL peak of the as-grown ZnO disappeared as the 
annealing temperature increased because of the high intensity of the blue-green-
red emission.19,20 The broad visible emission may be attributed to the electronic 
transitions from the near-conduction band edge to deep level acceptors, as well as 
to the transitions from the deep donor levels to the valence band.21 The visible 
emission was produced from the recombination of shallowly trapped electrons 
with deeply trapped holes in the Vo

++ centres.22 Previous studies23,24 have 
attributed the increase in the green emission to Zn/O interstitial centres. 
 

 
   (a)     (b) 
 

Figure 5:  Illustration of (a) PL spectra of ZnO discs at different annealing temperatures in 
the visible region and in the UV region (INSET), and (b) variation of the band-
gap energy as a function of the different stress on the ZnO discs. 
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In the current study, the increase in the blue-green-red visible PL 
emission may be attributed to an extremely high concentration of structural 
defects in the starting raw material (20 nm ZnO nanoparticles). The structural 
defects were intrinsic (oxygen vacancies and zinc interstitials) and acted as deep-
level acceptors for electronic transitions with the near-conduction band edge. 
               

The broad PL visible emission of the samples increased as the high-
oxygen annealing temperature increased, whereas the UV emission decreased 
[Figure 5(a)]. Oxygen absorption on the ZnO disc surface may have increased as 
the annealing temperature increased from 450°C to 850°C and may have driven 
the photogenerated electron-hole pairs in the depletion region to move to 
opposite directions.25 The enhanced oxygen absorption at high annealing 
temperatures (450°C and 550°C) also caused a blueshift in the PL emission peaks 
of ZnO, which may be attributed to compressive stress. The blueshift turned into 
a redshift when the annealing temperature was increased to 650°C, 750°C and 
850°C, resulting in an increase in stress. As a result, the bandgaps of the ZnO 
nanoparticles decreased with increasing annealing temperature, and the tensile 
stress became more dominant as the grain size increased. The shift in the band-
gap energy is related to the structural property. The inherent tensile strain in the 
ZnO disc can be relaxed by providing sufficient thermal energy, which lowers the 
band-gap energy. The band-gap was found to vary within the 450ºC to 850ºC 
annealing temperature range, which agrees with the reported value.26 The 
variation in the energy band-gap as a function of stress was measured (Table 1) 
and plotted in Figure 5(b) to determine the effect of stress on the energy band-
gap. The band-gap energy can be determined using the following equation: 

 
                                                           (2)

  
where Eg = band-gap energy, h is Planck's constant and c is light speed. 
  
 The variation in the energy band-gap and stress with different annealing 
temperatures is shown in Figure 6. The observed shift in the energy band-gap 
from a higher to a lower value may be attributed to the conversion of the 
compressive stress to a tensile stress with increasing annealing temperature. A 
decrease in the UV emission peak was observed at higher annealing temperatures 
as the compressive stress increased because of the increase in the grain size. 
Hence, the variation in the band-gap with temperature significantly correlated 
with the stress in the disc, indicating that the increase in the annealing 
temperature induced an increase in the grain size, and caused a reduction in the 
quantum size effect (or in the energy band-gap) in the ZnO nanoparticles.14,27,28 
At the same time, the increased temperature promoted the diffusion of oxygen on 
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the discs and led to a decrease in the ZnO lattice constant, consequently 
increasing the tensile stress in the sample.16,27,29 

 

 
 

Figure 6:  Variation in band-gap (Egbulk–Eg) and stress in the ZnO discs with different 
annealing temperature. 

 
 This study shows that a decrease in the PL emission peaks and energy 
bandgap with increasing annealing temperature plays an important role in 
increasing the stress. Similar results were also obtained using Raman 
spectroscopy and SEM, indicating that the stress significantly affects the 
structural and optical properties of ZnO nanoparticles. 
 

Figure 7 shows the Raman spectra for the ZnO discs at different thermal 
annealing temperatures. Raman scattering is very sensitive to the microstructure 
and can be used to obtain additional information on the structure of the ZnO 
nanoparticles. Single-crystalline ZnO has eight sets of optical phonon modes at 
the Г point of the Brillouin zone, wherein the Raman active modes are E2

(low), 
E2

(high), A1(TO), E1(TO), A1(LO) and E1(LO). Generally, the E2
(high) optical 

phonon mode of the ZnO nanoparticle represents a wurtzite structure. Compared 
with the stress-free bulk ZnO (437 cm–1),30 the different positions and intensity of 
the E2

(high) mode (shifting up or down) indicate a change in the band structure of 
the ZnO nanoparticles and provide information on the stress. In a similar manner, 
an increase in the E2

(high) phonon frequency indicates the occurrence of 
compressive stress in the crystal, whereas a decrease in this mode is attributed to 
tensile stress.31 The E2

(high) positions for the discs annealed at 450°C and 550°C 
were observed at 439.4 cm–1 and 438.6 cm–1, respectively, indicating an upward 
shift of approximately 2.4 cm–1 and 1.6 cm–1. The upward shift in the position of 
the E2

(high) phonon mode is attributed to the compressive stress in the ZnO discs. 
On the other hand, the position of the E2

(high) phonon mode for the discs annealed 

Temperature (°C) 
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at 650°C, 750°C and 850°C shifted downward to 436.8 cm–1, 436.2 cm–1 and 
435.1 cm–1 (corresponding to shifts of 0.2 cm–1, 0.8 cm–1 and 1.9 cm–1), 
respectively, indicating the occurrence of tensile stress in the ZnO discs, which 
increased with temperature. Two Raman-active optical phonons were assigned in 
all the annealed samples. The peaks appearing at 110 cm–1 and 595 cm–1 
correspond to the E2

(low) and E1(LO) phonon modes of ZnO, respectively. The 
E1(LO) peak centred at 595 cm–1 is attributed to the formation of defects such as 
oxygen vacancies and Zn interstices.31 

 

 
 

Figure 7:  Raman spectra of (a) as-grown ZnO discs, and annealed at (b) 450°C,                
(c) 550°C, (d) 650°C, (e) 750°C and (f) 850°C temperatures.   

 
 
4. CONCLUSION 
 

ZnO discs were prepared via the conventional ceramic processing 
method and then annealed at different temperatures. SEM, EDX and XRD were 
used to characterise the disc morphologies and crystal structures of the samples. 
The crystal quality of the ZnO discs was highly dependent on the annealing 
temperature. Increasing the annealing temperature from 450°C to 850°C resulted 
in a larger grain size and improved grain crystallinity, as indicated by the 
decreased intrinsic compressive stress deduced from the XRD lattice constant and 
FWHM data. The XRD analysis at 2θ shows that the ZnO disc suffers from a 
slight compressive stress at low annealing temperatures; this stress is then 
converted to tensile stress and gradually increases with increasing temperature. 
The PL spectra of the ZnO nanoparticle show the effect of stress on the energy 
bandgap. The change trend of the energy bandgap relative to the as-grown ZnO 
indicates a change in the band structure of the ZnO nanoparticles and provides 
information on the stress. The upward shift in the energy bandgap corresponds to 
the occurrence of compressive stress in the crystal, whereas the decreased value 
of this bandgap is due to tensile stress. The shift in the E2

(high) optical phonon 
mode of the ZnO nanoparticles indicates the effect of stress on the wurtzite 
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structure. All these results indicate that high-oxygen thermal annealing can be 
used as a new technique in controlling the different properties of nanoparticle-
based ZnO discs and obtain high-quality discs with improved structural 
properties and minimal stress. 
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