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Abstract 
 

     We report here structural, electrical, photoluminescence (PL), and optical investigations of 
ZnO nanoparticles. The ZnO samples are initially sintered at various temperatures (Ts) (600-

1200 oC) temperatures and their size is reduced twice to nanoscale by using ball friction at 

200 rpm rotational speed and 30 minutes duration. It is found that the Ts do not influence the 
well-known peaks associated with the ZnO hexagonal structure, whereas the constants of the 

lattice and the average crystallite diameters are affected. Although the nonlinear area is 

observed for all samples in the I-V curves, the breakdown field EB and nonlinear coefficient β 

are moved to lower values as Ts increases, while the residual voltage Kr and nonlinear 
conductivity (σ2) are increased. The empirical relations for Kr, EB, and β as a function of Ts 

are; Kr = 0.004 Ts – 0.487, EB = -1.786Ts +2559.5 and β = -0.052 Ts +75.19.  On the other 

hand, a maximum UV absorption shift (Amax) is obtained at 412 nm, 400 nm, 384 nm, and 326 
nm as the Ts increases up to 1200 oC.  For each sample, two different energy band gap values 

are obtained; the first is called the basic bandgap (Egh) and its value above 3 eV, while the 

second is called the optical band gap (EgL), and its value below 2.1 eV. Moreover, the 
empirical relations of them are Egh = 0.002 Ts - 0.24, Egl = -0.0033 Ts +5.242 and ∆E = - 

0.0015 Ts +5.002. Furthermore, the values of (N/m*) and lattice dielectric constant εL are 

increased by increasing Ts up to 1200 oC, while the vice is versa for the interatomic distance 

R.  The dielectric loss tan δ is almost linear above 4 eV for all samples, and it decreases 
sharply as the Ts increases. The optical and electrical conductivities σopt and σele are decreased 

as the Ts increases up to 1200 oC. Finally, the characteristic of UV band edges against the 

optimum value of PL intensity for the samples shows 8-continuous peaks. Furthermore, the 
PL intensity of the peaks is decreased by increasing Ts and also by shifting the UV wave 

number towards the IR region.  
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Introduction 
   N-type ZnO with a large optical energy gap (3.3eV) and high Urbach energy (60-
100 meV) was used early as a varistor to avoid the high voltage overloads [1-2]. ZnO 
exhibits a nonlinear electrical conductivity of n-type through its twice-fold ionizations 
as a result of excess Zn ions. The excess of Zn ions gives origin to intrinsic donors in 
ZnO and can be assigned either as Frenkel defects to the interstitial Zn or as Schottky 
defects to the oxygen vacancy [3–7]. However, these intrinsic defects regulate the 
electrical conductivity of ZnO as oxygen vacancies, which originally formed below 
the conductive band at high temperatures during sintering, and were also known as 
donor defects [8-9]. Such defects tend to migrate to and annihilate the grain 
boundaries during the quenching cycle. The cycle of migration is usually slow and is 
triggered thermally near the grain boundaries and effectively eliminated [10].  It is 
generally accepted that the localized band gap states deplete the ZnO carriers on either 
side of the grain boundaries and generally lead to the creation of double Schottky 
barriers that govern the ZnO electrical properties [11-13]. 
Although in many applications ZnO has a wide range, there is a lack of data based on 
its thermal stability, particularly when ZnO samples sintered at high temperatures [18,
 19-23]. Different models such as the ion migration model and model of defects have 
investigated the heat treatment, which affect electrical stability in ZnO. They 
suggested that Zn interstitials may be formed in the depletion layer during sintering 
and frozen by either quenching or slow cooling to room temperature [24-25]. It is also 
accepted that some of these defects could be formed at the grain boundary, such as 
donor-like positive charge and acceptor as negative charge, affecting the ZnO 
properties [26-27]. In addition, some of the positive Zn charges (Zn+ and Zn++) may 
also be formed in the depletion layer, but these ions can be extracted by thermal 
annealing [28]. Although much of the work has been done on the effect of sintering 
temperature on the non-linear I-V characteristics of ZnO varistors, there are few 
investigations have been carried out on optical constants investigations. It is accepted 
that the evaluation of optical constants of ZnO has significant importance in 
optoelectronic and optical applications such as filters, modulators, solar cells, 
photodiode, switches, etc. [29-32]. Therefore, it is necessary to get some information 
on its optical absorption, especially when sintered at different temperatures. This will 
help us for more investigation on the energy of localized states, bandgap energy, and 
free carriers determination through UV absorption analysis. On the other hand, 
photoluminescence (PL) at room temperature usually provides additional insight into 
the crystal nature of semiconducting materials through emission from discrete 
expansion of the state and within bandgap or structural defect states. In a wide gap of 
ZnO semiconductor, the UV-blue PL emission band is often narrowed, and usually 
represents a radiative process near band edge (NBE). The NBE emission can be 
delineated as a photo-excitation of charging carriers from valance band to conductive 
band resulting in the formation of exciton (electron-hole pair) and subsequent 
radiative recombination of electrons and holes.  Reducing the nano-particle size also 
constitutes an effective method for the properties of ZnO [33-37]. For example, when 
the ZnO is prepared in nanoscale dimensions, the transition temperatures (TC) from 
semiconducting to metallic state are effectively changed. Furthermore, some of the 
optical properties, such as dielectric constant, electrical, and optical conductivities, are 
improved [38-39]. However, further research still needed in order to take advantage of 
this potentially high stability of ZnO ceramic for satisfying overload voltage 
requirements. 



   To explain the connection between sintering temperature, which typically reflects 
intrinsic defects, and ZnO properties, structural, electrical, and optical properties of 
sintering temperature are well investigated in the range of (600-1200 oC). 
Furthermore, we are trying to improve the performance of ZnO by reducing the grain 
size to the order of nanoscale. Moreover, a detailed investigation of the electrical and 
optical constants against sintering temperature is introduced. Anyhow, by increasing 
sintering up to 1200oC, we could increase lattice dielectric constant, residual voltage, 
optical energy gap, and nonlinear electrical conductivity. While the fundamental 
energy gap, electrical and optical conductivities, and dielectric loss factors are 
decreased. On the other hand, the characteristic of UV band edges against the 
optimum value of PL intensity for sintered ZnO nanoparticles shows 8-continuous 
peaks. Furthermore, the PL intensity of the peaks is decreased by increasing sintering 
temperature and by shifting the UV wave number towards the IR region. However, 
these results gave us more hooping for ZnO stability optimization during the sintering 
process. 
Experimental Details 
   The 10 g of ZnO powder (Aldrich 99.999% purity) is thoroughly mixed in the 
correct proportions and calcinated in box furnace at 1000 oC in air for 16 hours.  The 
resulting powders are ground, divided into four equal parts and pressed into 4 pellets 
and then sintered separately for 16 h in air at different temperatures of 600, 800, 1000, 
and 1200 oC. Finally, the samples are quenched in the air down to room temperature. 
After that, the size of each sample is reduced to the order of nanoscale by using a 
mechanical ball milling machine at 200 rpm rotational speed and 30 minutes cycle 
time.  To avoid the temperature impact, this process is repeated twice for fine 
nanoparticles. The sample phase purity is examined using x-ray diffraction pattern 
(Philips PW-1700) with wavelength Cu-Kα radiation at 40 KV and 30 mA settings, 
and at a diffraction angle range (20°-70°) with a step of 0.06°. A high-resolution 
electron microscope (HRTEM) (JEM-100-CXII plus JEOL microscope working at 
120 kV) is used to examine sample morphology on a nanoscale. With Keithley 
electrometer, 5kVdc power supply and digital multimeter, I-V characteristics at RT (2 
mm thick and 10 mm diameter) are obtained. The samples between two copper 
electrodes are well polished and sandwiched, and the current is measured proportional 
to the voltage applied. The optical properties at room temperature was measured 
against wavelength (200–1000 nm) using a JascoV-570 (Japan) computer 
programmable double beam with UV–visible–NIR spectrophotometer at standard 
incidence with a scan speed of 1000 mm min−1. (Photometric accuracy of ±0.002–
0.004 absorbance and ± 0.3% transmittance). In the case of reflectivity measurement, 
an additional attachment model ISN-470 is provided. A supplementary attachment 
model ISN-470 is given in the case of reflectivity measurement. Finally, spectra of 
emission of photoluminescence in the room temperature are measured using a spectro-
fluorometer JASCO FP-6300. 

Results and Discussions 
   The theoretical ρth of the samples is calculated from XRD analysis by using the 

relation,
 

 , where n is the number of atoms per unit cell (n = 2 for ZnO), NA 

is Avogadro's number, W is the molecular atomic weight of the composition and V is 
the volume of unit cell (V = a2c sin 60). The ρth listed in Table 1 is slightly decreased 
by increasing sintering temperature Ts form 4.733 to 4.682 (g/cm3). These values are 
between (81% - 81.89 %) of theoretical density 5.78 g/cm3 for ZnO [40].  X-ray 

VN

nW

A

th
=r



diffraction patterns shown in Figure 1 can be identified as the hexagonal wurtzite 
structure with space group P63mc, [ICDD card no: 04-008-8198].  Although no 
additional peaks are formed for all samples, the average value of the peaks intensity 
listed in Table 1 is increased from 1931.3 to 2298.8 as the Ts increases up to 1200 oC. 
The lattice parameters a and c listed in Table 1 are between (3.243-3.255 Å) for a- 
parameter, and between (5.196 - 5.218 Å) for c- parameter, in agreement with the 
previous data based on ZnO [42-45]. The increase of lattice parameters by increasing 
Ts can be attributed to the change of the crystallite size and lattice strain due to 
thermal expansion induced by temperature, which is completely approved in the next 
paragraph. To support our data for increasing the lattice constants by Ts, ZnO 
nanoparticles can be transferred to microscale by annealing above 400 oC.  
  However, the ZnO wurtzite structure usually deviates from the ideal arrangement by 
changing the u-parameter, which describes the length of the bond parallel to the c- 

axis. The values of the u-parameter, calculated by [46], are 

listed in Table 1. U-parameter is nearly constant (u ~ 0.379) for all Ts values. This 
indicates that the four tetrahedral distances stay almost constant through a distortion 
of tetrahedral angles due to the long-range of polar interactions [47-48].   The Zn-O 

bond length (L) is calculated using   [49]. The values of L 

are between 2.376Å and 2.385 Å for all Ts values. This behavior is consistent with the 
reported data based on ZnO [50-52]. 
 

 

 

Figure 1: X-ray diffraction pattern for ZnO nanoparticles. 

 

   The average crystallite size Dhkl is determined by using the Lorentz square method, 
in terms of X-ray line broadening, according to the following Scherer's formula [53-
56]; 
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where λ is the wavelength (λ = 1.5418 Å) of X-ray, ∆θ is the half-maximum line 
width, θ is the Bragg angle, and k is a constant (K = 0.9 for ZnO). Dhkl values given in 
Table 1 are 21.89, 22.53, 23.29, and 24.70 nm for Ts values. Although the grain sizes 
are in the same order of magnitude, Dhkl is increased as Ts increases. The dislocation 
density (δ) is calculated in terms of D using δ = 1/D2 formula [57-58]. The lower 
values of δ listed in Table 1 (0.0016 - 0.0021) indicate that ZnO nanoparticles have 
very few lattice defects and good crystalline qualities. The TEM graphs shown in Fig. 
2 indicated that the nanoscale morphology for ZnO nanoparticles is in the order less 
than 100 nm. This is in good agreement with XRD line broadening size calculations. 
Table 1:  Density, lattice parameters, c/a and u values, the intensity of the peaks, 
average crystallite diameter, dislocation density, and Zn-O bond length versus Ts for 
ZnO nanoparticles.  
 

Ts  
(C ) 

ρ 
(gm/cm3) 

a (Ẳ) c (Ẳ) c/a V ((Ẳ)3 

600 4.733 3.243 5.196 1.601 47.325 

800 4.704 3.251 5.206 1.601 47.651 

1000 4.694 3.253 5.210 1.601 47.746 

1200 4.682 3.255 5.218 1.601 47.878 

      

Ts  
(C ) 

u D 
(nm) 

δ L  
(Ẳ) 

I 

600 0.3797 21.89 0.0021 2.376 1931.3 

800 0.3798 22.53 0.0020 2.382 2045.8 

1000 0.3798 23.29 0.0018 2.384 2143.7 

1200 0.3796 24.70 0.0016 2.385 2298.8 

    

 

    

 

T = 600 oC                                                                        T = 800 oC 

 

T = 1000 oC                                                                        T = 1200 oC 

Figure 2: TEM images for ZnO nanoparticles. 



3.2-I-V Characteristics 

    The I-V curve pattern shown in Figure 2 is linear in low and high field regions as 
well as nonlinear in the intermediate field region. The field is shifted to lower values 
with increasing Ts, whereas current density shifted to higher values. When the current 
flowing through the varistor is one mA / cm2, the breakdown field EB is usually taken 
as the field applied. The EB values mentioned in Table 2 decrease from Ts= 600 oC at 
1428.6 V/cm to 1250, 714.3 and 416.7 V/cm at Ts= 800, 100 and 1200 oC, 
respectively. The current-voltage relation of ZnO is given by the equation below [59-
60]; 

                            (2) 

Where J is the current density, E is the electric field being applied; C is constant, and 
β is the nonlinear coefficient. The slope of each curve gives the value of β in the 
upturn region [61 ] by plotting the current-voltage curves on a log-log scale; Table 2 
lists the values of β as against Ts.  For Ts= 800, 100 and 1200 oC, the β values are 
decreased from 42.27 at Ts= 600 oC to 37.12, 21.2, and 12.75, respectively. These 
results indicate that the increase in Ts to 1200 oC decreases non-ohmic characteristics 
and moves the breakdown fields to lower values. This is due to the decrease in the 
height of the potential barrier formed at the ZnO grain boundaries, which is usually 
caused by oxygen vacancies, in accordance with the data published [62, 63-66].  
 

 

 

Figure 3: J-E curves versus Ts for ZnO nanoparticles. 

 
   ZnO varistor's residual voltage ratio Kr is defined as the ratio of the electric field to 
a given current impulse and the breakdown field EB for a fixed diameter and ZnO 
thickness as follows; (7.4 mm < D < 21 mm), (0.5 mm <d < 4.5 mm). However the 
empirical formula for the ZnO varistor relationship between Kr and EB is given by 
[67];   

b
)(

C

E
J =



                      (3); 

For pure ZnO, the values of b0 and b1 are 1.21 and 1370 V/cm. However, the 
dimensions of the samples present are in the same range as those recorded (D = 10 
mm, d = 2 mm) [67]. Therefore, the Kr values are found to be respectively 2.17, 2.31, 
3.13, and 4.5. This is in good agreement with previous studies suggesting that low 
residual voltage ratio provides high nonlinearity coefficient β and breakdown field EB, 
while high residual voltage ratio suggests low nonlinearity coefficient and EB [67-68]. 
We determined the following empirical relationships, as seen in Figure 4, to clarify 
the consistency of the present work between Kr, β, and EB vs Ts. Kr = 0.004 Ts – 0.487 
Ts = -1.786 Ts + 2559.5 and β = -0.052 Ts + 75.19. This reveals a direct proportional 
to Ts for Kr, and an inverse proportional to EB and β. In addition, EB= 0 temperature 
is Ts= 1433.09 oC and Kr= 5.732 and β= 0.669. Furthermore, in the first ohmic region, 
we calculate the electrical conductivity σ1 by using the Ohms law (σ1=∆J/∆E) [68] in 
the first ohmic region, and σ2 in the upturn region by the following formula [68]; 
 
 

   (4); 

where E1 and E2 are the fields which are extended around nonlinear area boundaries. 
Table 2 lists the values of E1, E2 σ1, and σ2 across the two regions.  It is observed that 
the electrical conductivity for the nonlinear and breakdown fields is gradually 
increased by that Ts, in accordance with the obtained behavior. 
 
 

 

Figure 4: EB, β and Kr versus Ts of ZnO nanoparticles. 

 

Table 2:  Breakdown field, nonlinear coefficient, residual voltage, and electrical 
conductivity versus Ts for ZnO nanoparticles. 
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Ts  

(oC ) 

EB 

(V/cm) 

β Kr σ1 

(Ω.cm)-1 

E1 

(V/cm)  

E2 

(V/cm) 

σ2 

(Ω.cm)-1 

600 1428.6 42.27 2.17 6.63E-14 21.43 28.57 1.99E-9 

800 1250 37.12 2.31 5.78E-14 150 220 5.66E-9 

1000 714.3 21.20 3.13 3.19E-12 2.85 7.14 5.95E-7 

1200 416.7 12.75 4.50 3.61E-9 16.67 33.33 4.54E-4 

 
3.3- Optical Measurements and Energy Gap 
   Figures 5(a,b) display the optical absorbance (A) and the optical reflectance (R) at 
the wavelength. There is a gradual increase in ZnO nanoparticles absorbance, with 
decreasing wavelength. There is also an increase in absorbance by increasing near-
infrared photon energy area (exciton peaks ~ 300 nm) for all samples, which can be 
due to an increase in free carrier concentration as the photon energy increases. 
    

 

Figure 5(a): Transmittance versus wave length for ZnO nanoparticles 

 

Figure 5(b): Reflectance versus wave length for ZnO nanoparticles 

In addition, by rising Ts to 1200 oC, absorbance is reduced. This behavior may be 
related to oxygen vacancies, making ZnO highly suitable for oxygen sensor use [69]. 
The efficiency of the sensor depends on the reactions between ZnO oxide defects and 
atmospheric oxygen [70-71]. Reducing the absorption peaks by Ts may be related to 
increasing the particle size and also decreasing the band gap of ZnO as Ts increases.  



Exciton energy can only be considered for materials with the larger Urbach energy 
like ZnO (100 meV), and is provided by photon energy (hc/αmax) against maximal 
absorption or lower reflection.The maximum (Amax) or minimum (Rmin) value given in 
Table 3 is 412 nm (3.01 eV), 400 nm (3.10 eV), 384 nm (3.23 eV), 326 nm (3.81 eV), 
i.e. UV change. For optical band gap Eg determination the average value of absorption 
coefficient α is determined using the formula, α = 2.303 ln (A/t) and α = (1-R2/2R), 
where t is the distance traveled by the photons to the thickness solution, t = 12 mm. 
For optical band gap Eg determination, the average values of absorption coefficients α 
are determined using the formula, α = 2.303 (A/t), where t is the distance traveled by 
the photons to the thickness solution, t = 8.5 mm. After that, Eg is calculated using the 
following Tauc equation [72]: 

             (5) 

A is constant, α is the coefficient of absorption, Lisboa is the frequency of photons, 
and h is the constant of Planck, respectively. M is a parameter that characterizes 
electronic transition form and takes 1/2 for direct transition permitted by ZnO. 
Therefore, Eg is calculated by extrapolating to α = 0 [73-74] the linear portion of the 
plot of (αhυ)2 versus the photon energy hυ to α = 0 [73-76]. From Fig. 6(a) for ZnO, it 
can be observed that α values increase as photon energy increases, and it is 
significantly affected by Ts increase up to 1200 oC where the edge of absorption also 
shifted to higher power Anyhow, from the plot shown in Fig, two different energy gap 
values are apparent. 6(a). At higher photon energy (UV region), the first bandgap 
(Egh) is obtained, while the second one (Egl) is obtained at lower photon energy 
(visible area). For ZnO nanoparticles the action of Eg against Ts is shown in Figure 
6(b), and related values are summarized in Table 2. For ZnO nanoparticles the values 
of Egh and Egl are 4.07, 3.95, 3.5, 3.25 eV and 1.05, 1, 1.55, 2.1 eV respectively. This 
suggests a decline in Egh, while Egl is increased as the Ts rise to 1200 oC.  Two optical 
energy gaps, however, are also recorded for semiconductors of the form n [77-80]. In 
principle, this can be interpreted as follows in terms of the conduction shape and 
valence bands. The electronic transition from the valence band (VB) top or bottom to 
the conductive band (CB) top or bottom, which is consistent with the higher 
absorption values (homo-lumo), could take place at higher photon energy and 
assuming the geometric symmetry. Nonetheless, when the phonon energy is reduced, 
the energy may not be adequate for the above transformation to take place. Thus, the 
transfer of the electron takes place only from the top of VB to the bottom of CB, 
which coincides with the lower values of the absorptions. 
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Figure 6(a): (αhν)2 versus photon energy for sintered ZnO nanoparticles. 

 

 

Figure 6(b): Eg versus Ts for ZnO nanoparticles. 

     Generally, this behavior is in good agreement with the reported data based on n-
type semiconductors [81-82]. However, an exciton is a quasi-particle formed upon 
optical excitation of an electron from VB into CB. They thereby created charge 
vacancy in the VB; the positively charged hole induces an attractive Coulomb 
interaction toward the electron in CB. Hence, they can form a bound pair state, with a 
finite binding energy. Therefore, fluctuation of absorption close to shorter wave 
lengths may be due to either of the motion of electron-hole pairs as well as an electron 
or due to possible interference between reflected lines that occurs at high photon 
energy and affect electron transition from VB to CB. To support the above idea, the 
curvature occurs at high energy of photon and it is also higher at lower Ts (600 and 
800 oC) and then decreased as Ts increases to 1200 oC. Consequently, fluctuation of 
absorption is inversely proportional with Ts in the present samples.  Therefore, two 
different gaps are supposed to occur.   



   The crystalline and oxygen vacancies defects have significant effects on the optical 
band gap of ZnO. The ZnO is usually characterized by structure disorder and contains 
typically some defects which produce localized states [83-84]. These defects are 
higher for the ZnO sintered at 600 oC, and consequently, Egh is 4.07 eV, which is 
higher than Egh for ZnO (3.2 eV). Additionally, the decrease of the optical band gap to 
3.25 eV by increasing Ts up to 1200 oC may be due to increasing free carrier 
concentration as listed in Table 3, thereby resulting in a shortening of the bandgap, 
which is well-known as Burstein-Moss effect [85].  It is also evident from Table 3 that 
∆E = Egh - Egl = 3.02, 2.95, 1.95, and 1.15 eV for the ZnO nanoparticles, in which ∆E 
is decreased as the Ts increases as well as Egh behaviors.  
To clarify the consistent of the present work between Egh, Egl, and ∆E against Ts, we 
determined the following empirical relations, as seen in Figure 6 (b). Egh (eV) = 0.002 
Ts – 0.24, Egl (eV) = -0.0033 Ts +5.242 and ∆E (eV) = -0.0015 Ts +5.002. This 
indicates direct proportional against Ts for Egh as well as Kr and inverse proportional 
for ∆E and Egl as EB and β. Moreover, the temperature at which, Egh = 0 is, Ts = 120 
oC, and in which Egl = 5.638 eV and ∆E = 5.182 eV. 
 
  3.4- Dielectric Constant and Optical Conductivity 

   The dielectric constant real part (ε1)  is determined by using the equation [86-87] ;  

             (6a) 

where e is the electronic charge, N is concentration of the free carriers, m* is effective 
mass, Єo is permittivity of free space, c is light speed, and εL is residual lattice 
dielectric constant which represents high-frequency component of the relative 
permittivity at  λ = 0. n is refractive index given from the values of reflectance R as 
follows; 

             (6b) 

Figure 7 shows the behavior of (n2-k2) against λ2 at different sintering temperatures 
for the samples.   

 
Table 3: λ(Amax), Ec, EgH, EgL, N/m*, εL, of ZnO nanoparticles 
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Amax 

Ec (eV) 

Amax 

EgH 

 (eV) 

 

EgL (eV) 

 

∆E 

(eV) 

600 412 3.01 4.07 1.05 3.02 
800 400 3.10 3.95 1.00 2.95 
1000 384 3.23 3.50 1.55 1.95 
1200 326 3.81 3.25 2.10 1.15 

      
T (oC ) N/m* 

(g-1cm-3) 

N 

(cm-3) 

R 

(cm) 

slope εL 

600 2.4E+54 0.94E+30 8.98E-11 2E+7 1.21 
800 4.92E+54 1.88E+30 7.13E-11 4E+7 1.48 
1000 24.6E+54 9.40E+30 4.17E-11 2E+8 9.44 
1200 49.2E+54 18.79E+30 3.31E-11 -4E+8 19.43 



 

Figure 7: The relation between (n2-k2) and λ2 for ZnO nanoparticles. 

   It is observed that this behavior is almost linear with a positive slope for ZnO 
nanoparticles sintered at Ts = 600 oC, 800 oC and 1000 oC, but it loses its linearity at 
the lower energy and the slope is changed to negative (-4E+8) for ZnO sintered at Ts 
= 1200 oC. N/m* and εL are calculated from the slope of linear parts and extrapolation 
of the plot to λ2 = 0, respectively. The values of (N/m*) and εL for ZnO nanoparticles, 
listed in Table 2, are increased by Ts up to 1200 oC.  A dramatic increase in the values 
of εL and (N/m*) above 800 oC is also recorded.  By looking at the present data, one 
can see that the optical energy gap, Egl, (N/m*), and εL seemed to be changed in the 
same manner. The increase of free carrier concentration up to Ts =1200 oC can be 
achieved by the decrease of oxygen deficiency or electrons in ZnO. For more 
clarification, free carrier concentration N is calculated using the average value of m* 
which has been reported for ZnO (m*=3.82 10-25 g) [86], and therefore the inter-
atomic distance (R) can be calculated by using the relation; R = (0.86/N (1/3)) [66,67]. 
The values of N and R are listed in Table 2, and it is clear that N value is increased by 
increasing Ts, and the vice is versa for inter-atomic distance R.   
   The dielectric constant ε is a critical optical parameter because it usually provides 
information for the electronic structure of materials and helps for its design as 
optoelectronic devices. The dielectric constant is written as a function of the 
imaginary parts ε1 and ε2 as follows [89,90]; 

         (7) 

where tan δ is the dielectric loss factor generated from the constant dielectric 
components ε2 and ε1. These components are given in terms of extinction coefficient 
(k) and refractive index n. k is responsible for attenuation of light, and ε1 is 
responsible for attenuation of the electrical field causing dielectric loss.  The relation 
between tan δ and hν is shown in Figure 8. It is found that tan δ is almost linear above 
4 eV at constant Ts and decreases sharply as the photon energy increases. Also, tan δ 
is decreased as the Ts increases, and the drop of tanδ at Ts = 1200 oC can be attributed 
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to the increase in polarization probability occurred by increasing temperature, in 
agreement with the reported data [91-92]. 
 

 

Figure 8: Dielectric loss versus hν for ZnO nanoparticles. 

    The optical response is mainly obtained for any material in terms of optical 
conductivity (σopt) which is determined using the following formula [93-94]; 

                 (8a) 

Also, the electrical conductivity (σele) due optical response of the material is given by;  

             (8b) 

   The behavior of σopt and σele against photon energy for ZnO nanoparticles is shown 
in Figure 9(a, b). Although the behavior of σ opt is unsystematic against photon 
energy, it is generally decreased by increasing Ts. The behavior of σele against photon 
energy is similar to dielectric loss, but it is gradually decreasing as the Ts increases up 
to 1200 oC. However, the higher value of σopt as the photon energy increases assures 
the high photo-response of the sintered samples. This behavior is due to the increase 
of electron excitation by photon energy and sintering temperature [95-96]. It can also 
be noticed that σele decreases as the photon energy increases, which confirms the 
metallic behavior [97].  
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Figure 9 (a): Optical conductivity versus hν for ZnO nanoparticles. 

 

Figure 9 (b): Electrical conductivity versus hν for sintered ZnO nanoparticles. 

3.5- photoluminescence (PL) 
    The characteristic of UV band edges against the optimum value of PL intensity for 
sintered ZnO nanoparticle is shown in Figure 10. However, eight continuous peaks 
could be recorded for ZnO nanoparticles, as listed in Table 4. Further, the PL intensity 
of the peaks is decreased by increasing Ts and also by shifting the wavenumber 
towards the IR region. Interestingly, the first and second peaks, which give strong UV 
emission are obtained at the range of (393 - 405 nm). These peaks agree very well 
with the reported ultraviolet energy-gap of bulk ZnO ~ 3.2 eV [97]. It is commonly 
considered that the band edge emission at ∼400 nm should be attributed to the 
recombination of excitons from the localized level below the conduction band to the 
valance band [98]. In general, visible emission in ZnO is attributed to some of the 



intrinsic defects such as oxygen vacancies Vo, zinc vacancies VZn, oxygen interstitials 
Oi, zinc interstitials Zni, and oxygen antisites OZn. The origin of indigo and violet 
emissions centered at the range of (409- 429 nm) ( ~ 2.90 eV) is related to electron 
transition from a shallow donor level of neutral Zni to the top level of the valence 
band [97]. This suggests that the shallow donor level of Zni is located at ∼0.34 eV 
below the conduction band. Extra blue emissions centered at the range of (443- 477 
nm) (~ 2.60 eV) and also bluish-green emission centered at (483- 486 nm) (∼2.55 eV) 
are ascribed to radiative transition of an electron from the shallow donor level of Zni 
to an acceptor level of neutral VZn [100]. The green emission at the range of (500 -525 
nm) (∼2.35 eV) may be due to the donor-acceptor recombination or transition from 
the conduction band to oxygen antisites [101-103].  However, a green emission is 
commonly observed in ZnO prepared in oxygen-deficient environments resulting in 
the vacancy of oxygen, and they have attributed it to donor Vo– acceptor VZn 
recombination. Other possible emissions, corresponding to host ZnO phosphors, at 
620 nm (2.0 eV) and 388 nm (3.19 eV), are not observed in the present case 
[104,105]. Recently photoluminescence studies on sol-gel derived ZnO: Gd3+ have 
been reported, and they have observed emissions in blue, green, and red regions. 
However, there is a difference in peak position and the nature of the 
photoluminescence spectra compared to reported one. The difference in PL spectra 
might be attributed to the difference in the excitation wavelengths and the method of 
synthesis [106]. 
 
Table 3: Intensity of PL peaks, energy, and wavenumbers for ZnO nanoparticles. 
 

T (oC ) λ (nm) E (eV) I (au) λ(nm) E (eV) I (au) λ (nm) E (eV) I (au) 

600 393 3.159 15.19 403 3.081 8.54 409 3.035 7.66 

800 395 3.143 9.73 403 3.081 7.11 411 3.020 5.87 

1000 395 3.159 8.99 403 3.081 6.66 411 3.020 6.64 

1200 393 3.159 10.27 405 3.065 7.81 419 2.963 5.00 

          

T (oC ) λ (nm) E(eV) I (au) λ (nm) E(eV) I (au) λ (nm) E (eV) I (au) 
600 419 2.963 6.19 443 2.802 7.92 471 2.636 2.79 

800 425 2.921 7.04 445 2.790 7.47 469 2.647 2.45 

1000 425 2.924 5.35 447 2.777 6.68 475 2.613 2.78 

1200 429 2.894 5.40 449 2.765 4.55 477 2.603 2.49 

          

T (oC ) λ (nm) E(eV) I (au) λ (nm) E(eV) I (au)    
600 483 2.570 2.76 500 2.483 3.52    

800 483 2.570 3.02 505 2.458 3.64    

1000 485 2.559 4.29 513 2.420 3.96    

1200 487 2.549 2.68 525 2.365 3.23    

 



 
               Figure 10: PL intensity versus wave number for sintered ZnO nanoparticles. 

 
    Conclusion 
  Structural, electrical, Photoluminescence (PL), and optical properties of ZnO 
nanoparticles samples are investigated. We have shown that the sintering temperature 
Ts does not influence the wurtzite structure of the samples, while the lattice constants 
and average crystallite diameters are affected.  By increasing Ts up to 1200 oC, the 
breakdown field EB and nonlinear coefficient β are decreased, whereas the residual 
voltage Kr and nonlinear conductivity σ2 are increased. The empirical relations 
indicated that EB would be zero for ZnO at Ts= 1433.09 oC. As the Ts increases up to 
1200 oC, a maximum UV shift for absorption (Amax) occurs at 412, 400, 384, and 326 
nm, respectively.  Two different values of the band gap are obtained for each sample; 
the first is the fundamental energy gap (Egh) and its value above 3 eV, while the 
second is the optical energy gap (EgL) and its value below 2.1 eV. Moreover, Egh will 
be zero for ZnO at Ts = 120oC. The values of (N/m*) and εL for the samples are 
increased as Ts increases up to 1200 oC. The vice is versa for inter-atomic distance R.  
The dielectric loss tanδ is almost linear above 4 eV for the samples, and it decreases 
sharply as the Ts increases. The optical and electrical conductivities σopt and σele are 
gradually decreased as the Ts increases up to 1200 oC. The characteristic of UV band 
edges emission against the optimum value of PL intensity for the samples shows 8-
continuous peaks. Furthermore, the PL intensity of the considered peaks is decreased 
by increasing Ts and by shifting the UV wave number towards the IR region.  
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Figures

Figure 1

X-ray diffraction pattern for ZnO nanoparticles.



Figure 2

TEM images for ZnO nanoparticles.



Figure 3

J-E curves versus Ts for ZnO nanoparticles.



Figure 4

EB, β and Kr versus Ts of ZnO nanoparticles.



Figure 5

(a): Transmittance versus wave length for ZnO nanoparticles. (b): Re�ectance versus wave length for ZnO
nanoparticles



Figure 6

(a): (αhν)2 versus photon energy for sintered ZnO nanoparticles. (b): Eg versus Ts for ZnO nanoparticles.



Figure 7

The relation between (n2-k2) and λ2 for ZnO nanoparticles.



Figure 8

Dielectric loss versus hν for ZnO nanoparticles.



Figure 9

(a): Optical conductivity versus hν for ZnO nanoparticles. (b): Electrical conductivity versus hν for sintered
ZnO nanoparticles.



Figure 10

PL intensity versus wave number for sintered ZnO nanoparticles.


