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Abstract: Photopyroelectric (PPE) technique has been widely used in applied science and 
technology fields including the study of materials in thermal and optical properties. The sample, 
Zn1-xCox (x= 0.4, 0.8, 1.2, 1.6, 2.0 wt%) was prepared using solid state method sintered at 1200 ͦC 
to study the effect of concentration on the energy band gap (Eg). XRD, SEM with EDX analysis 
were used to characterise the materials' structure, morphology, and density. The PPE setup is 
used to determine band gap energy (Eg) values. The Eg shows the decreasing trend when the 
concentration of CoO increases. 
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Introduction  
 

Zinc oxide (ZnO) is a white powder that is insoluble 
in water and widely use in materials and products such 
as rubber, plastics, ceramics, light emitting diodes, 
photodetectors, photodiodes, biosensors, gas sensors, 
solar cells, photocatalysis, active fillers, actuators and 
electromagnetic coupled sensors (Cruz et al., 2020; 
Keerthana & Kumar, (2020); Srivastava et al., 2013; Jiang 
et al, 2018; Mishra et al., 2017;  Hahn, 2011). ZnO are 
widely use in semiconductors devices, ceramics such as 
varistor application (Billovits et al., 2021; Kołodziejczak-
radzimska, & Jesionowski, 2014). Varistor are widely 
used as protective devices due to the highly nonlinear 
current voltage (I-V) characteristics. ZnO based varistor 
ceramics is formed by additives of metal oxide such as 
Bi2O3, Co3O4 and MnO. ZnO is use as major or base 
materials about 90 % because it has a wurtzite structure 
(Hafez, 2014). The O was arranged in a hexagonal close-
packed type of lattice while Zn occupies half the 
tetrahedrals sites (Gupt, 1990). The ZnO has an open 
structure where external dopants easily enter the ZnO 
lattice. Co was chosen as dopants because the ionic 
radius of Co (0.65 Å) is smaller than Zn (0.74 Å). CoO 

thin films are of interest with respect to numereous, such 
as optical sensors, magnetic detectors, catalytic 
membranes and optical gas sensors. It is used widely in 
ceramic industry as an additive to create blue coloured 
glazes and enamels. 

Polyvinylidene diflouride (PVDF) has strong 
pyroelectric (PE) effect coefficient which has been 
discovered by Bergman et al. in 1971, stating that 
thermally induced current is proportional to the rate of 
change in temperature (Bergman et al., 1971). Due to the 
discovery of the PE property, PVDF has been widely 
applied especially uses of PVDF as the photopyroelectric 
(PPE) sensor. PVDF is inexpensive in cost, light in 
weight, and possesses excellent electrical characteristics. 
(Azmi et al., 2014), making PVDF a suitable sensor for 
the PPE technique. 

The PPE technique has been widely used in applied 
science and technology fields, such as the study of 
materials' thermal and optical properties in single phase 
solids, liquids, gases, phase transitions, or combinations 
of these (Albuquerque et al., 2000; Bauer and Lang, 1996). 
Theory of the configuration of PPE technique presented 
by Mandelis et al. and the thermal diffusivity 
measurement of the optically opaque samples are done 
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by Mandelis et al (1995) are applied in this study  
(Mandelis, & Shen, 1995). In standard PPE technique, the 
studied sample is in contact thermally with the sensor 
(in this study, the sensor is PVDF thin film) and the 
conductive grease as to reduce the thermal loss. The PPE 
technique is able to reject the sound interference from 
surroundings and response to thermal fluctuation 
(Zakaria et al., 2006). In this paper, the band gap energy 
(Eg) values of CoO doped ZnO with different 
concentration is studied by using PPE technique.  

The measurement of PPE voltage is done by putting 
the samples on PVDF sensor in determining band gap 
energy (Eg) and it was assumed that the fundamental 
absorption edge of doped ZnO is due to the direct 
allowed transition. The optical absorption coefficient β 
varies with the excitation light energy hν and is given by 
the expression, (βhυ)2 = C (hυ-Eg) near the band gap, 
where hv is the photon energy, C is the constant 
independent of photon energy, and Eg is the direct 
allowed energy band-gap. The PPE signal intensity ρ is 
directly proportional to β, hence (ρhv)2 is related to hv 
linearly. The linear fitted region that crosses photon 
energy axis is extrapolated to determine the value of Eg 
(Zakaria et al., 2007). 

In a study regarding the determination of thermal 
diffusivity, the measurement of thermal diffusivity, α 
involves the calculation of output voltage (V0) of the 
PVDF sensor which is provided as (Marinelli et al., 1992). 

ln V0 = K –  
 (1) 

where α is known as thermal diffusivity.  
The gradient, m of the graph of ln V0 against cavity 

length, l and against square root frequency    plotted 

is equal to . Thus, for the magnitude of α at a fixed 
value of frequencies is given by: 
 

α =  
 (2) 

 
Likewise, the value for α or the specimen can be 
determined by changing the light source frequencies 
and fixed the cavity length, that is, frequency scanning 
method.  
Based on equation 1: 

ln V0 = K  
 (3) 

The value gradient for the graph ln V0 against  

plotted is . Thus, the magnitude of α for the 
frequency scan can be shown as (Marinelli et al., 1992): 

α =   (4) 

 

Method  
 
Synthesis of sample 

The sample of Cox doped ZnO were prepared by 
using conventional solid state method (Ismail et al., 
2020). The raw material of Co at different concentration 
of 0.4, 0.8, 1.2, 1.6, and 2.0 and ZnO are mixed together 
and undergo milling with zirconia balls for 24 h. The 
slurry was dried at 70 ˚C for 12 hours. Polyvinyl alcohol 
(PVA) solution 1.75 wt% was added to act as a binder to 
prevent the sample from crack and undergo grinding 
and sieving through 75 µm mesh screen. The samples 
were pressed with 1 tonne/m2 pressure to form a pellet 
in 0.8 mm thickness. Those pellets are sintered at 1200 ̊ C 
for 2 hours with heating and cooling rate of 5 ˚C/ min. 
 
Structural study 

The crystalline phase was identified using Cu Kα 
radiation (λ = 1.540598 Å) with PAnalytical X’Pert. XRD 
software X’Pert high score software Pro PW3040/60) 
was used to identify secondary phase and d-spacing. 
The d-spacing value was measured using Bragg’s law: 

 
nλ = 2d sinθ                                 (5)  
 
Where λ is the wavelength of the x-ray incidents, n is the 
integer for number of order and d is the lattice spacing. 

The crystal structure and crystallite size of the 
sample can be determined from XRD analysis. The 
crystallite size was calculated through the Debye-
Scherer formula: 
 
D=kλ / β cosθ                                (6) 
 
Where D is a crystallite size, k is a constant 
(approximately 0.89), λ is a wavelength of the incident 
beam, β is a full width at half maximum (FWHM) of the 
diffraction peak and θ is a Bragg reflection peak. 
 

The microstructure and morphology of samples are 
observed by scanning electron microscope (SEM, model: 
JEOL 6400) attached with energy dispersive X-Ray 
(EDX). The average grain sizes (d) were determined by 
the linear intercept method, given by: 

 
d = 1.56 L/ MN                           (7) 
 
where L is the random line length on the micrograph, M 
is the magnification of the micrograph, and N is the 
number of grain boundaries intercepted by the lines  
(Nahm, 2004): 
 
The average density (ρavg) of sintered sample was 
measured by Archimedes method (Quratul et al., 2020): 
 
ρ = Wairpdiswater / (Wair – Wdiswater)                                 (8) 
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The sample was first weighed in air, Wair, and then 
immerse in distilled water, Wdiswater. The weighing 
process was performed with an electronic balance. The 
estimated error was ±0.001 g cm-3. 

The samples are then run by using a PPE setup as 
shown in Figure 1. The samples are put on top of PVDF 
sensor in which the sensor is connected to SR530 Lock-
In Amplifier. The laser source chosen in this study is He-
Ne blue laser (100mW, 473nm) of MBL-III-473. Thermal 
grease is applied to the lower surface of the sample as to 
reduce thermal loss during the experiment. The 
frequency of the chopper is fixed from 5 Hz to 20 Hz. 
 

 
Figure 1. Schematic diagram of PPE setup. 
 
Result and Discussion 
Analysis of Co doped ZnO structure 
 

 
Figure 2. XRD pattern of CoO doped ZnO at different 

concentration. 
 

Figure 2 shows the XRD patterns of Co doped ZnO 
at five different concentrations of 0.4, 0.8, 1.2, 1.6 and 2.0 
wt %. The XRD patterns of the samples showed discrete 
sharp peaks which reflected crystalline phase. The result 
shows that at the sharp peaks (011) the compounds are 
highly crystallized, where zincite phase is detected. At 
this phase, there is no secondary phase as the Co ions 
successfully occupy the lattice site (Caglar, 2013; Al-

Salman, & Abdullah, 2013). The flipped in peak intensity 
of ZnO in between (0 1 1) plane and (0 0 2) plane is due 
to the Co ions in the lattice site effect the growth of ZnO. 
Shinde et al., (2006) states undoped ZnO has high peak 
intensity of (0 0 2) plane compare to the Mn doped ZnO 
where the high peak intensity flipped from (0 0 2) plane 
to (1 0 1) plane due to the Mn ions may act as obstacle 
for the growth of ZnO along (0 0 2) during deposition of 
ZnO. It is seen that the decreasing of the peak intensity 
as increase the Co concentration is confirmed due to the 
degradation of the crystallinity. The peak (002) is clearly 
seen the lower intensities as the diffusion of Co ions into 
the Zn2+ sites induce a crystal defect because of the 
difference in ion size between cobalt (Co) and Zinc (Zn). 
The diffusion of Co ions occurs as Co2+ (0.65 Å) has 
smaller ions compare to the Zn2+ (0.74 Å) as mentioned 
above.  This resulting the defect change in the 
stoichiometry of the ZnO lattice. The decreasing in the 
peak intensity as increasing Co concentration also 
agreed by the Caglar (2013) reported decrease in the 
peak intensity observed in the XRD patterns as increase 
in the Co concentration. 
 

SEM Analysis 
SEM analysis is conducted to study the average 

grain size, shape and morphology of the sintered sample. 
Figure 3 shows the microstructure of the different 
concentrations of CoO doped ZnO sintered at 1200 ̊ C. In 
general, the grain size of the samples increases as the Co 
concentration increases, which also in agreement to 
Wang et.al (2011). The following average grain size is 
calculated from the micrograph using lineal intercept 
technique: (a) 0.0294 µm for the 0.4 wt % of CoO, (b) 
0.050 µm for the 1.2 wt % of CoO and (c) 0.0347 µm for 
the 2 wt % of CoO. The porosity of sintered sample 
decreases when the CoO concentration is increased from 
0.4 wt % to 2.0 wt %. Samples of 1.2 wt% CoO fluctuates 
with the largest average grain size of 0.050µm may due 
to the less porosity resulting in more compact of the 
sample structure.  
 

 

 
Figure 3. SEM micrographs with different CoO concentration 
sintered at 1200 ˚C for 2 h: (a) 0.4 wt % CoO, (b) 1.2 wt % of 

CoO and (c) 2 wt % CoO. 
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Figure 4. EDX of the 2 wt % CoO concentration. 

 

Figure 4 shows the EDX analysis for the 2 wt % of 
CoO concentration. The grain boundary of ZnO 
confirmed contain CoO element as shown in spectrum 2 
and spectrum 5 which reflects that CoO was diffused in 
the grain of ZnO.  This is due to the smaller ionic size of 
Co which is 0.65 Å while 0.74 Å. 
 
Density           
Table 1: Density of samples of different concentration 
CoO. 

Samples CoO concentration 
(wt %) 

Density (gcm-3) 

1 0.4 5.312 
2 0.8 5.624 
3 1.2 5.805 
4 1.6 5.667 
5 2.0 5.687 

 
Based on the tabulated data in Table 1, the density 

of pellet CoO doped ZnO increases as CoO 
concentration is increased which also consistent with 
other report (Hamdelou, 2014). The increase in density 
is due to the fact that Zn has higher atomic size 
compared to Co. When the concentration of Co increases, 
the Co atom diffuses to the ZnO sample, which in turn 
making the density of the sample to increase.  
 
Thermal diffusivity 

 
Figure 5. Graph of ln V (mV) against square root frequency 

(Hz) of 1.6% CoO. 

 
Figure 6. Graph of phase against square root of frequency of 

1.6% CoO. 
 

 
Figure 7. Thermal diffusivity of different CoO concentration 

using voltage signal. 
 

 
Figure 8. Thermal diffusivity of different concentration of 

CoO using phase signal. 
 

Figure 5 and 6 show the experimental results 
obtained for dopant concentration of 1.6% It is shown 
that the ln V has more accurate and consistent result if 

Spectrum O Co Zn Total 
2 12.09 1.02 86.89 100.00 
5 8.88 1.00 90.12 100.00 
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compared to that of phase signal. From Figure 7 and 8 
(by applying equation (4)), thermal diffusivity of shows 
a decreasing trend with increasing concentration of CoO 
generally. However, the decrease in thermal diffusivity 
with the increasing of the CoO concentration is 
predicted by Equation (1) as α is inversely proportional 
to ρ (Adek, 2008). We notice that the thermal diffusivity 
values are in the range of Mn doped ZnO of (2.139 ± 
0.002) x 10-6 m2s-1 and Cu doped ZnO of (3.46 ± 0.02) x 
10-6 m2s-1 (Rabiatuladawiyah, & Zaidan, 2015; Mishra et 
al., 2015). The thermal diffusivity values obtained by 
using phase signal has a greater deviation compared to 
that of using voltage signal may due to the process when 
output signal is sent to lock-in which caused much 
deviation in phase signal. However, both of the 
experimentally determined thermal diffusivity results 
showing decrement when increasing density. 
 
Band gap energy (Eg) 
 

 
Figure 9. Graph of ln V against Photon Energy (eV) for 

concentration 1.6 wt % of CoO. 
 

 
Figure 10. Graph of Eg (eV) against concentration of CoO. 

 

Figure 9 shows the band gap energy (Eg) is 
determined by extrapolating the plot of ln V vs photon 
energy to the x-axis, which was explained in previous 
section.  From Figure 10, it can be clearly seen that when 
the concentration of CoO increases, the band gap energy 
(Eg) shifts to lower energy (redshift) which indicates the 
high successful incorporation of Co2+ into Zn2+ lattice 
during liquid phase sintering process. However, the 
broader Eg than the common pure ZnO of ~3.4 eV 
probably due to thick sample of 1mm as well as 
inhomogeneities (defects) from impurities of Co in the 
ZnO lattice structure which introduces a large loss 
absorption during the optical absorption edge (Mishra et 
al., 2015; Joshi et al., 2016; Kumar et al., 2014). The 
presence of dopant generated an absorption profile 
within the band tail in conduction and valence band is 
explained in terms of Urbach energy (Eu) that is 
originated from structural disorders, compositional 
fluctuations, point defects, grain boundaries, and strain 
(Kumar et al., 2014). The higher the percentage of dopant 
concentration the larger the degree of structural disorder, 
thus increased the tail width of localized electronic state 
and resulting of the narrow the Eg (redshift) which 
consistent with density, SEM and XRD results with 
indicates the presence of interface state due to the 
doping of CoO in ZnO ceramic varistor. 
 
Conclusion  
 

Throughout this study, when concentration of CoO 
increases, band gap energy (Eg) values decreases 
gradually, the peak intensity in XRD decreases and the 
porosity of sample decreases. The shift of band gap 
energy (Eg) to a lower energy is consistent with the 
results of XRD, SEM with EDX analysis and density. The 
reduction of peak intensity as increasing Co 
concentration due to the diffusion of Co2+ into the Zn 
lattice structure which caused the increase of grain size 
and compactness of the Co doped ZnO ceramic varistor. 
The increase of Co dopant in the ZnO varistor ceramic is 
responsible to the increase of structural disorder that 
narrowing Eg to the lower energy (redshift).  Thermal 
diffusivity values obtained in the range of (2.342±0.060) 
x 10-6 m2s-1 to (1.875±0.049) x 10-6 m2s-1 and 
comparable to thermal diffusivity values of Mn doped 
ZnO (2.139 ± 0.002) x 10-6 m2s-1 and Cu doped ZnO 
(3.46 ± 0.02) x 10-6 m2s-1 which indicates the effect of 
dopant and the larger the density of the Co doped ZnO, 
the lower the thermal diffusivity. 
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