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CHAPTER I 

Moisture Sensing Studies of CuO-ZnO Nanocomposites Prepared by Solid 

State Reaction Method 

Here, the CuO-ZnO nanocomposite samples with different weight % (0.2, 0.4, 0.6, 0.8 and 1) of CuO 

were successfully prepared through solid-state reaction route. The pellet samples were made under a 

pressure of 390 M Pascal and room temperature. Prepared pellet samples were annealed at 400°C 

temperature for 4 hours in a muffle furnace. The electrical resistance of nanocomposites continuously 

decreased when relative humidity (RH) was increased from 10% to 95% RH. SEM and XRD of the 

sensing element have been studied. 

1.1 Introduction 
Humidity is an essential constituent of our environment and it plays a very important role in human 
life. Research has been going on to find out suitable material that show good sensitivity over a large 
range of relative humidity (RH) low hysteresis and ageing effect. Among semiconductor metal 
oxides n-type Zinc Oxide (ZnO) is a versatile semiconductor material having excellent electronic and 
optic properties [1-6]. For humidity sensing point of view, the morphology (e.g diameter of 
nanoparticles), stoichiometry (e.g oxygen vacancy) as well as composition (e.g dopants), all have 
significant influences on their humidity sensing properties [7-10]. 
The interest in ZnO structures has increased drastically in recent years. Zinc oxide is an inorganic 
compound with the formula ZnO. It is a white powder that is insoluble in water. The mineral form of 
ZnO takes up a red or yellow colour instead of the usual white due to the presence of impurities like 
Manganese and other elements. Crystalline form of ZnO is thermochromic in nature and due to this it 
changes from white to yellow on heating and vice versa on cooling. ZnO is a wide-band gap 
semiconductor of the II-VI semiconductor group (since oxygen was an element of VIA group and 
zinc is IIB) of the periodic table. Zinc oxide is widely used as an additive in numerous materials and 
products including glass, rubbers, plastics, ceramics, cement, lubricants ointments, adhesives, 
sealants, pigments, foods, batteries, ferrites, fire retardants, paints and first-aid tapes. It occurs 
naturally as the mineral zincite, but most zinc oxide is produced synthetically. ZnO is a versatile 
functional material having direct wide band gap (3.37 eV) semiconductor with a high thermal and 
chemical stability, resistivity control over the range 10-3– 105 Ωcm, good electrical and optical 
property, suitability to doping, non-toxicity, low cost, transparency in the visible range, high electron 
mobility, and abundance in nature. It has shown promising application at nanoscale. Those properties 
are used in emerging applications for transparent electrodes in liquid crystal displays, in energy-
saving or heat-protecting windows, and in electronics as thin-film transistors and light-emitting 
diodes. As a wide direct bandgap, II-VI semiconductor, zinc oxide (ZnO) has a large exciton binding 
energy of 60 mV with a hexagonal wurtzite structure (a = 3.249 Å and c = 5.21 Å) [11-30]. 

ZnO has received much attention over the past few years because it has a wide range of properties 
that depend on doping, including a range of conductivity from metallic to insulating (including n-
type and p-type conductivity), high transparency, piezoelectricity, wide-band gap semiconductivity, 
room-temperature ferromagnetism, and huge magneto optic and chemical-sensing effects. Without 
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much effort, it can be grown in many different nanoscale forms, thus allowing various novel devices 
to be achieved.Zno is an ideal candidate for applications like transparent conducting electrodes in flat 
panel displays and window layers in solar cells [31-33]. ZnO nanostructures have an active role to 
play in nano devices like nano gas sensors because the huge surface area enhances the gas sensing 
properties of the sensors. Apart from this, bio-safe characteristics of ZnO make it very attractive for 
biomedical applications. [34-36]. ZnO is a compound semiconductor whose ‘ionicity’ resides at the 
borderline between the covalent and ionic semiconductors. Its elastic constants are not that 
impressive but ZnO has got very good thermal properties like high melting point, high thermal 
capacity and conductivity and a low coefficient of thermal expansion which makes it suitable for use 
as a humidity sensor [37-44].  

ZnO has three crystal forms: the hexagonal wurtzite, the cubic zinc blende and the cubic rock salt 
which is rarely observed. The hexagonal wurtzite structure is most commonly used as it has the 
highest stability at room temperature. Hexagonal and zinc blende structures don’t display inversion 
symmetry and it is properties like these that are responsible for the piezoelectricity and 
pyroelectricity of ZnO. The zinc-blende structure can be stabilized only by the growth on cubic 
structure while rock salt (NaCl) structure may be obtained at relatively high pressure. ZnO is 
considered to be a soft material with a reading of 4.5 on the Mohs hardness scale. 

Due to its unique properties like wide band gap and large excitation binding energy, ZnO has the 
potential to be applied as chemical sensors, solar cells, luminescence devices etc. The fundamental 
study of the electrical properties of ZnO nanostructures is crucial for developing their future 
applications in nanoelectronics. Electrical transport measurements have been performed on 
individual ZnO nanowires and nanorods. ZnO nanowires are also reported to have behaved like a n-
type semiconductor due to the presence of interstitial defects and vacancies. P-type and n-type ZnO 
nanowires can serve as p-n junction diodes and LEDs. Field effect transistors (FETs) fabricated from 
them can be used to make complementary logic circuits [45-62]. 

Doping is an effective technique for manipulating various applications of semiconductors. Copper is 
a chemical element, having atomic number 29. It is a ductile metal with very high 
thermal and electrical conductivity. Pure copper is soft and malleable; a freshly exposed surface has 
a reddish-orange color. It is used as a conductor of heat and electricity, a building material, and a 
constituent of various metal alloys. Copper forms a rich variety of compounds, usually 
with oxidation states +1 and +2, which are often called cuprous and cupric, respectively. Copper 
compounds are known in several oxidation states, usually 2+, where they often impart blue or green 
colors to natural minerals such as turquoise and have been used historically widely as pigments. 
Copper as both metal and pigmented salt, has a significant presence in decorative art. Copper 2+ ions 
are soluble in water, where they function at low concentration as bacteriostatic substances and 
fungicides. For this reason, copper metal can be used as an antigerm surface that can add to the anti-
bacterial and antimicrobial features of building such as hospital. Copper is 100% recyclable without 
any loss of quality, regardless of whether it is in a raw state or contained in a manufactured 
product.In sufficient amount, copper salts can be poisonous to higher organisms. However, despite 
universal toxicity at high concentration, the 2+ copper ions at lower concentration is an essential trace 
nutrient to all higher plant and animal life. In animals, including humans, it is found widely in 
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tissues, with concentration in liver, muscle, and bone. Copper compounds are used as bacteriostatic 
substances, fungicides, and wood preservatives.  

Copper forms two well-known stable oxides, cupric oxide (CuO) and cuprous oxide (Cu2O). These 
two oxides have different physical properties, different colors, crystal structures andelectrical 
properties. Cu,as a group Ib element (Cu, Ag and Au), can assume a valency of either +1 or +2 
depending on its chemical configuration, for example in the compounds Cu2O and CuO, 
respectively. The radii of Cu+ (98 pm) and Cu2+ (80 pm) ions are similar to that of Zn2+ ion (83 pm), 
compared with that of Ag+ ion (113 pm) in the same Ib group. The possibility of low cost production 
methods and the good electrochemical properties make CuO to be one of the best materials for 
electrical, optical, sensing and so forth. However, copper oxide is a semiconductor with a band gap 
of 1.4 ev, which absorbs strongly in a visible spectrum [63-64]. 

If Cu is needed to become an acceptor upon the substitution at a Zn site, it will have to assume a 
valency of +1 [24]. It is known that group Ib metals are fast-diffusing in compound semiconductors. 
The diffusion of Cu into ZnO can cause the formation of complex centres (CuZn, Cui). It is possible 
that Cu atoms can replace either substitutional or interstitial Zn atoms in the ZnO lattice creating 
structural deformations [65]. 
Many studies have focused on the change of physical properties when Cu was induced into ZnO 
[66]. A potential p-type doping candidate CuO has been chosen for ZnO [67]. The copper oxide 
(CuO) is a narrow band gap (1.7 eV) p-type semiconductor material having monoclinic crystal 
structure[68] and draw much attention since the starting growth material is inexpensive and easy to 
get, and the methods to prepare these materials are of low cost [69]. The hetero nanocomposites of p-
type CuO and n-type ZnO semiconductor have been reported to enhance the electron-hole separation 
[70]. In general, combination of narrow band gap semiconductors with wide band gap 
semiconductors will increase their sensing property [71-74]. These nanocomposites are already used 
in several applications such as solar cells [75], gas sensors [76], biosensors [77], and humidity 
sensors [78]. These reported nanocomposite materials also showed various nanostructural 
morphologies, for examples, nano-rings, nano-combs, nano-belts, nano-tubes, nano-rods and nano-
sheets [79]. Other reasons for choosing copper oxide as an addition to ZnO is that the behavior of Cu 
was found as an acceptor impurity in n-type ZnO and it had a significant effect on the electrical and 
optical properties of ZnO [80-83].  CH. Ashok and K. Venkateswara Rao et al. [84] reported that the 
humidity sensitivity of the nanocomposite ZnO/CuO synthesized by microwave-assisted technique 
has been increased along with increasing of annealing temperature. Some researchers have reported 
the varistor properties of polycrystalline ZnO:Cu [85]. Qi Qi et al. [86] have studied the humidity 
sensing application of KCl-doped Cu–Zn/CuO–ZnO nanoparticles in the range of 11–95% RH and 
reported the two orders of magnitude change in impedance and the response and recovery time of 
about 40-50s. The maximum hysteresis was found to around 4% RH. Investigations were also 
carried out by Jeseentharani et al. [87] for analyzing humidity sensing properties of the composites 
prepared by mixing 1:1 mole ratio of CuO-ZnO, CuO-NiO, and NiO-ZnO compounds sintered at 
800°C for 5 h in the range of 5%–98% RH. It was noticed that CuO-NiO compound possessed the 
best humidity sensitivity. The response and recovery times of the CuO-NiO composites were 80 and 
650 s, respectively. Pandey et al. [88-90] have studied moisture sensing application of Cu2O-doped 
ZnO nanocomposite and Ag-WO3 and TiO2-ZnO nanocomposites. They showed that best results with 
sensitivity of 4.78 MΩ/%RH for the nanocomposite with 20% of Cu2O doped ZnO annealed at 
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temperature of 400ºC. In the case of Ag-WO3 they got the best result with sensitivity of 2.38 
MΩ/%RH and in the case of TiO2-ZnO, the sensitivity 9.08 MΩ/%RH was achieved. In this chapter 
we report the characterization and humidity sensing studies of CuO-ZnO nanomaterials prepared by 
solid state reaction route. In the present case, the reproducibility has been found very high, the effect 
of ageing and hysteresis low as compared to the earlier cases.  In the present work, the sample CuO-
ZnO nanocomposite showed the best results with sensitivity 110% higher than Ag-WO3 

nanocomposite, 230% higher than that of TiO2-ZnO nanocomposite and 526% higher than Cu2O-ZnO 
nanocomposite. Doping and annealing Temperature affects various significant properties, 
morphologies and crystalline nature of pure and doped ZnO nanocomposite. 

1.2   Fabrication of Sensing Elements 

CuO-ZnO nanocomposite samples with different weight % (0.2, 0.4, 0.6, 0.8 and 1) of CuO were 
successfully prepared through solid-state reaction route. Pure Zinc oxide (MERC, India Ltd), and 
copper oxide (MERC, India Ltd) of different wt% and 10% of glass powder (binder) by weight were 
thoroughly mixed and ground with the help of agate mortar and pestle. The uniformly and 
homogeneously mixed powders were pressed at room temperature into disc shaped pellets (thickness 
of 3mm and diameter of 12 mm) under a pressure of 390 M Pascal in a hydraulic press. Prepared 
pellet samples of pure ZnO, CZ-0.2 (0.2% by weight of CuO in ZnO), CZ-0.4 (0.4% by weight of 
CuO in ZnO), CZ-0.6 (0.6% by weight of CuO in ZnO), CZ-0.8 (0.8% by weight of CuO in ZnO), 
and sample CZ-1(1.0% by weight of CuO in ZnO), were annealed in air at 400°C for 4 hours in a 
muffle furnace. Now, the experiment was performed in the humidity chamber as shown in Figure 1.1. 
 

 

 

 

 

 

 

 

Figure 1.1 Schematic arrangement of humidity sensing apparatus 

1.3 Scanning Electron Microscope (SEM) Studies 

The surface morphology of the pellet samples were investigated through scanning electron 
microscope (JEOL 7610F Japan) with an accelerating voltage of 5 kV at a magnification of 3,000 
KX. The surfaces of the pellets were coated with 10 nm thick films of gold metal by DC sputtering 
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before SEM observation. SEM of the sample CZ-1. SEM micrographs would reveal porous structure 
and small crystallites without inside pores but many inter grain pores. Higher porosity increases 
surface to volume ratio of the materials and therefore, helps in getting good sensitivity. The average 
grain size calculated from SEM micrographs, for CZ-1 is 200 nm while for the sample of pure ZnO it 
is 250 nm annealed at 400°C. Figures 1.2 and 1.3 are SEM micrographs. 

                                                                         

1.4 X-Ray Diffraction Studies  

Figure 1.4 shows the X-ray diffraction (XRD) 
patterns for the sensing elements of CZ-1 
annealed at temperature 400°C.  Tables 3.6 
representsone XRD peak positions, d-spacing and 
miller indices for sample of CZ-1. The d-spacing 
values of pure ZnO and CuO-ZnO nanocomposite 
from JCPDS cards are almost equal to measured 
d-spacing values from Bragg’s law. The average 
crystalline size of the samples was calculated 
using Debye-Scherer’s formula [61-62] and 
Williamson and Hall (W-H) method [63]. Debye 
Scherer’s formula is given by the following 
expression: 

����������	 ���	(�) =
�.��

�����
                                          …………..(1) 

Where � is the wavelength of the X-ray used and β is the full width at half maxima (FWHM).  
The broadening of x-ray diffraction peaks are caused by decreasing crystallite-size and by strain 
associated with lattice distortions due to lattice defects. Williamson and Hall proposed that peak 
broadening profiles due to both size and strain are Lorentzian. Based on this, they derive a relation 
between average crystallite size (D) and the lattice microstrain (ε) as follows: 

βcosθ= kλ/D  +4ε sinθ                                                .…………(2) 

Figure 1.2 SEM of pure ZnO Figure 1.3 SEM of CZ-1 

Figure 1.4 XRD patterns for CZ-1 
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Where β is full width half maxima, λ is the wavelength of the radiation (1.54060 A for CuKα 

radiation), k is a constant equal to 0.94, and θ is the peak position. A plot of βcosθ versus 
4sinθresults in a straight line and the values for crystallite 
size (D) and lattice strain (ε) can then be obtained from the 
intercept and the slope of the straight line, respectively. 
Figure 1.5 shows one such Williamson and Hall plot for 
CZ-1. The crystallite size calculated from using Debye-
Scherer’s formula and W-H plots for pure ZnO, CZ-0.2, 
CZ-0.4, CZ-0.6, CZ-0.8 and CZ-1 are presented in Table 
1.1. 

1.5  Results and Discussion 

Variation in resistance with change in relative humidity 
for all the sensing elements viz. pure ZnO, CZ-0.2, CZ-0.4, CZ-
0.6, CZ-0.8 and CZ-1 is shown in Figure 1.6. Secular decrease in the value of resistance with 
increase in the % RH was recorded for all samples under investigation. Samples CZ-0.8 and CZ-1 
exhibited higher values of resistance and sharp decline in the value of resistance as compared to 
sensing elements pure ZnO, CZ-0.2, CZ-0.4 and CZ-0.6 up to relative humidity 35% RH. After 35% 

RH, all the sensing elements i.e. pure ZnO, CZ-0.2, 
CZ-0.4, CZ-0.6, CZ-0.8 and CZ-1 showed the 
similar trend in the variation of resistance with RH. 
The decrease in the resistivity of the sample with 
relative humidity in the lower range may be 
suspected due to the adsorption of the water 
molecules on the pellet surface with capillary 
nanopores. The semiconductor humidity sensor 
usually works on the principle of amount of water 
adsorption on the pellet surface. Adsorption of 
moisture affects the proton conduction on the 
surface and the conductivity varies with amount of 
water adsorbed by it. This principle is employed 
for 
the 

measurement of humidity in resistive type humidity 
sensor. Higher porosity increases surface to volume 
ratio of the material and enhances diffusion rate of 
water into or out of the porous structure and thus helps 
in getting good sensitivity. At high relative humidity, 
liquid water condenses in the capillary like pores, 
forming a liquid like layer. 
The hysteresis effect is due to initial chemisorptions 
on the surface of the sensing elements. The 
chemisorbed layer once formed is not further affected 
by exposure to or removal of humidity, it can be thermally desorbed only. Hence in the decreasing 

Figure 1.5 Williamson and Hall plot for CZ-1 

Figure 1.6 Resistance Vs Relative Humidity 

Figure 1.7 Sensitivity Vs Dopant % 
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cycle of % RH the initial adsorbed water is not fully removed leading to hysteresis. The results were 
generally found to be reproducible over different cycles of operation.  
After humidity treatment the sensing element samples was kept in laboratory environment and its 
humidity sensing characteristic was regularly monitored after three months. To see the effects of 
aging and reproduction the sensing elements have again been then exposed to humidity after three 
months. The results have been found to be generally reproducible over different cycles of operation.  

All the sensing elements generally show increase in sensitivity with increase in percentage of CuO in 
ZnO for annealing temperature 400°C. The sensitivity for the samples of pure ZnO, CZ-0.2, CZ-0.4, 
CZ-0.6, CZ-0.8, and CZ-1 have been calculated and shown in Table 1.4. All the sensing elements 
show increase in sensitivity with increase in weight percentage of CuO in ZnO. The sample CZ-1 
shows maximum sensitivity of 29.95 MΩ /%RH among all the samples. Above 1 weight % of CuO 
addition in ZnO, though the sensitivity increased however, the higher aging and higher hysteresis 
were also observed. Figure 1.7 shows the variation of sensitivity with weight % of CuO in ZnO.  

As reported in the table 1.2, the average crystallite size for the samples of pure ZnO, CZ- 0.2, CZ- 
0.4, CZ- 0.6, CZ- 0.8 and CZ-1 calculated using Debye-Scherer’s formula were found to be 79.30 
nm, 77.43 nm, 76.29 nm, 74.86 nm, 71.08 nm and 70.55 nm respectively and the crystallite size 
calculated from W-H plot for the samples of pure ZnO, CZ- 0.2, CZ- 0.4, CZ- 0.6, CZ- 0.8 and CZ-1 
was found to be 81 nm, 79.68 nm, 78.97 nm, 68.44 nm, 67.98 nm, 66.95 nm respectively. From both 
the methods, thus, with increase in the doping % of CuO in ZnO, the crystallite size decreases. This 
led to the increase in the surface to volume ratio. Thus, with increase in weight % of additives, more 
of the surface area of the samples was getting exposed for adsorption, leading to increase in 
sensitivity. 

Table 1.1 X-ray diffraction peak position, d-spacing and Miller indices for CZ-1.0 sample. 

 

 

 

 

 

 

 

 

 

 
 
 

 
S. No. 

 
Samples 

Crystallite size (nm) 
 

From Scherer’s formula From W-H Graph 

1 Pure ZnO 
 

79.30 81 

2 CZ-0.2 
 

77.43 79.68 

3 CZ-0.4 
 

76.29 78.97 

4 CZ-0.6 
 

74.86 68.44 

5 CZ-0.8 
 

71.08 67.98 

6 CZ-1 
 

70.55 66.95 
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Table 1.2 Crystallite size (nm) calculated from the observed x-ray diffraction patterns for the pure 
ZnO and CuO-ZnO nanocomposite samples. 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 
S. No. 

 
Position 
[degree] 

 
Compound 

 
d-spacing 

[from 
JCPDS] (Å) 

 
d-spacing 

[By Bragg’s 
Law] (Å) 

 
Miller 
Indices 

ZnO CuO 

1 31.832 √  2.815 2.8089 (100) 
2 32.717  √ 2.751 2.7349 (110) 
3 34.488 √  2.602 2.5984 (002) 
4 35.59  √ 2.523 2.521 (-111) 
5 36.319 √  2.476 2.47152 (101) 
6 38.75  √ 2.323 2.3221 (111) 

7 47.600 √  1.910 1.90878 (102) 

8 56.6464 √  1.625 1.62354 (110) 

9 62.9122 √  1.476 1.47607 (103) 

10 66.420 √  1.407 1.40636 (200) 

11 68.000  √ 1.375 1.37748 (220) 

12 69.138 √  1.358 1.35756 (201) 

13 72.624 √  1.301 1.30076 (004) 

14 77.004 √  1.238 1.23731 (202) 

15 81.424 √  1.181 1.18095 (104) 

16 89.667 √  1.093 1.09253 (203) 
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Table 1.3 Crystallite size (D) calculated for different peaks with corresponding 2θ and FWHM 

values for sample CZ-1 annealed at 400°C. 

2θ FWHM (β) (deg) Crystallite size (D) (nm) 

31.832 0.131 66.1 

32.717 0.120 72.1 

34.488 0.122 71.0 

35.59 0.21 41.6 

36.319 0.128 68.1 

38.75 0.16 56.1 

47.6 0.125 72.8 

56.646 0.119 78.6 

62.912 0.124 78.4 

66.42 0.125 79.4 

68.0 0.128 78.0 

69.138 0.128 79.0 

72.624 0.124 83.1 

77.004 0.143 74.2 

81.424 0.160 68.5 

89.667 0.160 73.2 

Table 1.4 Sensitivity (MΩ/%RH) of pure ZnO and CuO-ZnO nanocomposite samples. 
 

 
Samples 

Sensitivity of Samples (MΩ /%RH) over the entire range from 10 to 95 % RH 
for annealing temperature 400°C 

a b c 

Sample Pure ZnO 3.76 4.21 3.42 

Sample CZ-0.2 6.23 7.07 5.88 

Sample CZ-0.4 9.30 11.38 8.54 

Sample CZ-0.6 11.74 13.83 11.14 

Sample CZ-0.8 20.64 24.50 19.17 

Sample CZ-1 24.70 29.95 21.80 

aIncreasing Cycle of Relative Humidity; bDecreasing Cycle of Relative Humidity; cIncreasing Cycle 

after three months. 
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CHAPTER II 

Moisture Sensing Studies of Nanostructured Cu-doped ZnO Thin Films 

2.1. Sample Preparation and Experimental Process 

Cu-doped ZnO thin films were developed in the experimental process. Zinc acetate 
(Zn(CH3COO)2.2H2O) was used as starting material, methanol as organic solvent and 
monoethanolamine (MEA) as surfactant. All the sols were prepared in a volume of 50 cc and 
concentration of 0.5 M. Zinc acetate dihydrate was dissolved in a mixture of methanol and 
monoethanolamine at room temperature. For the doping of Cu, copper sulphate was used and the 
doping percentages were 1, 3, 5, 7 and 8 atomic%. Then each of the mixture prepared was vigorously 
stirred by a magnetic bar for 2 hours. The solution then became homogeneous and allowed to age for 
24 hours. Then, the aged solution was used for the preparation of thin films using a spin coating 
device. The prepared solution was spin coated at a speed of 3000 rpm for 30 seconds on glass 
substrate for the development of thin films. Thin films were annealed in air from 300°C to 600°C for 
3 hours in an electric muffle furnace. After annealing, samples were analyzed for activation energy 
and humidity sensing studies. The prepared thin film samples were labeled as CZ-1 (1 at% Cu 
doping in ZnO), CZ-3 (3 at% Cu doping in ZnO), CZ-5 (5 at% Cu doping in ZnO), CZ-7 (7 at% Cu 
doping in ZnO) and CZ-8 (8 at% Cu doping in ZnO). The undoped ZnO thin films were prepared 
using a spin coating device and the sample was labeled as CZ-0. The thickness of the CZ-7 thin film 
annealed at 600°C was found to be 780 nm (using Dektak Surface Profilometer). The thickness of 
the CZ-0 thin film annealed at 600°C was found to be 960 nm.  

2.2. Scanning Electron Microscope (Sem) Study 

Figure 2.1 shows SEM of CZ-0 and CZ-1 SEM micrographs of the thin films CZ-0 (undoped ZnO) 
and CZ-7 annealed at temperature 600°C, respectively. From the SEM it is observed that grains of 
nanomaterial formed are scattered all over the substrate and a network of pores is formed. These 
pores are responsible for the formation of sites for humidity adsorption. As annealing temperature 
increases it is found that 

 Figure 2.1 SEM of CZ-0 and CZ-7  
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porosity of the material increases. The porous structure is dependent on the composition. The pore 
structures should be regarded as voids that form a kind of capillary tubes. This structure favors the 
enhanced rate of adsorption and desorption of water molecules. The average grain size calculated 
from SEM micrograph for sensing elements CZ-0, CZ-1, CZ-3, CZ-5, CZ-7 and CZ-8 are shown in 
Table 2.1. The average grain size for the sensing elements CZ-7 and CZ-0 calculated from SEM 
micrographs are 36 nm and 42 nm, respectively.  

2.3. X-Ray Diffraction Analysis 

Figure 2.2 shows X-ray pattern for the sensing elements CZ-0 and CZ-7 annealed at 600°C. The 
crystallite size for the sensing elements CZ-0 and CZ-7 annealed at 600°C are in the 24–38 nm and 
25–41 nm range, respectively. 
 

 
 
 
 

2.4. Experimental 

A special humidity control chamber was designed for performing humidity sensing studies. For the 
calibration purpose, standard hygrometer, and a thermometer was used inside this chamber. 
Potassium sulphate was used as a humidifier and potassium hydroxide was used a dehumidifier in 
the experiment. The change in resistance was recorded with change in RH (relative humidity). 
Standard hygrometer was used for measuring RH. Resistance variation of the thin films was recorded 
using a resistance meter (±0.001MΩ, model: CHY 21). For measuring the resistance of the thin films 
we have prepared silver electrodes. For making the electrical contacts on the surface of the thin 
films, silver electrodes were developed at the ends of the thin films. After performing the study of 
humidity sensing properties, sensing elements were kept in laboratory environment and their 
humidity sensing characteristics were regularly monitored. To see the effect of ageing, the sensing 
properties of these sensing elements were examined again in the humidity control chamber after a 
span of six months. 

Figure 2.2 XRD patterns for samples CZ-0 and CZ-7 
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2.5. Sensing Mechanism 

As the humidity increases, excess protons (H+) start diffusing through the hydrogen bond network of 
molecules. In other words, protons (H+) start tunnelling from one water molecule to the next through 
hydrogen bonding. During first stage of adsorption water molecules come in contact with the 
material and an adsortion complex is formed. This phenomenon is known as chemisorption. During 
further adsorption, the adsorption complex forms bonds with the water molecules through hydroxyl 
groups and hence water molecules get adsorbed on the surface through hydrogen bonding. This is 
physical adsorption. So, during the first physisorption the layer formed is immobile due to the 
absence of the hydrogen bonds formed between the water molecules in this layer. Therefore, no 
proton (H+) could be conducted in this stage. When the relative humidity (RH) increases, mobile 
layers of water molecules are formed with the presence of hydrogen bonds between water molecules 
and this is responsible for the conduction of protons in this stage. Sometimes due to the breaking of 
bonds and formation of new bonds the path of proton conduction changes. Due to this there is 
sudden change in the surface energy of the thin fims. Due to sudden change in the surface energy, 
hysteresis phenomenon may arise. Either ionic or electronic type mechanism is responsible for the 
conduction mechanism in the sensors based on the ceramic materials. Electrons are donated by the 
water molecules in the electronic type mechanism. These water molecules get chemisorbed and 
hence in this way the electronic conductivity gets increased or decreased. This conductivity actually 
depends on the fact whether the material is p-type or n-type semiconductor. If the mechanism is ionic 
type then the impedance of the sensor decreases with increase in the value of RH due to the increase 
in the proton (H+) conductivity in the physisorbed layers. As soon as the nanomaterials developed 
from the undoped and doped ZnO come in contact with humid air, the chemisorption process starts 
and the water molecules chemisorb on the available sites of the material surface. Firstly, the 
chemisorbed layer is formed due to the chemisorption process and thereafter the physisorbed layers 
are formed. Moreover, the electrons may also get accumulated at the surface of undoped and doped 
ZnO and consequently, the resistance of the sensing element decreases with increase in RH (relative 
humidity). Cu-doped ZnO thin films enhance the adsorption and desorption rates of the water 
molecules and hence helps in increasing the sensitivity of the material.  

2.6. Results and Discussion 

For sensing elements CZ-1, CZ-3, CZ-5, CZ-7 
and CZ-8 annealed at 600 ºC, a graph has been 
plotted between resistance and %RH for the 
humidification process and is shown in Figure 
2.3.  A continuous decrease in the value of 
resistance is seen with increase in the %RH for 
all these sensing elements in the 15%–95% RH 
range. There is continuous decrease in the value 
of resistance with increase in the %RH for all 
these sensing elements.  
All the sensing elements of Cu-doped ZnO thin 

Figure 2.3 Resistance Vs Humdity Graph 
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films are showing sharp decline in the values of resistance up to relative humidity 75% RH while 
that in the case of undoped ZnO thin films sharp decline can be seen in the values of resistance up to 
relative humidity 60% RH. If the porosity of the material increases then due to this surface to volume 
ratio of the materials also increases and hence the process of diffusion of water molecules into or out 
of the pores also increases; and in this way good sensitivity is achieved. When the RH becomes high 
(>75% RH) then the water molecules in the capillary like pores condenses due to which a liquid like 
layer is formed. If there is variation of grain boundary barrier height then also the resistance may 
decrease. In this case, adsorption of water molecules at metal oxide surface penetrated inside the 
sample can decrease the height of potential barriers at the surface of grains and at the surface of 
necks between metal oxide grains. Therefore, size of depletion regions in the vicinity of necks in the 
direction of electric field is lowered and conductance of ceramics is increased. When the water 
molecules get penetrated inside the pores then there may be decrease in barrier height of grain 
boundary potential in an exponential manner and even slight decrease of grain boundary barrier 
height due to RH can cause considerable decrease of resistance (or increase of conductance).   

2.7. Regression Analysis 

A regression analysis of the humidification graphs of undoped and Cu-doped ZnO was carried out. A 
polynomial of sixth degree (given below) fitted to the curve of resistance versus %RH graph of the 
sensing element CZ-7 annealed at 600°C.  
y = 2×10-08 x6 - 2×10-05x5 + 0.003x4 - 0.417x3 + 22.56x2 - 626.3x + 8744  (2.1) 
Here, x= %RH and y= resistance in MΩ 
Moreover, it is also found that a polynomial of third degree (given below) fitted to the curve of 
sensitivity versus temperature graph of the sensing element CZ-7. 
y = -4×10-07x3 + 0.000x2 - 0.195x + 47.08  (2.2) 
Here, x= temperature and y= sensitivity in MΩ/%RH 
Also, for the sample CZ-0 a polynomial of third degree (given below) fitted to the curve of 
sensitivity versus temperature graph. 
y = 5×10-08x3 - 9×10-05x2 + 0.075x - 1.94  (2.3) 
Here, x= temperature and y= sensitivity in MΩ/%RH  
2.8. Sensitivity 

Sensitivity of Cu-doped ZnO thin films for all 
sensing elements for annealing temperatures 300°C–
600°C are shown in Table 2.2. Sensitivity of undoped 
ZnO thin films for annealing temperatures 300°C–
600°C are shown in Table 2.3. The sensing element 
developed from undoped ZnO thin film and annealed 
at 600°C showed good results with an average 
sensitivity of 20.63 MΩ/%RH. The sensing element 
CZ-7 thin film annealed at 600°C showed the best 
results with an average sensitivity of 39.14 
MΩ/%RH. So, an increase in the value of sensitivity 
for Cu-doped ZnO thin films sensing element was 
noticed over that of undoped ZnO. For sensing Figure 2.4 Sensitivity Vs Doping % Graph 
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element of Cu-doped ZnO thin films annealed at 600°C, the sensitivity is found to be repeatable 
within ±2.00% in dehumidification cycle of relative humidity and within ±1.5% over humidification 
cycle of relative humidity after six months. It has been observed that adsorption sites (or pores) 
increases with increase in the annealing temperature. Higher porosity increases surface to volume 
ratio of the materials and therefore, helps in getting good sensitivity. This increases the sensitivity of 
the sensing elements. With the increase in the Cu-doping percentage the grain size increases and 
these grains are randomly distributed all over the surface due to which the probability of the 
formation of pores increases which leads to the increase in the sensitivity. Figure 2.4 shows variation 
of sensitivity with %doping for the Cu-doped ZnO sensing elements annealed at 600°C for 
humidification processes. For the sensing elements CZ-1, CZ-3, CZ-5 and CZ-7 annealed at 600°C 
sensitivity increases with the increase in the doping percentage.  
 
Hysteresis was found to decrease with increase in the annealing temperature for sensing elements of 
CZ-7 thin films; values of hysteresis being 2.64%, 2.16%, 1.41% and 1.02% for annealing 
temperatures 300°C, 400°C, 500°C and 600°C, respectively. For sensing element CZ-0, hysteresis 
values are 3.64%, 3.12%, 2.64% and 1.38% for annealing temperatures 300°C, 400°C, 500°C and 
600°C, respectively. So, a decrease in the value of hysteresis was observed in the case of Cu-doped 
ZnO sensing element annealed at 600°C over that of undoped ZnO. As a matter of fact, the energy 
required for the removal of the physisorbed layer is very less in comparison to the energy required 
for the removal of chemisorbed layer. With the increase in the annealing temperature the porosity of 
the thin films increases due to which the probability of physisorption process increases as compared 
to the chemisorption process. That is why hysteresis decreases with the increased annealing 
temperature. The nanomaterials formed provide enhanced adsorption capability, good sensitivity 
values, and low hysteresis.     

Variation of resistance of all the sensing elements with change in %RH after six months was 
analyzed. For all the sensing elements annealed at 600°C, values were generally repeatable within 
±2.00% in the 15–95% RH range after six months.  

As the annealing temperature increases the value of response/recovery time decreases i.e., the 
response and recovery are getting faster with increase in annealing temperature. Response/recovery 
time for the sensing element CZ-0 (undoped ZnO) for the annealing temperatures 300°C, 400°C, 
500°C and 600°C are 112/180, 95/147, 79/116 and 67/94 seconds, respectively. Response/recovery 
time for the sensing element CZ-7 for the annealing temperatures 300°C, 400°C, 500°C and 600°C 
are 73/92, 59/78, 45/62 and 32/47 seconds, respectively. Thus, Cu-doped ZnO thin films gave better 
response and recovery time compared to the sensing element of undoped ZnO. Desorption of the 
water molecules is a slow process; therefore, the recovery time is always greater than the response 
time.  

Activation energy (ΔE) measures the thermal or other form of energy required to raise electrons from 
the donor levels to the conduction band or to accept electrons by the acceptor levels Ea from the 
valence band respectively for n- and p-type semiconductor materials. Activation energy corresponds 
to the energy difference (Ec-Ed) and (Ea-Ev) respectively for n- and p-type semiconductor materials. 
Equation (1) gives the activation energy value.  
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                                           R = Ro e
–ΔE/2kT                                                                                  (2.4) 

 
Therefore,                          ln (R) = ln(Ro) – ΔE∕2kT                                                                  (2.5) 
Here, R=resistance, Ro=constant, ΔE=activation energy of electronic transport, k=Boltzmann’s 
constant and T=absolute temperature. 
From the slope of the plot ln(R) versus 10000∕T graph [using Eq. (2.5)], value of activation energy 
for electronic transport may be calculated. range Sample of Cu-doped ZnO nanomaterial showed low 
value of activation energy indicating that this sensing element had low operating temperature and 
could be used at room temperature as well. 

Table 2.1 Grain Size by SEM (nm) 
 

CZ-1 CZ-3 CZ-5 CZ-7 CZ-8 CZ-0 
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24 29 36 45 42 

 

 
 
TABLE 2.2 Sensitivity  of Samples of Undoped ZnO  

 
 
 
 
 

 

Annealing 

Temperature 

Sensitivity (MΩ/%RH) (Undoped ZnO) 

a b c 

300 ºC 13.63 13.79 13.26 

400 ºC 16.53 16.67 16.18 

500 ºC 18.74 18.88 18.39 

600 ºC 20.58 20.68 20.12 

aIncreasing cycle of relative humidity; bDecreasing cycle of relative 

humidity; cIncreasing cycle after six months 
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 TABLE 2.3 Sensitivity of Doped samples (MΩ/%RH) 

 

 

 

 
 
 
 
 
 
 

 

 

 

Annealing 

Temp.  

Sample  

(CZ-1) 

Sample  

( CZ-3) 

Sample  

( CZ-5) 

Sample  

( CZ-7) 

Sample  

(CZ-8) 

a b c a b c a b c a b c a b c 

300 ºC 15.79 16.07 15.38 19.42 19.74 19.17 24.68 24.96 24.35 25.82 26.19 

 

25.48 

 

22.56 

 

22.91 22.31 

400 ºC 18.48 18.74 18.05 23.68 23.94 23.34 27.73 28.06 27.42 29.48 

 

29.80 

 

29.16 27.41 

 

27.76 

 

27.13 

500 ºC 22.37 22.68 22.10 26.64 26.95 26.31 30.86 31.16 30.54 34.61 

 

34.94 

 

34.36 

 

32.62 

 

32.97 

 

32.39 

600 ºC 25.63 25.98 25.34 29.54 29.87 29.26 34.58 35.02 34.27 38.94 39.34 38.61 36.78  
37.18 

36.27 

aIncreasing cycle of relative humidity; bDecreasing cycle of relative humidity; cIncreasing cycle after six months 
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CHAPTER III 

Analysis on Activation Energy and Humidity Sensing Application of 
Nanostructured SnO2-doped ZnO Material 

This chapter reports analysis on activation energy and humidity sensing studies of SnO2-doped ZnO 
nanomaterial. Pellets of SnO2-doped ZnO nanomaterial were prepared by applying pressure of 260 
M Pa. The prepared pellets were annealed at different temperatures. Activation energy analysis was 
done on the Arrhenius plot. Low values of activation energy suggested low operating temperature for 
the samples and hence could be used at room temperature. The humidity sensing studies of these 
samples were also analyzed. Sensing element annealed at 700ºC showed the best results with 
sensitivity of 32.16 MΩ/%RH. The properties like lower hysteresis, less effect of ageing and high 
reproducibility were exhibited by the sample annealed at 700°C. The sensitivity increased with 
increase in annealing temperature. Other parameters like response time, recovery time, hysteresis and 
ageing effects were also studied. The crystallite size from XRD was in the 27-155 nm range. The 
average grain size as measured from SEM micrograph was 198 nm. From the SEM micrograph it 
became clear that agglomeration of smaller crystallites is 
occurring to form larger grains.  

3.1 Activation Energy 

From the slope of the plot ln(R) versus 1∕T graph, values of 
activation energy for electronic transport may be calculated. 
Figure 1 shows Arrhenius Graph for Activation Energy for 1% 
SnO2-doped ZnO sample (SZ). The activation energy values 
for sample SZ from the Arrhenius plot is found to be 0.178 eV 
for temperature range 60°C to 140°C and 0.10025 eV for 
140°C to 200°C, indicating that there are two different inter-
band transitions for electrons. Sample of SnO2 doped ZnO 
nanomaterial showed lower values of activation energy in the two 
regions indicating that this sensing element had lower operating 

temperatures and could be used at room temperature.  

3.2 Scanning Electron Microscope Study 

From the SEM it is observed that grains of ZnO are 
scattered all over the substrate and a network of pores and 
flakes is formed. These pores are responsible for the 
formation of sites for humidity adsorption. SEM 
micrograph for the sample SZ annealed at 700°C is 
shown in Figure 3.2. The SEM micrograph of this sensing 
element shows great clustering and agglomeration of 
large number of crystallites. The average grain size 
calculated from SEM micrograph for this sensing element 
is 198 nm. The sensing element in the case of undoped 

Figure 3.1 Arrhenius Graph 

Figure 3.2 SEM for SZ Sample 
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ZnO manifests low porosity in comparison to the sensing element of SnO2-doped ZnO nanomaterial. 
Due to this SnO2-doped ZnO nanomaterial has enhanced adsorption and desorption rates which is 
responsible for better sensitivity, low hysteresis and better response and recovery time compared to 
undoped ZnO. 

3.3  X-Ray Diffraction Analysis 

Figure shows X-ray pattern for the sensing element SZ 
annealed at 700°C. Using Scherrer’s formula the 
sample’s average crystallite size was calculated. The 
crystallite size for SZ annealed at 700°C calculated 
from Scherrer’s formula is in the 27-155 nm range.   

3.4 Results and Discussion 
In Figure 3.4 a graph is plotted between resistance and 
% RH for the sensing elements for the humidification 

process. 
From 
the 

graph it is clear that for all the sensing elements the 
resistance decreases as the % RH increases. Sensing 
element SZ annealed at 700°C shows low hysteresis 
value within acceptable limits. The sensitivity value 
increases with the increase in the annealing 
temperature. The best sensitivity value is 32.16 
MΩ/%RH for the sample SZ annealed at 700°C. Due 
to the excellent electrical properties and enhanced 
adsorption capability of the nanomaterials SZ it can 
prove to be an excellent humidity sensor.    

A polynomial of sixth degree (given below) fitted to the 
curve of resistance versus %RH (Relative Humidity) graph of the sensing element SZ annealed at 
700°C.  
y = -3×10-07 x6 + 0.000x5 - 0.013x4 + 0.829x3 - 26.13x2 + 331.1x + 1347.                           (4) 

Here, x= %RH (Relative Humidity) and y= Resistance in MΩ 
Moreover, it is also found that a polynomial of third degree (given below) fitted to the curve of 
sensitivity versus temperature graph of the sensing element SZ. 
y = 4×10-07 x3 - 0.000x2 + 0.436x - 59.61                                                                                   (5) 

Here, x= Temperature and y= Sensitivity in MΩ/%RH 
Figure 3.5 shows sensitivity versus temperature graphs for the sensing elements SZ annealed at 
different temperatures. From figure it is clear that the sensitivity increases with the increasing 
annealing temperature.The best sensitivity value observed is 32.16 MΩ/%RH for the sample SZ 
annealed at 700°C. The sensing element developed from undoped ZnO and annealed at 700°C 
showed good results with an average sensivity of 12.35 MΩ/%RH. So, an increase by 160% in the 
value of sensitivity for SnO2-doped ZnO sensing element was noticed over that of ZnO. For sensing 

Figure 3.3 XRD for Sz Sample 

Figure 3.4 Resistance Vs % RH 
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element SZ annealed at 700°C, the sensitivity is found to be 
repeatable within ±2.00% after six months. SnO2 doping 
enhances the electrical response of ZnO. Higher porosity 
increases surface to volume ratio of the materials and 
therefore, helps in getting good sensitivity. An analysis of 
the crystallite size and grain size would suggest that smaller 
crystallites are getting agglomerated to form larger grains. In 
this process, more of the surface areas of the sensing 
elements are exposed leading to more adsorption of water 
molecules. This increases the sensitivity of the sensing 
elements. 

All sensing elements manifest acceptable hysteresis values. Hysteresis was found to decrease with 
increase in the annealing temperature for sensing element SZ; values of hysteresis being 3.62%, 
2.70%, 2.16% and 1.17% for annealing temperatures 400°C, 500°C, 600°C and 700°C, respectively. 
The sensing element developed from undoped ZnO and annealed at 700°C showed hysteresis of 
1.89%. So, a decrease in the value of hysteresis by 38% was observed in the case of SnO2-doped 
ZnO sensing element annealed at 700°C over that of ZnO. Sensing element SZ annealed at 700°C 
shows lowest hysteresis value within acceptable limits. The nanocomposites formed provide 
enhanced adsorption capability, good sensitivity values and low hysteresis.     
Variation of resistance of all the sensing elements with change in % RH after six months was 
analyzed. For all the sensing elements annealed at 700°C, values were generally repeatable within 
±1.70% in the 10%–90% RH range after six months. All the sensing elements showed significantly 
less ageing effect in their performance for all the annealing temperatures considered. The sensing 
elements of both undoped ZnO and SnO2-doped ZnO showed significantly less ageing effects in 
their performance for all the annealing temperatures considered.  

The response and recovery are getting faster with increase in annealing temperature. Response and 
recovery time for the sensing element SZ for the annealing temperature 700°C were 74 and 212 
seconds, respectively. The response and recovery time for the sensing element of undoped ZnO 
annealed at 700°C were 91 and 315 seconds, respectively. Thus, SnO2-doped ZnO nanomaterial gave 
better response and recovery time compared to the sensing element of undoped ZnO. Figure 3.6 
shows graphs for response time and recovery time. 

Figure 3.5 Sensitivity Vs Annealing 
Temperture 

Figure 3.6 Response and Recovery Time for SZ 



 

MnO2-ZnO Hexagonal Nanomaterials: Characterization and High 

Performance Humidity Sensing Application

In present investigation, undoped and MnO

solid state reaction route. The prepared material was characterized by X

electron microscope and UV-

presence of zinc oxide and its minimum average crystallite size was 47.5 nm. The doping of MnO

enhanced the crystallization and decreased the crystallite size. The minimum average crystallite size 

was 31.7 nm for 1.0 weight% MnO

showed that the hexagonal shaped particles were uniformly distributed in zinc oxide that left large 

number of pores. These pores acted as humidity adsorption sites. With increase in the concentration 

of MnO2, the pores also increas

value of band gap decreased with increase in the MnO

sensitivity of undoped zinc oxide was 3400 K

doping concentration.  

4.1 Introduction 
The present work shows very high sensitivity compared to many reported works; more than six times 
the sensitivity of Ag-WO3 nanomaterial
WO3-SnO2 sensor. The hysteresis and aging in all cases were within ±2%.

4.2 Synthesis of ZnO-MnO
The starting material was ZnO (Loba
ethyl cellulose (LobaChemie) was used. The mixture was g
smaller crystalline size. The fine and grained powder of sample was pelletized with the help of 
hydraulic press machine (M.B. Instruments, Delhi, India) under an uniaxial pressure of 4 M Pa at 
room temperature.  The pellets, then, were 
which were required for the sensing. This made surface to volume ratio higher. Sensing elements 
with 0%, 0.2%, 0.4%, 0.6%, 0.8% and 1.0% of MnO
respectively. 

4.3 UV-Vis Spectroscopy 
UV–Vis absorption spectrophotometer (Model
800 nm was used for optical measurements. 
oxide are shown in the Figure 1
absorption band at energies close to the optical band gap that manifests itself as an absorption edge 
(as shown in Figure 1a). The optical band gap is calculated by extrapolation of linear 
between absorption coefficient (α) and photon energy as described in given equation: 

here, E is the photon energy and E
shows a linear dependence of α
(hʋ) versus photon energy (hʋ). The optical band gap of undoped zinc oxide was found 4.05 eV. The 
value of optical band gap decreased with increase in MnO

CHAPTER IV 

ZnO Hexagonal Nanomaterials: Characterization and High 

Performance Humidity Sensing Application 

In present investigation, undoped and MnO2 doped nanostructured zinc oxide was synthesized by 

solid state reaction route. The prepared material was characterized by X-ray diffraction, scanning 

-Vis absorption spectroscopy. X-ray diffraction study confirmed the 

zinc oxide and its minimum average crystallite size was 47.5 nm. The doping of MnO

enhanced the crystallization and decreased the crystallite size. The minimum average crystallite size 

was 31.7 nm for 1.0 weight% MnO2 doped zinc oxide. Surface morphology of the sensing

showed that the hexagonal shaped particles were uniformly distributed in zinc oxide that left large 

These pores acted as humidity adsorption sites. With increase in the concentration 

, the pores also increased. The optical band gap of the undoped zinc oxide was 4.05 eV. The 

value of band gap decreased with increase in the MnO2 doping concentration. The average 

sensitivity of undoped zinc oxide was 3400 KΩ/%RH. The sensitivity increased with increase in the 

The present work shows very high sensitivity compared to many reported works; more than six times 
nanomaterial and nearly four times Cu2O-ZnO sensor, more than 1.5 times 

sensor. The hysteresis and aging in all cases were within ±2%. 

MnO2 Composite Pellets 
The starting material was ZnO (Loba Chemie 98.0%). For binding the material 5% by weight of 
ethyl cellulose (LobaChemie) was used. The mixture was grinded for 3 hoursto homogeneity, and 
smaller crystalline size. The fine and grained powder of sample was pelletized with the help of 
hydraulic press machine (M.B. Instruments, Delhi, India) under an uniaxial pressure of 4 M Pa at 

llets, then, were annealed for good nucleation and growth of the grains 
which were required for the sensing. This made surface to volume ratio higher. Sensing elements 
with 0%, 0.2%, 0.4%, 0.6%, 0.8% and 1.0% of MnO2 in ZnO are labelled as Z1, Z2

Vis absorption spectrophotometer (Model− V670, Jasco) in UV and visible ranges from 200
800 nm was used for optical measurements. The typical UV-visible spectra of MnO

Figure 1.1. The spectrum of each composition shows a sharp intense 
absorption band at energies close to the optical band gap that manifests itself as an absorption edge 
(as shown in Figure 1a). The optical band gap is calculated by extrapolation of linear 
between absorption coefficient (α) and photon energy as described in given equation: 

   (1) 
here, E is the photon energy and Eg is the optical band gap energy of the material. This equation 
shows a linear dependence of α2(hʋ) on photon energy (E). Figure 1(b) shows the Tauc plots of α

ʋ) versus photon energy (hʋ). The optical band gap of undoped zinc oxide was found 4.05 eV. The 
value of optical band gap decreased with increase in MnO2 concentration. The decrease in the value 
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doped nanostructured zinc oxide was synthesized by 

ray diffraction, scanning 

ray diffraction study confirmed the 

zinc oxide and its minimum average crystallite size was 47.5 nm. The doping of MnO2 

enhanced the crystallization and decreased the crystallite size. The minimum average crystallite size 

of the sensing material 

showed that the hexagonal shaped particles were uniformly distributed in zinc oxide that left large 

These pores acted as humidity adsorption sites. With increase in the concentration 

ed. The optical band gap of the undoped zinc oxide was 4.05 eV. The 

doping concentration. The average 

Ω/%RH. The sensitivity increased with increase in the 

The present work shows very high sensitivity compared to many reported works; more than six times 
, more than 1.5 times 

Chemie 98.0%). For binding the material 5% by weight of 
rinded for 3 hoursto homogeneity, and 

smaller crystalline size. The fine and grained powder of sample was pelletized with the help of 
hydraulic press machine (M.B. Instruments, Delhi, India) under an uniaxial pressure of 4 M Pa at 

for good nucleation and growth of the grains 
which were required for the sensing. This made surface to volume ratio higher. Sensing elements 

2, Z3, Z4, Z5 and Z6, 

− V670, Jasco) in UV and visible ranges from 200-
visible spectra of MnO2 doped zinc 

. The spectrum of each composition shows a sharp intense 
absorption band at energies close to the optical band gap that manifests itself as an absorption edge 
(as shown in Figure 1a). The optical band gap is calculated by extrapolation of linear plot (Tauc plot) 
between absorption coefficient (α) and photon energy as described in given equation:  

is the optical band gap energy of the material. This equation 
the Tauc plots of α2 

ʋ) versus photon energy (hʋ). The optical band gap of undoped zinc oxide was found 4.05 eV. The 
concentration. The decrease in the value 
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of band gap in the present study shows the red shift with increase of MnO2concentration. Value of 
optical band gap are 4.05, 4.05, 4.02, 3.95, 3.90 and 3.85 for 0.0%, 0.2%, 0.4%, 0.6%, 0.8% and 
1.0% doping of MnO2 in ZnO, respectively. 

 

 

 

 

4.4 Scanning Electron Microscopy 
Annealing process reduces the residual stress on the surface of the materials. The grains become 
ordered in a specific manner leaving some more spaces among them. Due to the annealing process, 
the size of pores increases. The re-crystallization process during the annealing has two stages, in the 
beginning; the re-crystallization is dominated by random orientation of the grains followed by a 

Figure 4.1 UV-Visible spectroscopy of ZnO-MnO2 in the wave number 200-
800 annealed at 600˚C (a) for sensing elements Z1, Z2, Z3, Z4, Z5 and Z6. (b) 
Tauc plots of α2 (hʋ) versus photon energy (hʋ) for sensing elements Z1, Z2, Z3, 
Z4, Z5 and Z6. 
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second process in which once again the crystallites tend to orient in a particular direction. Due to 
their particular orientation/alignment, the surface morphology changes. The typical microstructure of 
undoped and 0.2, 0.4, 0.6, 0.8 and 1.0 weight% MnO2 doped zinc oxide and annealed at temperatures 
600˚C are shown in Figures 4.2 (a-f). Figure 4(a) reveals that nanoparticles of ZnO agglomerate with 
one another leaving some spaces as pores. These pores serve as humidity adsorption sites and 
humidity sensitivity of the sensor depends on the size of these pores. Most of the particles are 
hexagonal in shape leaving more space as pores, giving effective surface area due to nano-sized 
surface morphology. The microstructure of 0.2 weight% MnO2 doped zinc oxide shows almost 
similar pattern microstructure as that of pure ZnO, only a little bit difference of degree of 
crystallization and pores size [as shown in Figure 4.2(b)]. As the doping % of MnO2 was increased 
from 0.2 weight% to 0.4 weight%, the agglomeration of MnO2 becomes visible as shown in SEM 
image Figure 4.2(c). 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This agglomeration may increase the conductivity which decreases resistance more rapidly with 
adsorption of moisture. With further increase of doping concentration from 0.4 weight% to 0.6 
weight%, the crystallization of zinc oxide was found to be higher as compared to lower doping 
concentration of MnO2. This increase in size and number of pores are helpful for sensing the 

Figure 4.2 Surface microstructure of ZnO and ZnO-MnO2 composite at 600oC, (a) Pure ZnO, 
(b) ZnO-0.2  weight % MnO2 and (c) ZnO-0.4  weight % MnO2 (d) ZnO-0.6  weight % MnO2 
(e) ZnO-0.8  weight % MnO2 and (f) ZnO-1.0 weight % MnO2. 
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humidity (Figure 4.2d).  The shape of crystallite also changes from hexagonal to rectangular shaped 
crystallites. As shown in Figure 4.2(e) at 0.8 weight% doping of MnO2 in zinc oxide, the shape of 
crystallites becomes mixed of spherical and rectangular, the higher degree of pores is may be 
attributed in the sample to the distribution in grain size. The better crystallization is observed at this 
doping concentration of 1.0 weight% of MnO2, as reflected in Figure 4.2(f). The grain size for a 
fixed percentage of doping decreased when annealing temperature was increased. When annealing 
temperature was increased from 500oC to 600oC the grain size for 0.2% doping from 268 nm to 218 
nm, for 0.4% doping from 251 nm to 208 nm, for 0.6% doping from 228 nm to 198 nm and for 1.0% 
doping from 223 nm to 192 nm. However, no definite trend was observed in the grain size 
measurement from SEM when doping percentage was increased for fixed annealing temperature. 
 

 
 

 

 

4.5 X-ray Diffraction 
The average crystallite size of powdered samples were calculated by Debye-Scherer equation. The 
typical X-ray diffraction patterns of undoped and 0.2, 0.4, 0.6, 0.8, 1.0 weight% MnO2 doped zinc oxide are 
shown in the Figure 4.3. These patterns are well matched with standard JCPDS file No. 79-2205. The results 
clearly indicate that the prominent peaks in the patterns correspond to hexagonal wurzite structure of zinc 

oxide. The crystallite sizes were found to be 49.7, 46.5, 43.3, 40.9, 35.0 and 31.7 nm for 0.0, 0.2, 0.4, 
0.6, 0.8 and 1.0 weight% MnO2 doped zinc oxide, respectively. The crystallite size decreased with 
increasing the concentration of MnO2. The sharp intense peaks of ZnO confirms the good crystalline 
nature of ZnO and the diffraction peaks can be indexed to a hexagonal wurtzite structured ZnO; for 

Figure 4.3 XRD Pattern of ZnO and ZnO-MnO2 Composite in scanning range 20o-80o annealed 
at 600oC, (a) Pure ZnO, (b) ZnO-0.2 weight % MnO2 and (c) ZnO-0.4  weight % MnO2. (d) 
ZnO-0.6  weight % MnO2 and, (e) ZnO-0.8  weight % MnO2 and (f) ZnO-1.0 weight % MnO2. 



 

the MnO2 doped ZnO the centres of all diffraction peaks have a slight shift compared to undoped 
sample. 

4.6 Results and Discussion
The change in the value of resistance has been recorded with change in the %RH for different annealing 
temperatures. With change in %RH the fall in the value of resistance is very sharp; ranging from 200
to 0-10 MΩ over 10 to 99% RH. Hence, a graph 
between the logarithmic resistance value and %RH 
has been plotted. Figure 4.4 shows graphs for the pure 
ZnO, 0.4% MnO2 doped ZnO and 1.0% MnO
ZnO, for the annealing temperature of 600
4.4 also shows trend line of graphs for the 0.4% and 
1.0% MnO2 doped ZnO. Both of these trend lines 
match polynomial of degree 3 as depicted in the figure 

itself. The average sensitivity of the MnO
ZnO sensor increases with increase in the 
annealing temperature as well as the doping 
concentration of MnO2. When annealing 
temperature is increased from 300
pure ZnO the sensitivity increased from 2.1 
MΩ/%RH To 3.4 MΩ/%RH. Similarily, when the 
annealing temperature is increased from 300
600˚C for 1.0% doped sample the sensitivity 
increased from 10.41 MΩ/%RH to 13.61 MΩ/%RH. 

experiences the chemisorption of monolayer water with proton transfer among hydronium (H
Here, the electrical response depends on the number of water molecules adsorbed on the surface. The 
chemisorption is followed by physisorption of multilayer water with i
H3O

+ appears in the physisorbed water and serves as a charge carrier. H
physisorbed water according to Grotthuss’s chain reaction
replaces protonic conduction. Doping Mn ions into ZnO leads to higher charge density on the 
surface. In this case, a strong electric field is induced around the surface of Mn

Figure 4.5 Change in sensitivity with change in 
annealing temperature and % doping
ZnO. 

doped ZnO the centres of all diffraction peaks have a slight shift compared to undoped 

s and Discussion 
The change in the value of resistance has been recorded with change in the %RH for different annealing 

change in %RH the fall in the value of resistance is very sharp; ranging from 200
Ω over 10 to 99% RH. Hence, a graph 

between the logarithmic resistance value and %RH 
has been plotted. Figure 4.4 shows graphs for the pure 

ed ZnO and 1.0% MnO2 doped 
ZnO, for the annealing temperature of 600˚C. Figure 
4.4 also shows trend line of graphs for the 0.4% and 

doped ZnO. Both of these trend lines 
match polynomial of degree 3 as depicted in the figure 

nsitivity of the MnO2 doped 
ZnO sensor increases with increase in the 
annealing temperature as well as the doping 

. When annealing 
temperature is increased from 300˚C to 600˚C for 
pure ZnO the sensitivity increased from 2.1 

Ω/%RH. Similarily, when the 
annealing temperature is increased from 300˚C to 

˚C for 1.0% doped sample the sensitivity 
Ω/%RH to 13.61 MΩ/%RH.  

Sensitivity increases with increase in the percentage 
of the doping. With increase in the concentration of 
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strong electric field augments ionization of water molecules and further affects the deeper 
physisorbed water. As the doping % increases more Mn ions get incorporated into ZnO lattice. This 
leads to higher charge density in the vicinity resulting in creation of a stronger electric field near the 
surface. When water vapours interact with the surface this high field causes ionization of water 
molecules leading to high conductivity. Thus the sensitivity increases with increase in concentration 
of MnO2 in ZnO. Figure 4.5 shows graph for the change in the sensitivity of the samples both for the 
increase in the annealing temperature and the change in percentage of the MnO2 in ZnO. A linear 
trend line is the best match for the sensitivity versus % RH graphs as shown in the figure for each 
annealing temperature. For annealing temperature 300˚C the sensitivity increases from 2.1 MΩ/%RH 
to 10.41 MΩ/%RH when the doping is increased from 0.0% to 1.0%. For annealing temperature 
600˚C the sensitivity increases from 3.4 MΩ/%RH to 13.61 MΩ/%RH when the doping is increased 
from 0.0% to 1.0%. To determine the hysteresis effect in the sensing elements, the humidity in the 
chamber has been increased from 10% RH to 99% RH and then cycled down to 10% RH and the 
values of resistance of the sensing elements recorded with change in % RH. All sensing elements 
manifest acceptable hysteresis values in the range ±2% to ±5%, which is comparable to the 
commercial sensors.  After the study of humidity sensing properties, sensing elements were kept in 
laboratory environment and the characteristics of humidity sensing were regularly monitored. For 
analyzing the effect of ageing, sensing properties of these elements were examined again in the 
humidity control chamber after six months and variation of resistance with % RH recorded and 
analyzed. For all the sensing elements annealed at 600°C, values were generally repeatable within 
±2% in the 10%–99% RH range after six months. Response/recovery time is defined as the time 
taken to achieve 90% of the initial total resistance variation during the humidification and 
desiccation processes. As the annealing temperature increased the response/recovery time decreased. 
Response and recovery time for the sensing element of 1% MnO2doopedZnO for the annealing 
temperature 600°C were 64 and 162 seconds, respectively. The response and recovery time for the 
sensing element of undopedZnO annealed at 600°C were 89 and 312 seconds, respectively.The 
undoped and MnO2 doped nanostructured zinc oxide is successfully synthesized by solid state 
reaction route. X-ray diffraction study confirmed the formation of zinc oxide and its minimum 
average crystallite size was 47.5 nm. The doping of MnO2 enhances the crystallization and decreases 
the crystallite size. The minimum average crystallite size was 31.7 nm for 1.0 weight% MnO2 doped 
zinc oxide. Surface morphology of the sensing material showed the hexagonal shaped particles are 
uniformly distributed zinc oxide which leaves large number of pores. These pores act as humidity 
adsorption sites. With increase in the concentration of MnO2 the pores increased. The optical band 
gap of the undoped zinc oxide was found to be 4.05 eV. The value of band gap decreases with 
increase in the MnO2 doping concentration. The sensitivity increases with increase in annealing 
temperature. The sensitivity for the pure sample of ZnO increased from 2.1 MΩ/%RH to 3.4 
MΩ/%RH when the annealing temperature was increased from 300 to 600ºC. For 1.0% MnO2 in 
ZnO the sensitivity increased from 10.41 MΩ/%RH to 13.61 MΩ/%RH when the annealing 
temperature was increased from 300 to 600ºC. The sensitivity increased with increase in doping % of 
MnO2 in ZnO. The sensitivity of undoped zinc oxide for the annealing temperature 600ºC was 3.4 
MΩ/%RH whereas the sensitivity of the 1.0% MnO2 doped ZnO was 13.62 MΩ/%RH for the same 
annealing temperature 600ºC. The hysteresis was within ±2 to ±5% and aging within ±2%. Response 
and recovery time for the sensing element of 1% MnO2 doped ZnO for the annealing temperature 
600°C were 64 and 162 seconds, respectively. 
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 
CHAPTER V 

V2O5-ZnO Nanocomposite for Moisture Sensing Studies 

5.1  Introduction 

Inorganic compound Vanadium oxide (V2O5) is both an amphoteric oxide and an oxidizing agent. 
From the industrial perspective, it is the most important compound of vanadium, being principal 
precursor to alloys of vanadium and is a widely used industrial catalyst. In the present work, the 
sensing element V2O5 doped ZnO annealed at 500°C showed best results with sensitivity more than 
350% higher than Cu2O-ZnO and more than 700% times greater than Ag doped ZnO.V2O5-ZnO 
system exhibits multifunctional properties. Single phase V2O5-ZnO is considered as diluted magnetic 
semiconductor (DMS) material. Multi-phase ZnO–V2O5 manifests varistor like properties. While 
varistorproperties are generally due to greater metal ions but in ZnO–V2O5smaller vanadium ion is 
responsible. 

5.2 Fabrication of Sensing Elements 

Solid-state reaction route was adopted to fabricate nanocomposite samples of V2O5-ZnO. ZnO and 

V2O5 by different weight% were mixed. 10% by weight of glass powder (binder) was added. Mixers 

were grinded separately to uniformity. Samples with 0.2 %, 0.5%, 0.8%, 1.0% and 1.2% of 

V2O5inZnOwere labeled VZ-0.2, VZ-0.5, VZ-0.8, VZ-1 and VZ-1.2, respectively. Powders were pressed 

at room temperature into disc shaped pellets under 260 M Pa pressure. Pellet sample of pure ZnO 

was also fabricated for comparison purpose. Pellets were annealed in air at 500°C for 3 hours.  

5.3 SEM and XRD Studies 
Figure 1 and 2 show micrographs of pure ZnO and ZnO-V2O5nanocomposite samples. Micrographs 

show ZnO scattered throughout the whole substrate forming a network of voids and pores. SEM 

micrographs would reveal porous structure and small crystallites without inside pores but many 

inter grain pores. These pores are expected to provide sites for humidity adsorption. Higher 

porosity increases surface to volume ratio of the materials and therefore, helps in getting good 

sensitivity. The average grain size measured from SEM micrographs are 620 nm for sample of pure 

ZnO and 400 nm for ZnO-V2O5 nanocomposite sample. Figures 3 and 4 show XRD patterns for pure 

ZnO-V2O5nanocomposite. 

 

 

 

 

                                                           
 Figure 5.1 SEM of pure ZnO and V2O5 doped ZnO 



 

 

 

 

5.4 Results and Discussion
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is as wide as 130% as compared to only 20% in the case of pure ZnO sample. This results in the 

increase in sensitivity of ZnO-V2O5nanocomposite by more than 500% compared to the pure ZnO 

sample. 

 
 
 
 

Table 5.1 Senstitivity of samples (MΩ/%RH)
 

 
a
increasing cycle of relative humidity 

b
decreasing cycle of relative humidity 

C
 increasing cycle alter 

six month 

Table 2 Crystallite size variation with 2θ values 

 

 

 

 

 

 

 

 

 

 

 

 

I  

Sample Pure ZnO 

II 

Sample VZ-0.2 

III 

Sample VZ-0.5 

IV 

Sample VZ-0.8 

V 

Sample VZ-1.0 

a b c a b c a b c a b c a b c 

2.65 2.95 2.51 9.58 9.4 9.15 11.66 14.05 11.21 17.01 15.33 17.36 16.88 18.71 16.63 

Sample of Pure ZnO Sample of 1% ZnO-V2O5 

2θ D (nm) 2θ D (nm) 

31.82 447 31.83 417 

34.48 468 34.49 419 

36.31 456 36.31 385 

47.58 483 47.6 373 

56.63 486 56.64 371 

62.90 517 62.91 338 

66.41 534 66.41 598 

67.99 485 68.007 373 

69.12 504 69.13 319 

-- -- 72.67 483 

-- -- 76.98 260 
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CHAPTER VI 

Application of Undoped and Al2O3 doped ZnO Nanomaterials as a 

Solid-State Humidity Sensor and its Characterization Studies  

This paper reports characterization and humidity sensing studies of pure ZnO and Al2O3 doped ZnO 

nanomaterials prepared by solid-state reaction route. Pellet samples of ZnO-Al2O3 nanocrystalline 

powders with 0, 3, 5, 10, 15 and 20 weight% of Al2O3 in ZnO were prepared. Prepared powders were 

given pellet shape under pressure of 260 M Pa and annealed at temperatures from 400°C to 700°C. 

When samples have been exposed to humidity, resistance of the pellet decreased with increase in 

relative humidity (RH) for the entire range of humidity from 10 % to 90 % RH range. The sample with 

15 weight% of Al2O3 doped in ZnO and annealed at 700°C showed the best results with sensitivity of 

14.98 MΩ/%RH. For this sensing element the repeatability over different cyclic operations is within 

±2.00% of the measured values of sensitivity after six months. The response and recovery time of 

sensing element AZ-15 is found to be 85 seconds and 286 seconds, respectively. This sensing 

element manifests lower hysteresis, less effect of ageing and high reproducibility for annealing 

temperature 700°C. XRD pattern of this sensing element showed peaks of cubic gahnite and 

hexagonal corundum. Crystallite size for the sensing element of pure ZnO and Al2O3 doped ZnO are 

in 18–96 nm and 23–98 nm range, respectively. The average grain size for pure ZnO is 110 nm and 

for Al2O3 doped ZnO it is 114 nm, suggesting agglomeration of the crystallites in the sensing 

element to form larger grains.       

6.1  Sample Preparation 

The samples of ZnO-Al2O3 nanomaterials have been prepared through the solid-state reaction 

route. The starting material is ZnO (Qualizen, 99.99% pure). Thereafter, 3, 5, 10, 15 and 20 weight% 

of Al2O3 has been added to ZnO. 10 wt% of the ethyl cellulose is used as the binder. Thereafter, 

these powders have been mixed uniformly and these are made fine by grinding in the mortar with 

the pestle for 4 hours. The resultant powder for every doping percentage have were pressed into 

the pellet shape under pressure of 260 MPa in a hydraulic pressure machine (M.B. Instruments, 

Delhi, India) at 27 °C (room temperature). The pellet samples prepared are in the disc shape having 

a diameter of 12 mm and thickness 2 mm. After that the pressed powder pellets were annealed in 

air at temperatures 400 °C to 700 °C for 3 hours in an electric muffle furnace (Ambassador, India). 

The pellet samples made are AZ-0 (0 wt% of Al2O3 added to ZnO), AZ-3 (3 wt% of Al2O3 added to 

ZnO), AZ-5 (5 wt% of Al2O3 added to ZnO), AZ-10 (10 wt% of Al2O3 added to ZnO), AZ-15 (15 wt% of 

Al2O3 added to ZnO) and AZ-20 (20 wt% of Al2O3 added to ZnO). The pellet samples for pure ZnO 

(sample named as Z) were also prepared in the similar manner. 

   6.2  Scanning Electron Microscope Study 

Figure 1 shows SEM micrographs of sensing elements of pure ZnO (sample Z) and Al2O3 doped ZnO 

(sample AZ-15) prepared through solid-state reaction route and annealed at temperature 700 °C. 

Micrographs show grains of ZnO scattered throughout the whole substrate forming a network of 
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pores and flakes. These pores are expected to provide sites for humidity adsorption. SEM 

micrographs (Figure 1b) reveal that as the temperature increases the porosity of the material 

increases forming clusters for Al2O3 doped in ZnO. The SEM micrographs show that the porous 

structure is dependent on the composition. Each composition is characterized by a typical porous 

structure and small crystallites without inside pores but many inter grain pores. In addition, one can 

observe that the intergranular pores are linked through the large pores. The pore structures should 

be regarded as interconnected voids that form a kind of capillary tubes. This structure favors the 

adsorption and condensation of water vapors. An observation of the crystallite size and grain size 

would suggest that smaller crystallites are getting agglomerated to form larger grains. In this 

process, more of the surface area of the sensing elements is exposed leading to more adsorption of 

water molecules. This increases the sensitivity of the sensing elements. The grain size calculated 

from SEM micrograph for sensing elements AZ-3, AZ-5, AZ-10, AZ-15, and AZ-20 are shown in Table 

6.1. The average grain size for the sensing elements of pure ZnO and Al2O3 doped ZnO calculated 

from SEM micrographs are 110 nm and 114 nm, respectively. SEM micrographs show that the 

sensing elements manifest porous structure having granulation and tendency to agglomerate.  

 

 

 

 

 

6.3. X-Ray Diffraction Analysis 

Figure 6.2 shows X-ray pattern for the sensing element AZ-15 and AZ-0 annealed at 700°C. The 

pattern shows extent of crystallization of the sensing element in the form of powder. XRD pattern 

of AZ-15 shows peaks of cubic gahnite and hexagonal corundum. The crystallite size for the sensing 

element of pure ZnO is in the range of 18–96 nm. For the sensing element of Al2O3 doped ZnO, the 

range of crystallite size is 23–98 nm.  

6.4. RESULTS AND DISCUSSION 

Variation in resistance with the change in relative humidity has been recorded for all the sensing 

elements for different annealing temperatures from 400°C-700°C. All the results have been found 

to be repeatable. Variation in resistance with the change in relative humidity for AZ-3, AZ-5, AZ-10, 

AZ-15 and AZ-20 sensing elements for annealing temperature 700 °C has been shown in Figure 6.3 

(dehumidification process) and Figure 6.4 (humidification process)..  

Fig.1. SEM Micrographs for Annealing 700°C, a. AZ-0; b. AZ-15 
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All sensing elements have acceptable hysteresis values. Hysteresis is found to decrease with 

increase in the annealing temperature for sensing element AZ-0; the values of hysteresis being 

4.80%, 4.30%, 3.50%, and 1.89% for annealing temperatures 400 °C, 500 °C, 600 °C, and 700 °C, 

respectively. For the sensing element AZ-15 the hysteresis values are 3.71%, 3.20%, 2.68%, and 

1.26% for the annealing temperature 400 °C, 500 °C, 600 °C and 700 °C, respectively. Thus, there is 

a definite decrease in the hysteresis when Al2O3 is doped in ZnO. The data sheets of some 

commercially available humidity sensors have indicated hysteresis values in the range from 1.20%–

5.00%. The sensing element AZ-15 annealed at 700°C shows lowest hysteresis value within 

acceptable limits.  

Figure  6.2. XRD of sample AZ-15 and AZ-0 for annealing annealed 700°C. 
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For all the sensing elements annealed at 700°C, the values are generally repeatable within ±1.70% 

in the 10%–90% RH range after six months. All the sensing elements show significantly less ageing 

effect in their performance for all the annealing temperatures considered. We observe that the 

sensing elements both of pure ZnO (sample Z) and Al2O3 doped ZnO (sample AZ) show significantly 

less ageing effect in their performance for all the annealing temperatures considered.  

The sensitivity values for the sensing elements AZ-3, AZ-5, AZ-10, AZ-15 and AZ-20 annealed at 

700°C generally show that the sensitivity value increases with the increase in the doping 

percentage. The best sensitivity value is 14.98 MΩ/%RH for the sample AZ-15 annealed at 700°C. 

The sensitivity of this sample is highest among all samples because surface to volume ratio of the 

grains in this case has increased a lot which, in turn, provides more sites for water vapor to be 

adsorbed on the surface of the sensing element. For sensing element AZ-15 annealed at 700°C, the 

sensitivity is found to be repeatable within ±2.00% in dehumidification cycle of relative humidity 

and within ±1.5% over humidification cycle of relative humidity after six months. For pure ZnO 

sensing element annealed at 700°C the sensitivity value is 12.35 MΩ/%RH. Sensitivity increases 

with the increasing annealing temperature. With increase in the annealing temperature the grain 

size generally decreases. This leads to increase in surface to volume ratio. Thus, more of the surface 

area is exposed for adsorption, leading to higher sensitivity. Sensitivity values for all the sensing 

elements (AZ) for different annealing temperatures have been calculated and shown in Table 6.2. 

The sensitivity values for all pure (undoped) ZnO sensing elements (Z) for different annealing 

temperatures have been calculated and shown in Table 6.3.  

Response/recovery time for the sensing element Z (pure ZnO) for the annealing temperatures 

400°C, 500°C, 600°C, and 700°C are 130/680, 115/625, 96/350, and 91/315 seconds respectively. 

Response/recovery time for the sensing element AZ-15 for the annealing temperatures 400°C, 

Figure 6.3 Resistance Vs Relative Humidity Figure 6.4 Resistance Vs Relative Humidity 
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500°C, 600°C, and 700°C are 118/360, 106/340, 98/310, and 85/286 seconds, respectively. Since 

desorption is an endothermic process, it takes longer time to desorb the water vapor; therefore, 

the recovery time is always greater than the response time.  

6.5 Regression Analysis 

A polynomial of fourth degree fitted to the curve of sensitivity versus % doping of Al2O3 in ZnO. 

y = -0.000x
4
 + 0.012x

3
 - 0.125x

2
 + 1.117x + 4.369 

Here, x= % doping of Al2O3 in ZnO and y= Sensitivity in MΩ/%RH  (6.1) 

 We have also found that a polynomial of third degree fitted to the curve of sensitivity versus 

temperature graph of the sensing element AZ-15. 

y = 2E-08x
3
 - 3E-05x

2
 + 0.020x + 10.48  (6.2) 

Here, x= Temperature and y= Sensitivity in MΩ/%RH 

Also, for the undoped ZnO we have found that a polynomial of third degree fitted to the curve of 

sensitivity versus temperature graph. 

y = -3E-07x
3
 + 0.000x

2
 - 0.214x + 41.86  (6.3) 

Here, x= Temperature and y= Sensitivity in MΩ/%RH 

A regression analysis of the humidification graphs of undoped and Al2O3 doped ZnO was also 

carried out. Least square fit with respect to the polynomials of fifth degree were established. The 

coefficients of the various powers of x (%RH) with respect to y (Resistance) are tabulated in Table 

6.5 (coefficients of a fifth degree polynomial). It can be observed from the tables that a1, the 

coefficients of the first power of x in the polynomial is the dominant one, indicating a strong 

linearity between x and y i.e., RH and Resistance. Due to the advancement in the instrumentation 

technology, it is not essential to go for a linear response in sensors; a single valued function will be 

sufficient.  

 

TABLE 6.1 Grain Size (nm) 

 

 

AZ-3 AZ-5 AZ-10 AZ-15 AZ-20 

98 

 

110 118 114 120 
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TABLE 6.2 Sensitivity of Samples (MΩ/%RH 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temp. 

(ºC) 

 

 

Sample  

(AZ-3) 

Sample  

(AZ-5) 

Sample  

(AZ-10) 

Sample  

(AZ-15) 

Sample  

(AZ-20) 

a b c a b c a b c a b c a b c 

400 ºC 6.14 6.80 6.13 7.13 7.87 7.11 10.79 11.04 10.76 14.48 14.63 14.45 12.38 12.68 12.35 

500 ºC 6.35 6.84 6.33 7.29 7.98 7.26 10.85 11.14 10.82 14.68 14.74 14.65 12.50 12.65 12.46 

600 ºC 6.60 6.86 6.56 7.35 8.04 7.32 10.98 11.29 10.96 14.80 14.85 14.77 12.71 12.74 12.68 

700 ºC 6.90 6.99 6.85 8.14 8.23 8.12 11.54 11.63 11.51 14.96 14.99 14.93 12.78 12.85 12.75 

a
Increasing cycle of relative humidity; 

b
Decreasing cycle of relative humidity; 

c
Increasing cycle after six months 
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TABLE 6.3 Sensitivity of Samples of Undoped ZnO 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 6.4 Hysteresis of Samples of Undoped and Doped ZnO 

 

Annealing Temperature 

Hysteresis of Undoped 

ZnO 

Hysteresis of sensing 

element AZ-15 

400 ºC 4.80% 3.71% 

500 ºC 4.30% 3.20% 

600 ºC 3.50% 2.68% 

700 ºC 1.89% 1.26% 

 

 

 

Annealing 

Temperature 

Sensitivity (MΩ/%RH) 

(Undoped ZnO) 

a b c 

400 ºC 8.18 8.56 8.16 

500 ºC 9.41 9.89 9.38 

600 ºC 11.30 11.88 11.28 

700 ºC 12.25 12.45 12.23 

 

a
Increasing cycle of relative humidity; 

b
Decreasing cycle of relative 

humidity; 
c
Increasing cycle after six months 
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TABLE 6.5 Coefficients of Various Powers of x for Polynomial of Degree 5 

 

                                                             Polynomial Coefficients 

Samples                  ao                         a1                  a2                            a3                         a4                     a5 

AZ-3                     1486          - 95.65            2.809          - 0.043         0.000           -1×10
-06

                              

AZ-5                     2032          - 150.4            4.985          - 0.084         0.000           -2×10
-06

                          

AZ-10                   3515          - 290.3            10.1            - 0.174         0.001           -5×10
-06

                              

AZ-15                   3889          - 280.3            8.554          - 0.128         0.000           -3×10
-06

                                 

AZ-20                   3313          - 239.4            7.423          - 0.116         0.000           -3×10
-06

                            

Undoped ZnO     178.2           111.9          - 6.019            0.123       - 0.001            4×10
-06

 

 

  

x (Relative Humidity); y (resistance of the samples); data fitted to a polynomial of degree 

y=a0+a1x+a2x
2
+a3x

3
+a4x

4
+a5x

5
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CHAPTER VII 

Nanostructured Undoped and Cu-doped ZnO Thin Films 

as Gas Sensor 

In this chapter analysis on gas sensing application of undoped and Cu-doped ZnO nanostructured 

materials has been reported. Undoped and Cu-doped ZnO thin films were prepared for sensing 

studies. Undoped and Cu-doped ZnO thin films annealed at 600ºC showed the best results with 

sensitivity of 500 (%) and 724 (%), respectively in the 500-5000 ppm range. Other parameters like 

response time, recovery time, hysteresis and ageing effects were also studied. For the sensing 

element of 7 at% Cu doped in ZnO the range of crystallite size is 25-41 nm. The crystallite size for 

the sensing element of undoped ZnO annealed at 600°C is in the 24-38 nmrange. The average grain 

size as measured from SEM micrograph for 7 at% Cu doped in ZnO and undoped ZnO sensing 

elements were 36 nm and 42 nm respectively.  

7.1 Introduction 

The gas sensors based on the semiconducting metal-oxides such as SnO2 and ZnO [7-10] were 
found to be very useful for detecting the toxic gases. A gas sensor must possess at least two 
functions, that is, to recognize a particular gas and to transduce the gas recognition into measurable 
sensing signals. Semiconductor gas sensors are solid-state sensors whose sensing component is 
made up of mostly semiconductor metal oxide. The development of semiconducting metal oxides as 
gas sensors has accelerated over the past 25 years. It has been well known that absorption or 
desorption of a gas on the surface of a metal oxide changes the conductivity of the material. The 
metal oxide semiconductor sensors have a large effective surface area, so as to adsorb as much of 
the target analyte as possible on the surface, giving a stronger and more measurable response 
(especially at low concentrations). The report on a ZnO-based thin film gas sensor gave rise to 
extraordinary development and commercialization of a host of semiconducting oxide for the 
recognition of a variety of gases over a wide range of composition. ZnO is sensitive to many gases 
of interest like hydrocarbons, H2, oxygen H2O, CO, NO2 [14-19] etc., and has satisfactory stability 
over a wide range of temperatures (20 0C to 35 0C). Basic requirement for the sensor is its change in 
electrical conductivity with exposure of LPG to semiconducting oxides which depends on their band 
gaps, surface morphology, size, diffusion rate of gas and specific surface area [20]. Liquefied 
Petroleum Gas (also called LPG, GPL and LP) is a mixture of hydrocarbon gases used as fuel in 
heating appliances and vehicles. It is a low carbon-emitting hydrocarbon fuel available in rural 
areas, emitting 81% of the CO2 per KWh produced by oil, 70% of that of coal, and less than 50% of 
that emitted by coal-generated electricity distributed via the grid. LPG has a typical specific calorific 
value of 46.1 MJ/Kg compared with 42.5 MJ/Kg for fuel-oil and 43.5 MJ/Kg for premium grade 
petrol (gasoline) [21]. Liquefied Petroleum Gas is widely used as a fuel for industrial and domestic 
purposes, has often proved to be hazardous because of explosions caused by leaks. The development 
of gas sensors in particular combustible gases is imperative due to the concern for safety 
requirements in homes and for industry. Specially, the liquefied petroleum gas (LPG), which is one 
of the mostly used but potentially hazardous gas, because explosion accident may be caused when it 



44 

 

leaks out accidentally or by mistake. Gas leakage tragedies and accidents have led to heavy losses 
over the years. So it is very important to detect any gas leakage and prevent any accidents. Because 
the sensing phenomenon generally takes place on the surface of sensing element, hence the surface 
morphology has an essential role on the sensitivity of sensor. Among the structural parameters, the 
crystallite size has prominent effect on the gas sensitivity. This chapter reports gas sensing 
properties of nanostructured pure zinc oxide (ZnO) [22-27]. 

Arindam Ghosh et al. [28] reported work on the low temperature LPG sensing properties of wet 
chemically grown zinc oxide nanoparticle thin film and found higher sensitivity towards liquefied 
petroleum gas (LPG) at optimized temperature of∼200 °C. The response and recovery times with 
200 ppm of LPG were found to be 6 and 8 s, respectively. Maximum response of 59% was achieved 
by AarthySivapunniyam and his co-worker [29] for 9000 ppm LPG at 250 °C towards highly 
sensitive zinc oxide (ZnO) nanorods based gas sensors. They also reported higher response of 63% 
for 3000 ppm LPG at 250 °C when the surface of ZnOnanorods was modified using zinc stannate 
(Zn2SnO4) microcubes. P. P. Sahay et al. [30] reported the maximum response ( 89%) to 1 vol% of 
LPG in air at 325°C and shorter response and recovery times of the 0.5 at % Al-doped ZnO film 
prepared by chemical spray pyrolysis technique using Zn(CH3COO)2 as a precursor solution with 
AlCl3 as a doping solution. L. A. Patil et al. [31] reported work on ultrasonically prepared 
nanocrystallineZnO thin films. They found that the films fired at 500 °C are highly sensitive to LPG 
at 300 °C. Tanushree Sen et al. [32] studied and found the excellent sensing ability of Polyaniline/γ-
ferric  oxide  (PANi/γ-Fe2O3) nanocomposite films toward LPG of 50–200 ppm concentrations at 
room temperature. The nanoscale morphology of the composites provided a large surface area for 
the adsorption of gas molecules, thus enhancing the gas sensitivity. The sensing mechanism pertains 
to a change in the depletion region of the p–n junction formed between PANi and γ-Fe2O3as a 
result of electronic charge transfer between the gas molecules and the sensor. The maximum 
response was obtained for PANi/γ-Fe2O3(3 wt%) nanocomposite for 200 ppm LPG. The response 
times of these sensors were found to be as low as 60 s. K. V. Gurav group [33] reported the work on 
LPG sensing properties of Pd-sensitized one-dimensional (1-D) vertically aligned ZnOnanorods 
synthesized on glass substrate through a simple chemical route. The morphology and structure of 
vertically aligned ZnOnanorods has been characterized by scanning electron microscopy (SEM) and 
X-ray diffraction (XRD) analysis. The LPG sensing properties of the vertically aligned 
ZnOnanorods are improved significantly after palladium (Pd) sensitization. The unsensitized 
vertically aligned ZnOnanorods exhibited the maximum response of 37% at 573 K upon exposure to 
2600 ppm LPG, which improved to 60% at operating temperature of 498 K after the Pd 
sensitization. The Pd-sensitized vertically aligned ZnOnanorods showed more selectivity towards 
LPG as compared to CO2. Their results demonstrate that the chemically grown vertically aligned 
ZnOnanorods along with Pd sensitization are promising material for the fabrication of cost effective 
and high performance gas sensors. NanocrystallineZnO films were deposited onto glass substrates 
by spray pyrolysis of zinc nitrate solutions and used as a liquid petroleum gas (LPG) sensor by V. R. 
Shinde and his team [34]. The dependence of the LPG sensing properties on the molar concentration 
of zinc nitrate solutions was investigated. The ZnO films were oriented along with the hexagonal 
crystal structure. The grain size and grain density increased with an increase in molar concentration 
of zinc nitrate solutions. The gas sensing properties for LPG of the ZnO films for LPG with 
different grain sizes were measured at different temperatures. The maximum sensitivity of 43% at 
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the operation temperature of 673 K was found for the ZnO film prepared by spraying a 0.1 M 
solution. The ZnO thin films exhibited good sensitivity and rapid response–recovery characteristics 
to LPG. Further, it has been shown the gas sensitivity of the ZnO gas sensor depends upon its grain 
size. 

Liquefied petroleum gas (LPG) is flammable mixture of hydrocarbon gases used as fuel in heating 
appliances, cooking equipment, vehicles, etc. Liquefied petroleum gas is also referred to as simply 
propane or butane or even mixture including both propane and butane. So, the development of LPG 
sensors is an important aspect. Various types of gas sensing materials have already been investigated 
by different researchers in the entire world [35-40]. The metal oxide nanomaterials including 
nanoparticles, nanorods, nanowires, quantum dots, nanotubes and thin films have attracted much 
attention in the entire world due to their fascinating novel properties. Metal oxides like zinc oxide 
(ZnO) have various applications in gas and humidity sensing[41-51]. Synthesis methods play very 
important role to control the size and surface area of materials. Thick and thin film based gas sensors 
are getting more and more attention for attaining enhanced sensitivity parameters [52-54].  

7.2 Gas Sensing Mechanism 

When the sensing elements come in contact with air then various types of oxygen ionic species (e.g. 
O2-, O2

2-, O2
-) are formed at the surface of thin film. Adsorption of oxygen molecules play significant 

role in the resistance of thin films. The probability of formation of high or low amount of 
chemisorbed oxygen ion species depends on temperature. During the interaction of the LPG 
molecules with the surface of the thin film the following chemical reactions may occur: 

CnH2n+2  +  O2
2-   →     CnH2n-2 + 2H2O + 2e- 

CnH2n+2  +  O2
2- →     CnH2nO + H2O + 2e- 

CnH2n+2  +  O2
-    →      CnH2n-2 + 2H2O + e- 

CnH2n+2  +O2
- →     CnH2nO + H2O + e- 

CnH2n+2  +  O2-     →     CnH2n + H2O + 2e- 
CnH2n+2  +  2O2-   →     CnH2nO + H2O + 4e- 

Here, CnH2n+2represents various types of hydrocarbons (e.g. butane, propane, methane, etc.). From 
the above chemical reactions it is clear that the reaction is taking place between LPG molecules and 
chemisorbed oxygen ionic species. The chemical reactions that occur due to the interaction of LPG 
molecules with the nanostructured material are complex and depend on the operating temperature of 
the sensing elements also. Different chemical reactions yield different nanostructures and hence 
different surface morphology. Moreover, chemical reactions are controlled by chemical kinetics. The 
chemical kinetics depends upon various factors like gas concentration (or pressure), temperature, etc. 
So, the chemical reactions also depend on these factors.  
 
7.3 Device Assembly 

For the LPG sensing measurements a special gas chamber was designed which consists of a gas inlet 
and an outlet knob for LPG exclusion. The schematic diagram of experimental setup is shown in 
figure 7.1. The sensing system comprising of a vacuum chamber with approx 6” dia and 8” tall with 
ports and tripod for table top mounting, a gas valve, isolation valve for pump along with a 
piraniguage for measuring pressure, included 1.5” dia heater capable of working up to 500°C in 
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vacuum as well as oxygen. The sensing system contains 8 isolated ports for probe connection with 
clips. The sensing pellet was inserted between the Ag electrodes inside the stainless steel chamber 
having inlet and outletknobs for LPG. A multi-meter (sinometer, ± .001MΩ, Model: VC-9808) was 
used to record the variation in resistance with change in pressure. 

 
 
 

7.4 Results and Discussion 

The sensitivity of a semiconductor gas sensor at a specific temperature is given by, 

Sensitivity (%) 100















gas

air

R

R
 

Here, airR = Resistance of the sensing element (thin film) in air; gasR = Resistance of the sensing 

element (thin film) in gas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.2 Sensitivity Vs LPG Concentration a. for samples CZ-1, CZ-3, CZ-5, CZ-7 and CZ-8 
annealed at 600°C; b. for Sample CZ-0 

Figure 7.1 Gas Sensing Assembly 
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An effort has been made, in the present research work, to develop an excellent sensor which could 
detect even a very small amount of leakage of LPG at room temperature (operating temperature). 
Sensitivity of Cu-doped ZnO thin films for all sensing elements for annealing temperatures 300°C–
600°C are shown in Table 7.1. Sensitivity of undoped ZnO thin films for annealing temperatures 
300°C–600°C are shown in Table 7.2. Figure 7.2(a) shows variation of sensitivity with change in gas 
concentration for the sensing elements CZ-0, CZ-1, CZ-3, CZ-5, CZ-7 and CZ-8 annealed at 600°C. 
Figure 7.2(b) shows variation of sensitivity with change in gas concentration for the sensing 
elements CZ-0 annealed at different temperatures. CZ-0 (undoped ZnO) and CZ-7 (Cu-doped ZnO) 
thin films annealed at 600ºC showed the best results with sensitivity of 500 (%) and 724 (%) 
respectively in the 500-5000 ppm range. Figure 7.2(a) 
 
 

 
shows variation of sensitivity with change in gas concentration for the sensing elements CZ-7 
annealed at different temperatures.When an n-type semiconductor interacts with a reducing gas then 
the conductivity increases and hence resistance decreases. Cu doping enhances the electrical 
properties of the nanomaterials.With the increase in the gas concentration the pressure also increases 
which in turn increases the probability of interaction between the LPG molecules and the surface of 
the thin film and hence the chemical reaction rate increases. With the increase in the gas 
concentration the sensitivity increases. Moreover, Cu-doping enhances the adsorption and desorption 
rates of gas molecules which leads to increase in the sensitivity value. During the initial interaction 
between the LPG molecules and the thin film surface, the adsorption sites are gradually occupied by 
the LPG molecules. When the gas concentration level is considerably increased (i.e. beyond 4000 
ppm for Cu-doped ZnO thin films and beyond 3500 ppm for undopedZnO thin films) then at this 
stage there are almost no more adsorption sites available to be occupied by the LPG molecules but 
with the increase in the gas concentration level the pressure increases and hence the chemical 
kinetics changes considerably. Due to considerable change in the chemical kinetics a large number of 
new chemical species (or swarm of new type of chemical species) are formed which leads to a slight 
decrease in the sensitivity. As a matter of fact a sudden formation of swarm of new chemical species, 

Figure 7.2 a. Sensitivity Vs Gas Concentration for CZ-7; b. Sensitivity Vs Annealing Temperature for CZ-7 
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due to considerable change in the chemical kinetics, may result in either decrease (or increase) of 
sensitivity.  Figure 7.3(b) shows variation of sensitivity with annealing temperature for the sensing 
elements CZ-7.  Figure 7.3(a) shows variation of sensitivity with annealing temperature for the 
sensing elements CZ-0.  From Figure 7.3b and Figure 7.3a it is clear that with the increase in the 
annealing temperature sensitivity increases. As a matter of fact with the increase in the annealing 
temperature the probability of formation of adsorption sites or porosity (or voids)increases due to 
which the adsorption and desorption rates of gas molecules increases which in turn increases the 
sensitivity. Figure 7.3(b) shows variation of sensitivity with % doping for Cu-doped ZnO sensing 
elements annealed at 600°C. For lower doping percentage of Cu in ZnO, most of Cu2+ takes lattice 
site for all the compositions thereby increasing grain size. The grain size is found to increase from 18 
nm for CZ-1 to 45 nm for CZ-8. For higher compositions Cu2+ tends to segregate at the grain 
boundaries of host particles thus arresting particle growth. For higher doping compositions (above 7 
at% doping) agglomeration of large number of crystallites occurs due to which the grain size is 
immensely increased which is responsible for decrease in the porosity of the sensing element. This 
leads to the decrease in the sensitivity of the sensing element. Due to this reason sensing element 
CZ-8 has lower sensitivity than sensing element CZ-7. The texture and grain size distribution are 
highly affected by increase in annealing temperature. More voids are created during the annealing 
process. Sensing element of CZ-7 annealed at 600°C has maximum void concentration and porosity. 
The sensitivity of sensing element CZ-7 is larger than the others. The surface morphology is an 
important aspect from sensitivity perspective. As the surface area increases, the probability of 
adsorption and desorption of gas molecules increase and hence the sensitivity increases. 
Regression Analysis: 
A regression analysis of the LPG sensing graphs of Cu-doped ZnO nanomaterial was carried out.  
A polynomial of fourth degree (given below) fitted to the curve of sensitivity versus doping 
percentage graph of the sensing elements (CZ-1 to CZ-8) annealed at 600°C.  

y = -0.732x4 + 12.12x3 - 67.45x2 + 173.5x + 410.5  (7.1) 
Here, x= %Doping and y= Sensitivity (%) 
Moreover, it is also found that a polynomial of third degree (given below) fitted to the curve of 
sensitivity versus annealing temperature graph of the sensing element CZ-7. 

Figure 7.3 a. Sensitivity Vs Annealing temp for CZ-0; Sensitivity Vs % Doping for Annealing Temp 600°C 
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y = 5E-07x3 - 0.001x2 + 1.2x + 268  (7.2) 
Here, x= Annealing Temperature and y= Sensitivity (%) 
It is also found that a polynomial of third degree (given below) fitted to the curve of sensitivity 
versus annealing temperature graph of the sensing element CZ-0. 

y = -8E-07x3 + 0.000x2 + 0.163x + 304  (7.3) 
Here, x= Annealing Temperature and y= Sensitivity (%) 

Figure 7.4(a) shows hysteresis behavior of sample CZ-7 annealed at 600°C. Hysteresis phenomenon 
in metal oxide materials is mainly due to chemisorption and physisorption processes. To determine 
the hysteresis effect in the sensing elements, the LPG gas concentration in the chamber has been 
increased from 500 ppm to 5000 ppm and then cycled down to 500 ppm and the values of resistance 
of the sensing elements recorded with change in gas concentration. All sensing elements manifest 
acceptable hysteresis values. Hysteresis was found to decrease with increase in the annealing 
temperature for sensing elements of CZ-7 thin films; values of hysteresis being 4.18%, 3.32%, 
2.25% and 1.64% for annealing temperatures 300°C, 400°C, 500°C and 600°C, respectively. For 
sensing element CZ-0, hysteresis values are 4.92%, 3.84%, 2.96% and 2.18% for annealing 
temperatures 300°C, 400°C, 500°C and 600°C, respectively. So, a decrease in the value of hysteresis 
was observed in the case of Cu-doped ZnO sensing element annealed at 600°C over that of undoped 
ZnO.As a matter of fact, the energy required for the removal of the physisorbed layer is very less in 
comparison to the energy required for the removal of chemisorbed layer. With increase in annealing 
temperature the porosity (as well as adsorption sites) of the developed thin films increases.Moreover, 
the thin film annealed at higher temperature hasthe high probability of adsorption and desorption of 
gas molecules at high rates. That is why hysteresis decreases with the increased annealing 
temperature. The sensing element annealed at 600°C shows lowest hysteresis value within acceptable 
limits. The nanomaterials formed provide enhanced adsorption capability, good sensitivity values 
and low hysteresis.  

 

 
Figure 7.4 a. Hysteresis Graph b. Aging Graph 
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Figure 7.4(b)  shows ageing effect behavior of sample CZ-7 annealed at 600°C.The effect of ageing 
is an important aspect in gas sensing devices based on metal oxides. After the study of gas sensing 
properties, sensing elements were kept in laboratory environment and the characteristics of gas 
sensing were regularly monitored. For analysing the effect of ageing, sensing properties of these 
elements were examined again in the gas control chamber after six months and variation of 
resistance with change in gas concentrationwas recorded. Variation of resistance of all the sensing 
elements with change in gas concentration after six months was analyzed. For all the sensing 
elements annealed at 600°C, values were generally repeatable within ±5.00% in the 500 ppm to 5000 
ppmrange after six months. All the sensing elements showed significantly less ageing effect in their 
performance for all the annealing temperatures considered. In gas sensors ageing mechanisms may 
be due either to prolonged exposure of surface to atmosphere, adsorption of contaminants, loss of 
surface ions, or annealing to a less reactive structure, etc. The sensing elements of both undopedZnO 
and Cu-doped ZnO thin films showed significantly less ageing effects in their performance for all the 
annealing temperatures considered.These sensors give good performance up to 8-10 months but best 
up to 6 months that we have reported.  

As the annealing temperature increases the value of response/recovery time decreases i.e., the 
response and recovery are getting faster with increase in annealing temperature. Response/recovery 
time for the sensing element CZ-0 (undoped ZnO) for the annealing temperatures 300°C, 400°C, 
500°C and 600°C are 72/80, 58/67, 46/55 and 32/41 seconds respectively. Response/recovery time 
for the sensing element CZ-7 for the annealing temperatures 300°C, 400°C, 500°C and 600°C are 
41/49, 30/36, 20/27 and 8/13seconds respectively. Thus, Cu-doped ZnO thin films gave better 
response and recovery time compared to the sensing element of undopedZnO. Desorption of gas 
molecules is a slow process; therefore, the recovery time is greater than the response time.  

 
TABLE 7.1 Sensitivity of Samples of undoped ZnO 

 

 

 

 

 

 

 

 

 

 

 

Annealing 

Temperature 

Sensitivity (%) 

(UndopedZnO) 

a b c 

300 ºC 398 415 380 

400 ºC 436 453 419 

500 ºC 469 484 454 

600 ºC 492 508 475 

aIncreasing cycle; bDecreasing cycle; cIncreasing cycle after six months 
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TABLE 7.2 Sensitivity of Samples (%) 

 

 
 

 

 

  

 

 

 

 

 

 

 

Annealing 

Temp. 
(ºC) 

Sample 

(CZ-1) 

Sample 

( CZ-3) 

Sample 

( CZ-5) 

Sample 

( CZ-7) 

Sample 

(CZ-8) 

a b c a b c a b c a b c a b c 

300 ºC 358 370 345 418 432 405 476 490 462 547 562 

 

535 520 534 506 

400 ºC 416 432 402 482 498 468 540 554 525 612 

 

625 

 

598 582 595 567 

500 ºC 475 488 460 540 556 525 598 615 584 668 

 

682 

 

653 

 

636 650 622 

600 ºC 528 542 512 592 605 578 649 664 634 718 730 704 686 701 
 

670 

aIncreasing cycle; bDecreasing cycle; cIncreasing cycle after six months 
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CHAPTER VIII 

Nanostructured Zinc Oxide Prepared through Solid State Reaction Route as 
Gas Sensor 

 

In this chapter we report the characterization and Gas sensing studies of ZnO 

nanoparticles and its application as LPG sensor. The pellet samples have been made 

under a pressure of 390 M Pascal at room temperature. LPG sensing properties of 

each pellet has been investigated. The surface and gross structural characterization of 

the sensing element have been carried out by scanning electron microscopy (SEM) and 

powder x-ray diffraction (PXRD) techniques respectively 
 

8.1 Fabrication of Nanomaterial Samples 

The starting material was ZnO (MERC, India Ltd, 99.99% pure) and glass powder. Glass 
powder (Ethyl Cellulose) has been used as binder to increase the strength of the sample. ZnO 
with 5 weight % of glass powder (binder) were mixed uniformly and made fine. The resultant 
powder was pressed into pellet shape by uniaxially applying pressure of 390 MPa. These 
Pellets were annealed in electric muffle furnace at different temperatures 300°C (sample Zn-
3), 500°C (sample Zn-5) and 700°C (sample Zn-7) for four hours and cooled to room 
temperature. 

8.2 Results and Discussion 
Figure 8.1 is the graphs between variations in resistance (Rg) with the variation of pressure for 
different exposure time for sample pure ZnO annealed at temperature 700°C. In this graph  

 

 

curve ‘a’ is for exposure time of 120 sec and curve ‘b’ for exposure time of 180 sec. Curve ‘a’ of this 
graph show that there is a continuous increase in resistance from 8.07 MΩ to 9.18 MΩ, curve ‘b’ 
also show increase in resistance from 8.09 MΩ to 9.21 MΩ with better results.Figure 8.2 is the 
graphs between variations in sensitivity with the variations of pressure for different exposure time 
for sample pure ZnO annealed at temperature 700°C. In this graph curve ‘a’ is for exposure time of 

Figure 8.1 Resistance (Rg) Vs pressure 
for different exposure time for  (Zn-7). 

Figure 8.2 Sensitivity Vs  pressure for 
different exposure time for Zn-7. 
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120 sec and curve ‘b’ for exposure time of 180 sec. Curve ‘b’ of this figure show slight better 
sensitivity in compare to curve ‘a’. The average sensitivity for sample Zn-7 exposure time of 120 sec 
is 339, while for exposure time of 180 sec is 344. 

 

Figure 8.3 is the graphs between variations in resistance (Rg) with the variations ofpressure for all the 
samples of pure ZnO for exposure Time (120 sec). For exposure time of 120 sec the variation in 
resistance with the variation of pressure for all the samples of Pure ZnO (i.e Zn-3, Zn-5 and Zn-7) 
show similar trends. Curve ‘a’ of figure 8.3 shows a continuous increase in resistance, while curve 
‘b’ and ‘c’ of same figure also show increase in resistance. 

Figure 8.4 is the graphs between variations in resistance (Rg) with the variation ofpressure for all the 
samples of pure ZnO for exposure time (180 sec). For exposure time of 180 sec the variations in 
resistance with the variation of pressure for all the samples of PureZnO (i.e Zn-3, Zn-5 and Zn-7) 
show similar trends. A slight increase in resistance has been found as a function of pressure. Curve 

‘a’ of figure 8.4 shows a continuous increase in resistance, while curve ‘b’ and ‘c’ of same figure 
also show increase in resistance. 

Figure 8.5 is the graphs between variation in resistance (Rg) with the variations ofpressure for sample 
(Zn-7) for exposure time of 180 sec. In this graph curve ‘a’ is for original cycle and curve ‘c’ is for 
repeated cycle after one month corresponding to the same experiment. Ageing effect for the sensing 
material (Zn-7) for exposure time of 180 sec was investigated and found that there is a slight 
decrease in value of resistance with respect to pressure after one month. The average sensitivity (S) 
for different exposure time for pure ZnO samples (Zn-3, Zn-5 and Zn-7) have been calculated and 
are given in Table 8.1. 
 

  

 

 

Figure 8.3 Resistance Vs Pressure for 
pure ZnO for exposure time (120 sec). 

Figure 8.4 Resistance Vs pressure for 
pure ZnO for exposure time (180 sec). 
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Table 8.1 Average sensitivity for different exposure time 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Samples Average Sensitivity 

 120 sec 180 sec 

Zn-3 115 145 

Zn-5 213 216 

Zn-7 339 343 

Figure 8.5 Resistance Vs Pressure for Zn-7 for 
exposure time 180 sec; a. original cycle and c. 
repeated cycle after one month. 
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xxviii. Invite Talk on Metal Oxide Humidity Sensor, 7th National Conf. on Thermophysical 
Properties (NCTP), Dept of Physics, Christ Church College, Kanpur, India, 2013. 

xxix. Invited talk at B.R. Ambedkar University, Muzaffarpur, Bihar, 13 November, 2013, 
Nanotechnology: Basics and Future Prospects. 

 
Ph.D. Work Completed out of the project: 05 
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