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Abstract 

Nano-sensors samples  of   pure  Zinc oxide and tungsten doped ZnO are employed  for  the  

study  of  their    humidity  sensing  performance,  morphological  and micro-structural details. 

The nano-powder for sensors of ZnO1-xWx (x = 0 to 1.75 mol%)  are prepared  in molar  ratios of 

0.50 mol%, 1.25 mol%, and 1.75mol% synthesized  through co-precipitation technique. The 

effect of tungsten incorporation in 0.50 mol%, 1.25 mol% and 1.75 mol% on the structural and 

morphological properties of nanostructures has been investigated via XRD and SEM, 

respectively. The XRD of the synthesized ZnO nanomaterial possess hexagonal wurtzite 

structure for all the samples. The obtained diffractogram depicts high and broad peaks implying 

good crystallinity and smaller crystallite size. The molarity of the dopants yields sufficient 

reduction in crystallite size from 44.46 nm to 37.38 nm. The crystallite size of the samples 
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calculated using W-H analysis yields 44.28 nm to 39.37 nm. The strain (ϵ) and stress (σ) 

produced in the crystal due to dopants is analyzed via USDM, UDEDM and SSP thereby 

deducing energy density ‘u’. The pelletized nano-sensors of diameter 10 mm and thickness 2 mm 

show excellent response towards humidity sensing within the range of 10% to 90% of relative 

humidity. An appreciable sensitivity of 144x and hysteresis of 8.24 is exhibited 1.75 mol% W-

ZnO humidity sensor and good stability over a period of 270 days with minimum aging effects. 

       Keywords: Humidity sensors; Tungsten doped ZnO; Nano-scaled; Sensitivity; Hysteresis. 

 

1. INTRODUCTION 

 Rapid advancement and automation of technology require humidity sensors for thorough 

management of ambient moisture in several industrial, medical, pharmaceutical, food packaging 

and cryogenic processes [1]. Humidity sensors offer monitoring of ambient moisture by 

converting the vapor content in the atmosphere into electrical signals via transducers. Resistive 

type nano-scaled metal-oxides belong to class of ceramic humidity sensors. These relative 

humidity (RH) type metal oxide sensors have attracted much of investigations on account of 

being light weight, economical, flexible, compact size, durable, high throughput, easy detection 

and replacement of faults, thermal and long-term stability [2,3]. Humidity sensing mechanism is 

mostly a surface phenomenon which depends upon the interaction of water molecule present in 

the sensing environment with the surface of the semiconductor metal oxide and is greatly 

influenced by the presence of nanostructures, inter and intra-granular  pores, grain size, pores 

distribution, grain boundaries, specific surface area and poly-crystals in sensing element [4]. 

Nano-scaled semiconductor metal oxides find potential applications in nano-devices owing to 

their increased specific surface area responsible for enhancing surface reactivity. The quantum 
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confinement effect is predominant at nano scale which contributes to high efficiency of these 

nano structures. ZnO is an extensively explored material for resourceful industrial and 

miscellaneous applications. Its remarkable properties like direct bad gap of 3.37 eV makes it 

suitable  choice for opto-electronic devices, photo diodes, optical modulator wave guide, solar 

cells, fluorescence, high luminous transmittance and other electronic applications, as desired 

conduction can be achieved through doping [5,6,7,8]. Further, ZnO exhibit properties like high 

refractive index, appreciable thermal, chemical and radiation stability in plasma [9], high exciton 

binding energy (60 MeV), non-toxicity [10], good substrate adherence, good optical 

characteristics in plasma [11], high electron production efficiency [12]. ZnO nano-structures 

yield  high performance FETs, strong room temperature luminescence [13], gas sensors [14] and 

catalyzers [15,16]. Investigating studies led by  Borse et al.[17] focusing on the humidity sensing 

properties of SnO2 based sensors fired at temperatures 580 °C, 680°C,780°C have established 

that the sensitivity to humidity is highest for 780°C firing temperature, observing response time 

of 140 sec , 80 sec , 75 sec and recovery time of 2 min, 10 min and 3 min for sensors fired at 

580°C, 680°C, 780 °C, respectively. The maximum average sensitivity of 5.85 is displayed by 

the SnO2 thick film humidity sensor fired at temperature 780°C.  Saidi et al. [18] analyzed 

moisture sensing characteristics of Al doped ZnO film and nano-rods quoting response time to be 

555.5 sec and 400 sec respectively. Recovery time of 609 sec for Al-ZnO film and 548 sec nano-

rods were observed; sensitivity being 7.38 and 3.55 respectively for both the samples. Gupta et 

al. have measured the structural, electrical and humidity sensing properties of nickel oxide (NiO) 

nanoparticles annealed at three different temperatures of 200 °C, 400 °C and 700 °C and found 

that NiO sample annealed at 700 °C is having the highest sensing response of 47.09% at 90% 

RH [19]. Misra et al. have demonstrated the sensitivity of SnO2 doped ZnO sensor to be 32.16 
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MΩ/%RH for the sample SZ-15 annealed at 700°C. Crystal morphologies such as grain size, 

crystallinity, porosity, grain boundaries, induced lattice strains are the characteristics of  ZnO 

nanostructures [20,21]. Addition of a dopant bring about change in the morphology thereby 

altering the  lattice parameters, mechanical features like lattice strain, stress, electrical, humidity 

sensing behavior and  invoking new functionalities. This endeavor reports dopant  induced  

changes  in structural, peak broadening, morphological  and humidity sensing  response for 

progressive incorporation of tungsten in different  molar ratios (x= 0,0.50,1.25,1.75 mol%). 

 

2. Material and Methods 

2.1 Nanoparticle Synthesis 

 The precursors include Zinc acetate di-hydrate [Zn(CH3COO)2.2H2O, 99.99% pure Loba 

Chemie], Sodium tungstate di-hydrate [Na2WO4.2H2O, 99.99% pure Loba Chemie], Sodium 

hydroxide [NaOH] and ethanol. The W-ZnO nanoparticles are synthesized  through co-

precipitation method. Initially, a solution of 0.1M zinc acetate is prepared in 50 ml of ethanol. 

This solution is refluxed at 80 ͦ C with constant stirring in a magnetic stirrer. Another solution of 

0.1M sodium tungstate is separately prepared in ethanol. These two solutions are mixed in molar 

ratios to obtain pure, 0.50 mol%, 1.25 mol% and 1.75 mol% tungsten doped ZnO. The obtained 

solutions are vigoursly stirred in a magnetic stirrer for 5 hours at a temperature of 80 °C to form 

a homogeneous mixture. Consequently, 0.1 M sodium hydroxide solution is added drop wise to 

gradually increase the pH of the solution to 11. After the addition of NaOH the metal ions start to 

co-precipitate in the form of metal hydroxide thereby initiating nuclei formation. The precipitate 

obtained is filtered and washed 2-3 times in ethanol. The washed precipitates are dried at 150°C 

and grounded into fine powder. Finally, the obtained powder is calcined for 6 hours at 500°C to 
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yield powders of required concentrations of tungsten in ZnO. Fig.1 represents schematic 

synthesis of the pure and tungsten doped ZnO.  

 

2.2 Preparation of Nano- humidity sensors 

 The nano-sensor samples are prepared in the form of pellets as pelletized samples tend to 

possess high surface uniformity and elevated pore density throughout the surface of the pellet 

[22]. The pelletized humidity nano-sensors are obtained by mixing polyvinyl alcohol (10% 

weight) with the calcined powder as binder. Binder is used to increase the strength of the sample 

making it consolidate. Mixed powder is then grounded using mortar and pestle   to uniformity. 

The nano-sensors are pelletized under uniaxial isostatic compression of 350 MPa in a hydraulic 

press machine (M.B. Instruments, Delhi, India) at room temperature. The prepared pellet 

samples are discs of diameter 10 mm and 2 mm in thickness. Finally, pressed powder pellets are 

sintered at 500°C for 5 hours in an electric muffle furnace (Ambassador, India) and gradually 

cooled to room temperature. 

 

3. Results and discussion 

3.1 Morphological and structural analysis 

 The phase identification and crystal growth orientation of   prepared nanostructures are 

characterized by High-Definition X-ray Diffractometer. The recorded diffraction spectra for pure 

and doped ZnO1-xWx (x= 0, 0.50, 1.25, 1.75 mol%)  samples  are depicted  in Fig.2a. The 

diffraction  peaks  are  prominent  and  intense,  the strongest  peak  corresponds to the plane 

(101) for all the prepared  samples. All the well indexed   peaks   are consistent with hexagonal 

wurtzite structure of ZnO (JCPDS card 01-073-8765). Absence of any detectable, dopant related 
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peak suggests that tungsten ions are successfully incorporated into the zinc oxide lattice thereby 

rendering the original   wurtzite structure of zinc oxide ruling out the presence of any impurity. 

The  prepared  nanostructures  are crystalline  in  nature and  indicates no phase transition  and 

exist  in single  phase. The microstructural parameters like crystallite size and micro-strain in the 

crystal lattice may be obtained by various techniques namely Scherrer’s Method (SM), 

Williamson-Hall Method (WHM) to measure crystallite size and size-strain plot Method (SSPM) 

to study the strain effect on the crystal lattice. 

 

 

3.2 Deby-Scherrer’s Method: 

 The average crystallite size of all the nano-structured samples can be calculated using 

Deby-Scherrer’s expression;  

                                 

sinD

D       (1) 

Where, D is the average crystallite size, κ = 0.9 (dimensionless) is the shape factor, λ=1.5406Å 

is the wavelength of  Cukα line, θ  is the measured Braggs’ diffraction angle and βD the full 

width at half maxima intensity (FWHM) in radians. 

The obtained broadening βD is the convolution of the broadening due to instrument as well as 

sample related broadening [23] related as; 

 

                           βD
2 = β2

instrumental + β2
sample                                      (2) 
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                    Fig. 1 The schematic represntation co-precipitated ZnO nano particles. 
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                                     Fig.2a. XRD spectra of  pure and W-ZnO. 
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Fig.2b  XRD peak corresponding to plane (101) for W- ZnO samples. 
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Lattice parameters a=b and c for hexagonal wurtzite structure of pure and doped ZnO samples 

corresponding to (h,k,l) planes (100) and (101) are estimated from Bragg’s equations (3), (4), (5) 

and (6) and the volume of the unit cell is determined from equation (7). 

                                            2dsin θ = nλ       (3) 
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The lattice parameters as determined through HDXRD data using the above equations for 

hexagonal wurtzite are a=b= 0.2759 nm and c= 0.5175 nm for crystal axes α=β = 90ͦ and γ = 120ͦ. 

These values are in good agreement with the lattice parameters of the bulk ZnO [24]. Fig.2b 

shows that the dominant XRD peak corresponding to (101) plane shift to lower diffraction angles 

of 2θ as the doping escalates and average crystallite size of pure and W6+ doped ZnO sample 

decreases from 44.46 nm to 37.68 nm. The crystallite size appears to decrease accompanied by 

broadening of FWHM, with escalation of dopant incorporation from 0 to 1.75 mol% of ZnO. 

This decrement in the crystallite size as calculated using Deby-Scherrer’s  formula which may be 

attributed to the replacement of Zn2+ [0.074nm] ions by W6+ [0.062nm] ions during the 
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nucleation of the crystal sites, W6+ being of smaller radii, occupy the interstitial sites of Zn2+ ion 

and thereby inhibit proper crystal growth in preferable orientation [25].  An indication of  W6+ 

incorporation into the crystal lattice of ZnO can be concluded from the shifting of  XRD peaks 

towards lower diffraction angles (Fig.2b) which may cause an expansion of ZnO crystal lattice 

and an  increase in the interplanar distance ‘d’ [26]. The expansion of lattice due to tungsten 

incorporation can be justified with the increased values of lattice parameters as compared to pure 

ZnO. This can also supported by the fact that the most prominent peak in the diffraction spectra 

shifts towards the lower diffraction angles as the concentration is increased from pure to 1.75 

mol% of W6+ doping in ZnO. Further, this reduction in the crystallite size with increase in 

doping percentage may have resulted from inhibited crystal growth due to compressive stress, as 

the increase in doping concentration may have caused a deterioration of lattice constant. The 

wurtzite structure is composed of tetrahedrally co-ordinated O2- and Zn2+ ions arranged in 

alternating planes stacked along the c-axis. ZnO has a strong tendency to grow along c-axis 

because of higher energy of this plane rather than the planes oriented along other directions [27]. 

 

 Table 1. Structural parameters of undoped and W doped ZnO nano-structures. 

Deby-Scherrer’s Method 

Samples   Bragg's 
angle   

Crystallite 
Size(nm) 

Interplanar 
Spacing (Å) Lattice Constant (Å) 

Unit Cell 
Volume  

                
(Å)3 

(Doping 
mol%)  

2θ (deg.) D  d  a=b C V  

0 36.864 44.46 2.435330 3.209084 5.1127 45.59637 
0.50 36.829 41.14 2.437564 3.212152 5.1212 45.75955 
1.25 36.741 40.09 2.443200 3.221296 5.1326 46.12290 
1.75 36.695 37.68 2.446157 3.227439 5.1412 46.37654 
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4. Williamson-Hall Analysis 

4.1 Uniform Deformation Model (UDM) 

 W-H analysis is employed to study peak-broadening, calculate the crystallite size, 

structural parameters, micro-strains and phase composition. The crystallite size calculated by W-

H analysis is more accurate [28]. Assuming the isotropy of the crystal all the properties remains 

the same throughout the crystallographic directions. Micro-strains arising within the crystals are 

due to their finite size. The peak broadening indicates refinement associated with strain induced 

due to crystal imperfections and dislocations is expressed in the terms of strain in the crystal 

lattice “ ” strain induced broadening “βε” in equation (8); 

       = 



tan4

     (8) 

The net peak broadening is the combined effect of peak broadening due to crystallite size 

(Scherrer’s broadening) βD and strain induced broadening βε. 

    βhkl = βD+ βε     (9) 

βhkl being  the instrument corrected full-width half maximum. Both  crystallite size and strain 

show different variation with  respect to the Bragg’s angle which dictate the dependence of peak 

broadening on crystallite size and micro-strain [29]. Therefore, equation (9) evolves to;  

   



 tan4
cos

hkl 
D

    (10) 

The above equation is the Williamson-Hall equation which can also be depicted as; 



 
 

13 
 

          
 sin4cos 

D

K
hkl     (11) 

A graph (fig.3) plotted for 4sinθ on the x-axis against βhklcosθ  on the y-axis. From linear fit to 

data, the crystallite size is estimated from the y-intercept (Kλ/DW-H) and strain from the slope of 

the fit between 4sinθ and βhklcosθ. The compressive strain induced by lattice shrinkage in the 

crystals, is obvious from the lattice parameters [30]. The reduction in the crystallite size as per 

increase in doping concentration causes increase in the specific surface are of the nano-

structures. 
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      Fig. 3 The W-H Analysis of undoped and doped ZnO Nano particles considering UDM 

   (a) UDM for pure ZnO (b) UDM of 0.50mol% W-ZnO (c) UDM of 1.25 mol% W-ZnO  

   (d) UDM of 1.75mol% W-ZnO. 

 

4.2 Uniform Stress Deformation Model (USDM) 
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 For small values of strain the Hook’s law implies a linear relation between strain and 

stress as σ = Yϵ, σ being stress, Y is the Young modulus and ϵ is the strain. This model takes into 

account the anisotropy of Hook’s law in the crystal. Equation (11) can now be modified 

accordingly as below; 

                                         
hkl

hkl
YD

K  sin4
cos      (12) 

The stress in the pure and W doped ZnO samples can be calculated from the graph (Fig.4) of 

βhklcosθ verses 4sinθ/Yhkl, where for the linear fit of data, slope will represent the strain (ϵ) and  

Crystallite size can be obtained from the intercept, and stress can be deduced from strain. The 

Young’s modulus for a hexagonal structure is calculated from expression (13); 
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Where s11, s13 ,s33, s44  are referred as elastic compliances of ZnO having values 7.858 x 10-12,-

2.206 x 10-12, 6.940 x 10-12, 23.57 x 10-12m2N-1 respectively [31]. 



 
 

16 
 



 
 

17 
 

Fig.4. Remodeled W-H Analysis of undoped and doped ZnO Nano particles considering USDM. 

(a)USDM of pure ZnO (b) USDM of 0.50mol% W-ZnO (c)USDM of 1.25mol% W-ZnO 

(d)USDM of 1.75mol% W-ZnO. 

 

4.3 Uniform Energy Density Model (UDEDM) 

The energy density which is energy per unit volume of a nano-crystal is not isotropic. And the 

constant for Young modulus is no more a constant relating strain and stress of the system 

therefore we have to consider inhomogeneity and anisotropy while calculating the energy density 

of the material. For UDEDM, according to Hook’s law, the energy density varies as a function of 

strain as 

     2

2
hklY

u



               

(14) 

The equation (14) modifies equation (11) such that; 

                                            
 sin)

2
(4cos 2

hkl

hkl
Y

u

D

K


   
(15) 

Fig. 5 represents remodeled W-H Analysis of undoped and doped ZnO Nano particles 

considering UDEDM. The slope and the intercept of linear fit to data plot between (2u/Yhkl)2  on 

x-axis and of  βhklcosθ  y-axis gives the uniform energy density (u) and crystallite size 

respectively. Stress σ can be evaluated by the knowledge of Yhkl, u and ϵ from relation σ = Yhkl ϵ 

and equation (14). 
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Fig.5 Remodeled W-H Analysis of undoped and doped ZnO Nano particles considering 

UDEDM (a)UDEDM of pure W-ZnO (b)UDEDM of 0.50mol% W-ZnO (c)UDEDM of 

1.25mol% W-ZnO (d)UDEDM of 1.75mol% W-ZnO. 

 

4.4 Size-strain plot method 

 Williamson-Hall method suggests isotropic nature of line broadening. Strain-size plot 

considers the isotropic nature of   diffracting crystal domains rendering to micro-strain effect. 

Size-strain plot proves an accurate tool to calculate size-strain parameters by eliminating the 

discrepancies caused at higher diffraction angles. In addition  to the  isotropic  line broadening  

an average size-strain  plot  results in precise evaluation of strain-size parameters by 

investigating only lower diffraction angle [32]. In this approximation the function   for 

“crystallite size” is taken to be Lorentzian and that of the “strain -profile” is “Gaussian function” 

[33]. The equation for size-strain plot according to above considerations can be concluded as; 

 

 

k  is a constant  having value 4/3 for spherical particles. The size-strain plot is plotted for all 

orientational peaks corresponding to diffraction angle from 2θ =20 ͦ   to 2θ = 80 ͦ d2
hklβhklcosθ on 

x-axis and (dhklβhklcosθ)2 on the y-axis are represented in fig.6 . The crystallite size is calculated 

from the slope of the linear fitted curve and strain is the root of the intercept on y-axis. 
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Fig. 6 The SSP of undoped and doped ZnO Nano particles. (a) SSP of pure ZnO (b) SSP of 0.50 

mol% W-ZnO (c) SSP of 1.25mol% W-ZnO (d) SSP of 1.75mol% W-ZnO. 

 

Table 2. Geometric Analysis of undoped and  W doped ZnO Nano particles. 

WILLIAMSONS-HALL ANALYSIS 
 

Samples 
   
FWHM UDM USDM UDEDM SSP 

Conc. 
mol%   

     D 
(nm) 

 ϵ x 
10-4 

    D 
(nm) 

 σ 
(MPa) 

    D 
(nm) 

U 
(KJ/m3) 

     D 
(nm) 

 ϵ x 
10-4 

Pure 0.19250 44.28 1.27 44.14 8.18 44.56 24.7 44.2 3.1 
0.50mol% 0.20220 43.31 5.91 44.00 16.90 43.58 42.1 43.7 7.9 
1.25mol% 0.19636 40.64 8.33 41.37 23.60 42.38 55.0 40.1 12.5 
1.75mol% 0.20384 39.37 9.29 39.82 24.40 40.29 61.0 38.3 12.8 
 

4.5 Dislocation Density and Crystallinity 

 Dislocation density (δ) in the crystal lattice and crystallinity are calculated using equation 

(17) and (18) respectively; their values are mentioned in the table 3 corresponding to all the 

nano-crystals. 

     2

1

D
       (17) 
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peaksecrystallinofarea
eCrystallin

             
(18) 
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      Table. 3 Morphological Analysis of undoped and W doped ZnO Nano particles. 

Samples  SEM 
Dislocation 

Density 
Specific Surface 

Area % Crystallinity 

Conc. 
mol% 

Grain 
size(nm) (nm2) (m2/g) (%age) 

0 55.28 0.000227496 13.73 80.83 
0.50 54.78 0.000248079 14.12 85.39 
1.25 52.28 0.000252996 15.12 87.55 
1.75 40.30 0.000401122 19.83 97.52 

 

Fig.7 Curve depicting variation of crystallite size and specific surface area with doping 

concentration. 
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5.  SEM Analysis 

 Fig.8 is the inset of the cross-sectional view of the samples in nano dimensional scale. 

The morphological variations of the samples as observed by scanning electron microscope 

reveals nanostructured self-assembly of hexagonal columnar growth with smooth edges present 

viably. Prepared zinc oxide nanostructures may be characterized by connected sinter-necked 

grains with sufficient porosity offering large specific area and enough available sites for water 

molecule percolation providing effective humidity response. The statistical analysis of the 

micrograph indicates a uniform distribution of grains of diameter from 55.28 nm to 40.60 nm. A 

decrement in grain size is observed as the doping progresses from x= 0 to 1.75 mol%, this 

variation in  the doping concentration affects the ZnO  crystal growth morphology and formation 

of aggregates. In this self-assembly the nanostructures are distributed evenly throughout the 

crystal. At a doping percentage of  1.75 mol% there is an appearance of one-dimensional rice-

like nanostructure and at some sites the nanostructures appear to have embedded into one 

another. For an increased concentration of W6+ ions there is an increased availability of 

nucleation sites resulting in polycrystalline aggregates and sufficient growth of nanostructures. 

The Specific Surface Area (SSA) is determined from equation (19); 

                                                                        mD
S





6

                                                     (19) 

Where, ρ is the bulk density of ZnO and Dm is the average particle size and 6 is the shape factor 

[34]. The SSA for the prepared ZnO nano-particles is mentioned in Table.3. 
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                                  (a)                   (b) 
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Fig.8 SEM micrographs of undoped and doped ZnO Nano particles. (a) Pure ZnO (b) 0.50 

mol% W-ZnO (c) 1.25 mol% W-ZnO (d) 1.75 mol% W-ZnO   

 

6.  Humidity Sensing 

 A typical humidity response curve for the pure and W doped ZnO sensors  in humidity 

range of 10% to 90% RH, is demonstrated  in Fig.9. Relative humidity sensors are popular and 

can be classified as ceramic, semiconductor, and polymer humidity sensors. Present work deals 

with the fabrication and investigation of performance of a resistive type, semiconductor metal 

oxide humidity sensor. As per the humidity sensing response of all the prepared sensors, when 

the samples are exposed to a humidity range of 10% to 90% RH, their resistance shows a 

decrement.  The ZnO samples show quick and steady response for sufficient range of resistance 

variation vs. relative humidity. 
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                    Fig.9  Relative humidity curve for pure and W doped ZnO nano-sensors. 

The variation of resistance as a function of RH% is predominantly due adsorption of water 

molecule to the metal oxide  grains  over  the entire  surface of  the  sensor. Water molecule 

being of almost same pores of the sensor samples readily gets adsorbed on the surface,  leading 

to saturation in porous metal-oxide succeeded by  capillary condensation through  nanopores for 

higher ambient moisture [35,36]. The capillary condensation builds up an aqueous medium 

responsible for electrolytic conduction [37]. 

Abundance of Zn2+ ions at the surface provides a high charge density and strong electrostatic 

field to facilitate chemisorption of water molecule. For relatively lower RH% the water molecule 

gets chemisorbed to the metal oxide porous surface and self-ionizes into OH- hydroxyl ion and 

H+ ion [38]. 

H2O⟺ H+ + OH- 

The hydroxyl ion (OH-) forms a covalent bond with the cation of the nano-sensor i.e. Zn2+ and 

releasing an H+ ion (proton). Therefore, at lower RH% the conduction occurs through 

chemisorbed layer by proton hopping mechanism [39].  As the humidity further increases a layer 

of water molecules is physiosorbed onto the  previously  chemisorbed layer of hydroxyl ions by 

active interaction of water molecules with  the  Zn2+ surface. The physiosorbed water layer 

facilitates formation of hydronium ion H3O. 

H2O + H2O ⟺ H3O+ + OH- 
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At even higher humidity levels a continuum multilayer of water is formed, followed by 

dissociation of  water  molecule leading to the formation  of mobile  proton  and the charge 

conduction  takes place through proton  transfer  between adjacent sites by Grotthuss chain 

reaction [40], which causes a decrease in resistance due to increase in charge carriers for higher 

water content  at high  humidity  values. This reduction in resistance with increasing humidity 

values is almost exponential. 

The micro-processes involved during the humidification accounts for the variation of resistance 

with humidity variance. For relatively lower values of ambient moisture a monolayer of water 

molecules is chemisorbed on the nano-sensor surface by self- ionization forming covalent bond 

with the surface cation. 

The presence of sufficient  pores  due to addition of tungsten promotes the adsorption process on 

the nano-porous surface enhancing the humidity response. The decrease  in crystallite size 

suggest  large specific surface area which is desired for better  moisture adsorption. This is also 

evident from the electrical response of the nano sensors with respect to humidity. The nano 

sensor having smaller crystallite size possesses large specific surface and better humidity 

response. 

 

 

 

          

                     Fig. 10 The experimental setup for Relative Humidity Sensing measurement. 
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6.1 Response and recovery time 

 The two factors determining the operational efficiency of the device are response and 

recovery time. Response/recovery time is the stimuli to the adsorption and desorption of water 

molecule at the surface of the nano sensor. The adsorption and desorption occur via different 

mechanisms. The  water  vapors  molecule bonded with the surface of the sensor  requires 

external energy to get liberated  thereby  making  it an endothermic process. The  breaking of 

bonds  may  require a longer  duration  hence  recovery time may be longer   than  the  response  

time. Adsorption of water molecule releases energy, hence, is and exothermic process. The 

desorption kinematics is slower than adsorption as dissociation of hydrogen bond between the 

oxide cation and hydroxyl group requires activation energy. 

The response time (τs) for all the samples is recorded by instantaneously switching the relative 

humidity from 10 to 90 RH% and recovery time (τc) is  measured by the rate at which the sensor 

responds to the change in relative  humidity (RH%) by a sudden change of humidity from 90 to 

10 RH% during desiccation. Fig.11 corresponds to the response/recovery time of 1.75 mol% W-

ZnO, the response and recovery time of the individual nanosensor samples are mentioned in 

Table.4. As obvious presence of nano-rice structure drastically decreases the response and 

recovery time of the nano-sensors.  
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Table. 4 Response and Recovery Time for pure and doped ZnO Nano particles 

Humidity sensor parameters 
Samples Sensitivity Response Time Recovery Time 
(Doping 
mol%) 

  Secs Secs 

0 102 120 180 

0.5 120 95 152 

1.25 127 75 138 

1.75 144 45 105 
    

 

 

 

 

 

 

 

 

 

Fig.11 Response and Recovery time graph for 1.75 mol% W-ZnO humidity sensor. 
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6.2 Sensitivity 

  Sensitivity is a good indicator of the performance of the humidity sensor. The values for 

sensitivity of W6+ doped ZnO humidity sensors are deduced from equation (20). The values 

obtained for each sensor is mentioned in Table.4. 

 
rh

i

R

R
ySensitivit 

 
(20) 

Where, Ri resistance corresponding to initial value of humidity, Rrh is sample resistance for 

different RH% [41]. The sensitivity values for each W6+ doped ZnO  nano-sensors  exhibit high 

sensitivity values and is highly responsive to RH% and the amount of W6+ present in the nano-

sensors. Hence incorporation of tungsten is effective in increasing the sensitivity of ZnO based 

humidity sensors. ZnO1-xWx   for x= 1.75 mol% shows higher sensitivity  values  up to 144x 

observed  at 90 RH% among other samples. Improved sensitivity in these nano-sensors may be 

attribute to decreased crystallite size because of tungsten incorporation, the reduced grain size 

offers higher crystallinity (supported by data in Table.3) [42] and  larger active surface for 

moisture adsorption. The high sensitivity can also be credited to the nano-rice structure 

formation of grain size of 15 nm which  may  have intensified the humidity mechanism by 

providing  abundant grain boundaries and nanopores for capillary action. 
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6.3 Stability and Aging effects 

 Long term stability ensures high efficiency of the sensors. Fig.12 are the insets of 

stability curves for ZnO1-xWx   for x= 1.75 mol% sensor deduced by measuring impedances 

<90%RH for at least 270 days which show slight deviation of resistances for each cycle over the 

period. The aging effects are supposed to degrade the working of the sensors owing to extended 

exposure of sensor surface to humidity, loss of surface cations due to thermal diffusion, 

inhibition of cationic sites from adsorbed contaminants making the surface less reactive.  

 

 

 

 

 

 

 

        

                  

                                    

 

                           Fig.12 Stability Curve for 1.75mol% ZnO sensor 
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6.4 Hysteresis 

 A certain amount of deviation in adsorption curve during humidification and desorption 

curve during desiccation is observed which gives rise to hysteresis. The processes of desorption 

of moisture which is chemisorbed on metal oxide surface requires greater energy in contrast to 

adsorption.  Hence desorption of water molecule requires additional energy there by leading to 

hysteresis during the dehumidification process. Hysteresis is a prominent factor in determining 

the reliability of the humidity sensor, a credible sensor is expected have minimum hysteresis 

error (γH) which is calculated at different RH% values for all W-ZnO based sensors from 

equation (21). 

    
fs

H
F

R

2
max

         (21) 

 Here γH is the hysteresis error as a ratio of maximum difference in output during humidification 

and desiccation (∆Rmax) to full scale output (Ffs) [43]. Fig.13 depicts the hysteresis curve for 

ZnO1-xWx   for x= 1.75 mol% sensor. The hysteresis error is negligible for all the samples making 

them more reliable for practical usage. The minimum hysteresis error detected is 8.24 for ZnO1-

xWx   for  x= 1.75 mol% sensor while  other sensors have 11.0, 12.38 and 12.72 error rates for x= 

1.25, 0.50 and pure ZnO respectively. 
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                                Fig. 13 Hysteresis curve for 1.75 mol% W doped ZnO nano-sensor. 
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7. Conclusion 

 Nano-scaled tungsten doped ZnO exhibiting different morphologies are prepared using 

co-precipitation synthesis route for structural and humidity sensing analysis. X-ray diffractogram 

reveals that the nanoparticles possess hexagonal wurtzite structure. Systematic variation of 

tungsten concentration has led to decrease in crystallite size of the nano-crystalline ZnO. 

Scherrer’s formula, modified versions of W-H analysis and size-strain plot procedure studies the 

line broadening of the nanoparticles induced from small crystallite size and lattice-strain. The 

values crystallite size calculated from Scherrer’s formula and W-H analysis are in good 

agreement with each other. SEM analysis affirms of hexagonal columnar structure of the 

synthesized nano-structures and formation of nano-rice for 1.75 mol% of W-ZnO. The humidity 

sensing characteristics are particularly dependent on the W concentration in ZnO. Nano-sensor 

doped with 1.75 mol% of tungsten has highest sensitivity of 144x in 10-90%RH range. The 

response and recovery time for 1.75 mol% W-ZnO is recorded to be 45 sec and 105 sec 

respectively which are faster to the humidity sensors mentioned in the literature. The sensors 

show hysteresis within acceptable range which makes them efficient for practical usage.  All the 

W-ZnO sensors are stable for resistance measurements over a period of 270 days. This sensor 

exhibits lower values of hysteresis, aging effects, shows higher stability for over a period of 9 

months. All these factors make these nano humidity sensors credible for their use in practical 

environment. 
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Figures

Figure 1

The schematic represntation co-precipitated ZnO nano particles.



Figure 2

2a. XRD spectra of pure and W-ZnO. 2b XRD peak corresponding to plane (101) for W- ZnO samples.



Figure 3

The W-H Analysis of undoped and doped ZnO Nano particles considering UDM (a) UDM for pure ZnO (b)
UDM of 0.50mol% W-ZnO (c) UDM of 1.25 mol% W-ZnO (d) UDM of 1.75mol% W-ZnO.



Figure 4

Remodeled W-H Analysis of undoped and doped ZnO Nano particles considering USDM. (a)USDM of pure
ZnO (b) USDM of 0.50mol% W-ZnO (c)USDM of 1.25mol% W-ZnO (d)USDM of 1.75mol% W-ZnO.



Figure 5

Remodeled W-H Analysis of undoped and doped ZnO Nano particles considering UDEDM (a)UDEDM of
pure W-ZnO (b)UDEDM of 0.50mol% W-ZnO (c)UDEDM of 1.25mol% W-ZnO (d)UDEDM of 1.75mol% W-
ZnO.



Figure 6

The SSP of undoped and doped ZnO Nano particles. (a) SSP of pure ZnO (b) SSP of 0.50 mol% W-ZnO
(c) SSP of 1.25mol% W-ZnO (d) SSP of 1.75mol% W-ZnO.



Figure 7

Curve depicting variation of crystallite size and speci�c surface area with doping concentration.



Figure 8

SEM micrographs of undoped and doped ZnO Nano particles. (a) Pure ZnO (b) 0.50 mol% W-ZnO (c) 1.25
mol% W-ZnO (d) 1.75 mol% W-ZnO



Figure 9

Relative humidity curve for pure and W doped ZnO nano-sensors.



Figure 10

The experimental setup for Relative Humidity Sensing measurement.



Figure 11

Response and Recovery time graph for 1.75 mol% W-ZnO humidity sensor.



Figure 12

Stability Curve for 1.75mol% ZnO sensor



Figure 13

Hysteresis curve for 1.75 mol% W doped ZnO nano-sensor.


