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The effect of Radio Frequency (RF) power on the properties of magnetron sputtered Al doped ZnO thin films and the 

related sensor properties are investigated. A series of 2 wt% Al doped ZnO; Zn0.98Al0.02O (AZO) thin films prepared with 

magnetron sputtering at different RF powers, are examined. The structural results reveal a good adhesive nature of thin 

films with quartz substrates as well as increasing thickness of the films with raising RF power. Besides, the increasing RF 

power is found to improve the crystallinity and grains growth as confirmed by X-ray diffraction. On the other hand, the 

optical transmittance is significantly influenced by the RF power, where the transparency values achieved are higher than 

82% for all the AZO thin films and the estimated optical band gap energy is found to decrease with RF power due to an 

increase in the crystallite size as well as the film thickness. In addition, the defect induced luminescence at low 

temperature (77 K) and room temperature (300 K) was studied through photoluminescence spectroscopy, it is found that 

the defect density of electronic states of Al3+ ion found to increase with increase of RF power due to the increase in the 

thickness of the film and the crystallite size. The gas sensing behavior of AZO films was studied for NO2 at 350 °C. The AZO 

film shows good response towards NO2 gas and also a good relationship between the response and the NO2 concentration, 

which is modeled using an empirical formula.  The sensing mechanism of NO2 is discussed. 

1. Introduction 

In recent years, there has been an ever increasing 

technological demand for electronic devices with improved 

properties. ZnO is one of the most promising material for 

many applications due to its wide band gap (3.27 eV) and large 

exciton binding energy of 60 meV, which is twice larger than 

that of GaN (28 meV)1.  By virtue of its extra-ordinary 

properties, ZnO finds its applications in the fields of opto-

electronics2, spintronics3-4, electro-luminescence displays5 and 

gas sensors6. Recently, Al doped ZnO films are showing great 

promise as the alternative material to costlier Indium Tin 

Oxide (ITO), due to its low cost, non-toxicity and abundant 

availability compared to ITO films. The Al doped ZnO (AZO) 

films not only exhibit good electrical conductivity along with 

high optical transparency in the visible wavelength region (400 

– 800 nm) but also offers good chemical, mechanical and 

thermal stability. 

Besides, ZnO is one of the most extensively studied metal 

oxide semiconductor material, next to SnO2 for the toxic and 

hazardous gase sensors7-8. It is well known that the sensitivity 

of metal oxide semiconductor gas sensors can be improved 

upon doping or addition of catalyst. Hence, it would be 

interesting to study the sensing properties of Al doped ZnO. 

Further, tuning the film thickness and the surface morphology 

plays a major role in order to enhance the sensitivity. Usually, 

controlling the film thickness and the morphology results in 

the increase of effective surface area, leading to improved gas 

adsorption. Moreover, the use of additives acts as catalysis for 

the solid-gas reaction for enhancing the sensitivity. The surface 

morphology is modified either by thermal treatment or by 

varying the processing parameters.  

 

Till date, there are numerous reports on the undoped and 

doped metal oxide semiconducting sensors to sense different 

gases9-12. There are many reports on NO2 gas sensors such as, 

SnO2
13,  NiO14, ZnO15-17 based sensors.  Among all the existing 

metal oxide gas sensors, ZnO based sensors are attracting wide 

attention when it is doped with Al due to the high sensitivity 

towards NO2 and selectivity among other gases9,15,18,23.  Also 

there are many fabrication techniques have been introduced 

in literature to synthesize Al doped ZnO sensors15,16,19,20,2123,24. 

Among all, r.f magnetron sputtering technique15,19,24 has its 

own advantages to produce good quality of films having high 

surface area and surface roughness which are pre-requisite for 
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the gas sensing. In addition, many parameters can be varied in 

order to obtain good quality of films with high reproducibility. 

 

Hence, in the present investigation, we have studied the effect 

of RF power on the Zn0.98Al0.02O thin films properties such as, 

structural and morphological parameters. The optical band gap 

and luminescence properties have been studied to probe the 

electronic structure of the material. Finally, the gas sensing 

properties of AZO films deposited at different RF powers have 

been studied and the possible sensing mechanism is discussed. 

 

 

2. Experimental 

The Zn0.98Al0.02O (AZO) films were deposited on clean quartz 

substrates for 10 min at room temperature (RT) with varied RF 

power from 50 to 120 W under pure Ar plasma.  The 

experimental details  elsewhere24. The AZO thin films 

deposited at the different RF powers 50, 80, 100 and 120 W 

are labelled as AZO50, AZO80, AZO100 and AZO120 

respectively. The following systematic studies were carried out 

to understand the effect of RF power on the AZO film 

properties and gas sensing behaviour. 

 

2.1 Characterization of the AZO thin films 

The AZO thin films were characterized through GIXRD Bruker 

D8 Discover, 45 kV, 100 mA using Cu Kα radiation of 

wavelength 1.5418 Å. The effect of deposition conditions and 

RF power on the crystallinity and phase were studied. The 

microstructure and thickness of the films were studied through 

FEI Insitron Field Emission Scanning Electron Microscope 

(FESEM). The surface topographic features were examined 

though Atomic Force Microscope (AFM) images recorded on 

an APE Research AFM A100 instrument in contact mode. 

Further, the thin films were studied through Raman 

spectroscopy using the laser excitation source of wavelength 

530 nm and power 15 mW on Horiba Jobin Vyon HR Raman – 

micro PL spectrometer. The optical band gap was calculated 

through UV-Visible spectroscopy (Ultraviolet - Visible - Near 

Infrared Spectrophotometer (Ocean Optics, USB4000-XR, 

USA). The Photoluminescence measurements were carried out 

at room temperature and at 77 K with a Jyobin Yvon 

Spectroflourimeter Fluorolog-3 equipped with 450 W xenon 

lamp as excitation source. 

 

2.2. Measurement of the gas sensing properties 

The sensor response of the AZO films deposited at different RF 

powers for NO2 gas was studied by exposing AZO films to the 

respective test gas diluted with zero air. The details of the gas 

sensor characterization setup can be found elsewhere25. The 

%Response (S) was calculated using equation (1); 

  

%	��	�����	��
��  ����	����
	� � 100   ........ (1) 

 

Where, Rg and Ra are the sensor resistances in presence of test 

gas and air, respectively. 

The sensors were tested on exposure of 100 to 600 ppm 

concentration of NO2 gas at 350 °C. 

3. Results and discussion 

3.1 X-ray Diffraction (XRD) 

The GIXRD patterns of AZO films with different RF power are 

depicted in Fig. 1. It is seen that, all the peaks could be indexed 

to the JCPDS card no. 36-1451 corresponding to the hexagonal 

wurtzite ZnO phase with space group P63mc. A clear 

observation from XRD pattern shows that, the films are 

polycrystalline in nature, with a preferred orientation along c-

axis i.e.  (002) plane and a certain fraction along (103) plane. 

Further it is observed that, with increase of RF power, the 

(002) peak intensity decreases and concurrently the (103) peak 

intensity increases (top inset of Fig. 1), from which it is 

evidenced that the crystals are trying to change their 

orientation from (002) plane towards (103) plane when RF 

power is increased. In addition, the peaks shift has been 

observed with RF power (inset of Fig. 1). The parameters of 

Full Width at Half Maximum (FWHM) values of (002) peaks 

were calculated and tabulated in Table 1, which shows a 

decreasing trend with RF power, while the intensity of the 

(002) reflection increases with increase in the RF power, which 

indicates the increase of crystalline nature of the films. The 

crystallite size was calculated for highest intensity peak, i.e.  

(002) peak using Scherer’s formula shown in Eq. (2) 

 

� 	 ��
�����   ........ (2) 

Where, k is the Scherer’s constant, λ is the x-ray wavelength, β 

is the observed FWHM, and θ is the Bragg’s angle. It is found 

that, the estimated crystallite size increases with increase in RF 

power (Table 1). Furthermore, the lattice parameter ‘c’ is 

estimated using the equation c = λ / sinθ, where λ is the x-ray 

wavelength and θ is the Bragg diffraction angle corresponds to 

(002) peak. Also, the inter-planar spacing (d) was determined 

using Bragg’s law equation; nλ = 2dSinθ. 

 

Figure 1: GIXRD pattern of Zn0.98Al0.02O for various RF power  
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For a hexagonal crystal system, the lattice parameters were 

determined by using the following equation (3); 

�
 ! 

"
# �

$!%	$�%	�!
&! � '	 (

!

)!	  ................. (3) 

The estimated lattice parameters (a = b & c) and inter-planar 

spacing (d) values are found to be in agreement with standard 

values of JCPDS card no. 36-1451 and are tabulated in Table 1. 

The dislocation density (δ), defined as the length of dislocation 

lines per unit volume, is estimated using the relation (4); 

*  	 �+! .................................. (4) 

The strain (ε) present in the thin films is estimated using the 

relation (5); 

,  	�����"  ............. (5) 

The estimated dislocation density (δ) and the strain (ε) are also 

summarized in Table 1. Hence it is inferred that, the δ and ε 

values decrease with increase of RF power due to decrease in 

the concentration of lattice imperfections. 

 

3.2 Atomic Force Microscopy (AFM) 

 

 

Fig 2. AFM micrographs of AZO films. 

The Atomic Force Microscopy (AFM) micrographs of AZO50 

and AZO120 thin films are depicted in Fig. 2.  From the figure, 

the appearance and the density of the spike like features on 

the surface indicate the uniformity and nanocrystalline nature 

of the films. The film thickness is observed to be increasing 

with increase of RF power. The surface topographic 

parameters such as average roughness (Ra), rms roughness 

(Rrms) and the skewness (RSk) and kurtosis (RKu) parameter are 

measured and are summarized in Table 2. It is observed that, 

the average roughness of the film surface decreases with RF 

power indicating the uniform surface i.e. the increase of RF 

power makes thicker films with higher degree of uniformity of 

the films. The parameters such as skewness (RSk) and kurtosis 

(RKu) are  a measure of the asymmetry and the sharpness, 

respectively. In particular, the skewness (RSk) is used to 

measure the profile symmetry about mean line. Hence, 

skewness (RSk) can either be zero, positive or negative. If the 

height distribution is symmetrical, the skewness factor RSk is 

zero. If the height distribution is asymmetrical, and the surface 

has more peaks than valleys, the skewness (RSk) is positive and 

if the surface is more planar and valleys are predominant the 

skewness (RSk) is negative. In present study of the AZO films, 

the skewness parameter, RSk is found to be  positive, which 

reflects an asymmetrical height distribution and the surface of 

the films has more peaks than the valleys. Further, with 

increase of RF power, the RSk is found to decrease and the 

values are approaching zero, which indicates the decrease of 

surface peaks. Furthermore, AFM surface topographic 

parameter such as kurtosis (RKu) is a measure of surface 

sharpness of the films surface. If RKu is 3, indicates a Gaussian 

amplitude distribution, and the surface is called Mesokurtic, 

but if kurtosis is smaller than 3 the surface is flat and called 

‘Platykurtic’. If the kurtosis is higher than 3, the surface has 

more peaks than valleys. For AZO50 films, the RKu is found to 

be higher than 3, indicating the surface has more peaks than 

valleys, which further decreases with increase of RF power. 

Both the AFM as well as SEM results together shows the 

increase of surface smoothness and the thickness of the AZO 

films with increase of RF power. For specific applications such 

as sensors, the surface of the film plays a crucial role, which 

has been discussed in later part of this paper. If the surface of 

the film having high surface area with more peaks than valleys 

are the ideal for the sensing applications. In particular, in this 

case, the AZO50 film shows high surface area than other films 

prepared with higher RF power. Furthermore, the results of 

the sensing properties of AZO films are discussed in following 

sections. 

 

Table 1: Estimated Lattice parameter, inter-planar distance, dislocation density, crystallite size and strain from XRD data. 

AZO films with 

different RF 

power / (Watts)  

FWHM of 

(002) peak x 

(π/180) 

radians 

d / (Å) FWHM of 

(103) peak 

x (π/180) 

radians 

d / (Å) Crystallite size, Dsch / (nm) a / (Å) c / (Å) δ / (1014 

lines m-2) 

ε / (10-4) 

(002) 

peak 

(103) 

peak 

Avg size 

50 0.4147 2.5945 0.8222 1.4743 20.1 11.3 15.7 3.254 5.190 40.57 30.56 

80 0.4014 2.5938 0.8003 1.4741 20.8 11.6 16.2 3.255 5.188 38.10 29.75 

120 0.3652 2.5953 0.7778 1.4740 22.8 12.0 17.4 3.250 5.191 33.03 28.91 
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 Table 2 Summary of AFM analysis 

Films Ra / 

(nm) 

Rms / 

(nm) 

skewness 

(RSk) 

kurtosis (RKu) 

AZO50 36.6 43.6 1.29 12.4 

AZO120 20.0 23.4 0.446 -0.656 

 

 

3.3 Scanning Electron Microscopy (SEM) 

The SEM micrographs of AZO50 and AZO120 films are depicted 

in Fig. 3. As seen from Fig. 3, the films exhibit smoother and 

uniform texture, and the film deposited at higher RF power are 

more smoother compared to that of low RF power deposited 

films. Besides, the film show needle-like microstructure 

towards the edges indicating a homogenous nucleation 

process involved in the deposition from the plasma under the 

action of RF bias. The SEM micrographs of AZO120 film shows 

a few 1D needles like structures, which are about 2-5 μm in 

length. In addition, the uniform grain growth is observed along 

with reduced average surface roughness for AZO120 films, 

which is in fair accordance with the observations of AFM 

studies. Both, AFM and SEM micrograph analysis show that, 

the films are highly uniform, smooth and the grain growth is 

observed with increase of RF power during the deposition of 

AZO films. Further, the inter-digitated electrodes (IDE) of Au 

are deposited for electrical measurements during the gas 

sensing studies, which are shown in Fig. 3. These IDEs are 

about 1 mm in width and the spacing is about 1 mm, which are 

used for the electrical contacts to carry out the sensing 

studies.   

The SEM images of cross sectional views of the AZO films are 

depicted in Fig. 4. It is observed that, the thickness is uniform 

throughout the film and increases with increasing the RF 

power. Moreover, the films show good adhesive towards the 

quartz surface. The enlarged views of the thickness of the films 

are shown in inset. The film thickness are estimated from the 

cross-sectional SEM measurements and are found to be 250, 

350, 500 and 800 nm for AZO50, AZO80, AZO100 and AZO120 

films respectively. It is important to note here that, as seen 

from Fig. 4, the films are multilayered, which increases with RF 

power.  
 

 

Fig. 3 SEM micrographs of (a) AZO50 (b-d) AZO120 films and (e) and (f) the inter-digitated Gold electrodes are shown for AZO50film. 
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Fig. 4 The cross-sectional SEM images of (a) AZO50, (b) AZO80, (c) AZO100 and (d) AZO120 films. Inset is the enlarged view of cross section shows the thickness of the films 

3.4 Raman Spectroscopy 

  

Fig. 5 The comparison of Raman spectra of AZO films excited with 530 nm laser source. 

The Raman spectra of AZO films excited at 530 nm are 

depicted in Fig. 5. A clear observation shows that, the Raman 

spectra consist of four Raman active modes at 102, 377, 440 

and 575 cm-1; Raman inactive B2 mode at 276 cm-1 along with 

some other peaks at 193, 460 and 516 cm-1. Based on the 

literature26-28, the observed Raman modes are assigned as 

follows. The modes at 102 and 440 cm-1 are doubly degenerate 

modes corresponding to the E2 (Low) mode and E2 (High) 

mode respectively. It is known that, the peak at 440 cm-1 

generally originates from the E2 (High) mode of ZnO associated 

with the wurtzite structure. The peak at 575 cm-1 is a 

contribution of the E1 (LO) mode of ZnO associated with the O 

vacancies, Zni or the combination of both28-29. This peak 

appears to be broad, asymmetric in nature and more spread 

on lower wave number side is observed, which indicates that 

the reduction of oxygen deficiency in AZO films with increase 

of RF power28. The peaks at 377 and 575 cm-1 are transversal 

optical (TO) modes with A1 symmetry i.e. A1(TO) mode and 

longitudinal optical (LO) mode with E1 symmetry i.e. E1(LO) 

mode due to electric field induced scattering of LO phonons, 

respectively. In addition, in case of higher RF power deposited 

AZO films, the mode at 193 cm-1 is appeared in the spectra 

assigned to the deformation mode30, which indicates that the 

film morphology has changed as seen from the SEM 

micrographs. A careful observation reveals that, modes at 516 

and 460 cm-1 are the surface phonon modes (SPM’s) highly 

localized near the grain boundaries, located in the spherical 

region between TO and LO frequencies. These SPM’s are 

generally associated with the nanocrystalline particles. The 

SPM modes arise due to the decrease in both crystallite size as 

well as grain size, upon the addition of Al into ZnO matrix. In 

addition, raman inactive B2 mode at 276 cm-1 is observed for 

AZO films due to the built in electric dipole. The presence of 
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enhanced raman signal at around 276 cm-1 confirms 

substitution of Al in ZnO29.  In addition, the following 

observations are made based on the Raman spectra; (i) it is 

seen that, the spectra for all the samples are similar and the 

peak positions confirm that the AZO films crystallize in 

hexagonal wurtzite structure. (ii) A small shift in the peak 

position is observed towards lower frequencies. (iii) The 

intensity of raman active modes increases with increasing RF 

power, which confirms the increase of crystallinity due to 

increase of thickness, which are in agreement with the above 

discussed XRD, SEM and AFM results. 

 

3.5 UV-Visible spectroscopy 

To investigate the effect of Al substitution on the optical band 

gap energy, the optical absorption and transmittance spectra 

for AZO thin films were collected using UV-Visible 

spectrophotometer in the wavelength range 200 – 800 nm. 

Fig. 6(a) shows the transmittance spectra which reveals that 

the films are highly transparent with the transparency values 

higher than 82% for all the AZO thin films in the visible 

wavelength range. The inset of Fig. 6(b) is the absorbance 

spectra, it is observed from the figure that the absorption edge 

of AZO thin films shifts towards lower energy / higher 

wavelength (red shifted) as RF power increases  from 50 to 120 

W. The optical absorption spectra can be used to determine 

the band gap energy of the material. The optical absorption 

coefficient, α(λ), was determined using the following equation 

(6); 

-
.�  2.303	 2  ...................... (6) 

Where, d is the thickness of the thin film.  

The band gap energy was calculated using the Tauc’s equation 

(7); 

-34  	5634 7	89:
;

 ...................... (7) 

Where, B is a constant, ‘hν’ is the photon energy, ‘Eg’ is the 

optical energy band gap and ‘n’ is a number which 

characterizes the transition process. The exponent ‘n’ takes 

the values; 2, 3, 1/2 and 3/2 for indirect allowed, indirect 

forbidden, direct allowed and direct forbidden transitions, 

respectively. The experimental optical absorption data was 

successfully fitted using the above equation for n = 1/2 (direct 

allowed transition). The plot of (αhν)2 vs hν are depicted in Fig 

6(b). The Eg values are obtained by extrapolating the linear 

region of the (αhν)2  vs  hν curve, that is, the hν value of x-axis 

at (αhν)2 = 0 gives the band gap energy (Eg). It is noteworthy 

that, the Eg values of the AZO50, AZO80, AZO100 and AZO120 

films are 3.65, 3.60, 3.57 and 3.53 eV respectively. It can be 

seen that, the significant variation of estimated Eg of AZO films 

found to decrease with increase of RF power due to the 

increasing crystallite size (grain size) as well as the thickness of 

the films as a result of confinement effect. 

 

 

 

Fig. 6 (a) Transmittance spectra and (b) Tauc plot of AZO films, inset shows the 

absorbance spectra

3.6 Photoluminescence (RT and LT) 

The PL spectra of AZO films at 77 K and 300 K are depicted in 

Fig. 7(a) and Fig. 7(b), respectively. Four distinct and 

characteristic emission bands are observed at 405, 435 and 

460 nm along with a broad shoulder at 492 nm at both 77 K 

and 300 K PL spectra. The high intense peak at 405 nm (3.06 

eV) (near UV-region) is attributed to near band edge emission 

(NBE) corresponding to the exciton related transition from 

localized level below the conduction band to the valence band. 

It is evident from Fig. 7 that, the NBE emission peak is red 

shifted due to Al doping. It could be due to the combined 

effect of an optical transition to the excitonic state of ZnO and 

electronic transitions involving in crystal-field splitting29. On 

the other hand, the peak positions of other peaks 435, 460 and 

492 nm remains unaffected. From the literature, the peaks 

435, 460 and a broader shoulder at 492 nm are assigned as 

follows; the band emissions around 435 and 460 nm 

corresponds to the blue emissions associated with localized 

levels in the band gap are assigned to the transition between 

conduction band (C.B) and zinc vacancy (VZn) and the transition 
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between exciton level (E) and interstitial oxygen (Oi) 

respectively30. The emission band at 492 corresponds to the 

blue emission assigned to electron transition from Zni level to 

top of the valence band. Furthermore, it is observed that, the 

PL intensity of AZO films at 77 K decreases with increasing RF 

power (Fig. 7(a)), whereas at 300 K, the PL intensity increases 

with increase of RF power (Fig. 7(b)). In both the cases, the 

emission peaks shift towards higher wavelength side with 

respect to RF power. On comparison, the AZO films show high 

PL emission (intensity) at low temperature (77 K) than room 

temperature (300 K). At room temperature, the intensity of 

the PL peaks decreases due to the increase in the probability 

of temperature induced non-radiative recombination of 

electrons and holes. At 300 K, the increase in the PL intensity 

and FWHM of the blue emissions are related to the defect 

states correspond to the substitution of Al3+ ion. In particular, 

the increase of 449 nm emission may be related to Oi centers, 

which promotes the chemisorption of oxygen, thereby 

increasing the density of electronic states in the film30. It is 

found that, the defect density of electronic states of Al3+ ion 

found to increase with increase of RF power due to the 

increase in thickness of the film and also to the increase of 

crystallite size. These results support our results of increase in 

thickness of AZO films with RF power 

 

Fig. 7 Photoluminescence spectra of AZO films at (a) 77 K and (b) 300 K. 

3.7 Gas sensing studies  

 

Fig. 8 The variation of response of AZO films deposited at different RF powers for 500 

ppm NO2 gas at different temperatures.  

The gas sensing properties of AZO films were studied towards 

various concentrations of NO2 gas in the temperature range 

250-400 oC, and the variation of response for 500 ppm NO2 gas 

at various temperatures is shown in Fig. 8. The response 

follows a regular bell-shaped nature of metal oxide 

semiconductor gas sensors exhibiting maxima at around 350 
oC, beyond which it is found to decrease. Moreover, it is 

observed that films deposited at 50 W RF power (AZO50) 

exhibit a gigantic response of nearly 1400 % for 500 ppm NO2. 

Whereas, other AZO film demonstrate very poor response 

compare to AZO50 which further decreases with increasing RF 

power.  

 

Subsequently, in order to study the variation of film response 

to NO2 gas concentration at maximum response temperature, 

the AZO films are equilibrated at 350 °C for about 15 minutes 

and the variation of sensor response towards various 

concentrations of NO2 gas is studied, for all the four samples, 

(shown in Fig. 9).  It is observed that, apart from a huge change 

in resistance (typically ∆R ~ 103 Ω) the AZO50 film shows faster 

response time as well as recovery time, as compared to the 

other AZO films.  Nonetheless, the resistance of the films is 

found to monotonously decrease with increasing RF power of 

deposition, which could be mainly due to the increased 

thickness as well as larger crystallite size of films deposited at 

higher RF power.  

 

Fig. 10(a) shows the typical response transients of AZO50 films 

to various NO2 concentrations at 350 oC. Fig. 10(b) shows the 

log-log plot of response to various NO2 concentrations at 350 
oC for AZO films. It is observed that, the response time of 

AZO50 film sensor increases with increase of concentration of 

NO2 gas from 100 to 600 ppm (Fig. 10(a)) and similarly the 

recovery time also decreases with increase in the gas 

concentration. 
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Fig. 9 Gas sensing properties of AZO films showing typical response transients towards 

various concentrations of NO2 gas at 350 oC of AZO50, AZO80, AZO100 and AZO120 

films. 

This is evident since, higher gas concentration takes lesser 

time to diffuse throughout the available surface area (i.e. top 

surface as well as within the pores) of the material. Hence, 

lesser concentration needs longer time to deplete the entire 

grains to attain saturation. 

Besides, the films responses are plotted against the gas 

concentration, as shown in Fig. 10 (b). For a practical sensor 

application, a linear dependence of response on concentration 

is ideal. AZO films indeed exhibit a linear dependence on gas 

concentration with a reasonable error variance, except 

AZO120. The goodness of fit i.e. R2 values are 0.84, 0.99. 0.96 

and 0.54 for AZO50, AZO80, AZO100 and AZO120, respectively. 

We have made an attempt to estimate the theoretical Limit of 

detection by extrapolating the response vs concentration data 

and the value obtained is 125 ppm. 

 

The AZO films exhibit n-type conductivity when exposed to 

oxidizing gases like NO2. The mechanism of NO2 gas sensing 

can be explained by understanding the reaction taking place 

on the surface of AZO films in the presence as well as in the 

absence of NO2 gas, in which the defects and the ambient 

oxygen plays a crucial role.  

 

Thermodynamically, the point defects are inherent part of ZnO 

crystals, which arise as a result of non-stoichiometry. The ZnO 

is mostly oxygen deficient in nature i. e. oxygen vacancies (VO) 

are the majority type of defects31-38. Nonetheless, various 

other point defects are also possible namely oxygen 

interstitials (Oi), Zn interstitials (Zni) and Zn vacancies (Znv), 

which have slightly higher energies of formations. However, 

oxygen vacancies give rise to the n-type conductivity, where 

each oxygen vacancy ionizes to donate free electrons to the 

conduction band and it also acts as a radiative centre during 

luminescence process as seen in PL spectra. Moreover, these 

vacancies can be neutral ( <��), or trap some of the conduction 

electrons and exist as either singly charged (<�=), or doubly 

charged (<�==) which give rise to shallow and deep donor levels 

within the forbidden band gap of ZnO, respectively (as shown 

in Eq (8)).  

 

O?@AABCD� ⟶		VG� '	�HOH ' e�................ (8) 

VG� ⟶ VG= '	e� 

VG ⟶ VG" '	e� 

 

 

 

 Fig. 10 (a) Gas sensing properties of AZO50 film showing the typical resistance characteristics towards the various concentrations of NO2 at 350 °C. (b) Log-
log plot of the response of AZO films verses NO2 gas concentration. 
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Besides, in the present Al doped ZnO system, as seen from the 

XRD as well as Raman studies and also predicted by the 

Density Functional Theoretical (DFT) calculations supported by 

experimental studies reported by Bai et. al.22, the Al3+ prefers 

to substitute at Zn2+ site due to comparable ionic radii. 

However, the charge neutrality of the system demands extra 

electrons released per Al dopant, as shown by following Eq (9).  

 

AlHO#	
MNGOPQ 	2	AlMN∗ ' 	3	OG� + 2e� ...................... (9) 

 

This further promotes the formation of oxygen vacancies in 

the lattice35-36. The oxygen from atmosphere gets adsorbed 

onto MO sensor surface by trapping electrons through the 

surface states (Sads) and gets chemisorbed as SH�, O-2, O- 

depends on the temperature. The surface reaction as follows; 

 
O2, gas + Sads ↔ O2, ads  ........... (10) 

O2, ads +  e- ↔ OH�ads 

OH�ads +  e- ↔ O�lattice 

During the adsorption of oxygen species on the surface of 

sensing element, the point defects, particularly the oxygen 

vacancies act as an active site for binding of the ambient 

oxygen ion. The chemisorbed oxygen species captures 

electrons from the conduction band, as a result the charge 

carrier concentration (e-) decreases, which leads to an increase 

in the resistance of the n-type sensing element until it attains 

equilibrium with the ambient oxygen. Subsequently, when NO2 

gas is introduced it reacts with chemisorbed oxygen and due to 

its highly oxidizing nature more electrons are extracted from 

the MO film through the surface states.  This surface charge 

transfer process results in increase of the sensor resistance 

and thus the larger NO2 concentration results in high surface 

depletion and higher change in resistance. It can be explained 

as follows, when the AZO sensor is exposed to the oxidizing 

gas like  NO2, it reacts with adsorbed oxygen species and as a 

result the surface conductivity decreases or the resistance 

increases based on the following reaction; 

 
(AZO) + OH�  →  (AZO)OH�   ....................  (11) 

(AZO)OH� + NO2 → (AZO)O�  + NO ↑ 

In the present study, the films deposited at increasing RF 

power show, not only an increase in the film thickness, but the 

crystallite size also increases. This increase in crystallite size 

may be due to the in-situ annealing of the films taking place  

 
Fig. 11 Illustration showing effect of film thickness on sensor response along with 

equivalent circuit diagram of the sensor resistance. 

due to higher heat exposure at high RF powers during the 

deposition process. Moreover, it is seen from AFM studies, 

that the higher RF power deposited films appears to be much 

smoother compare to that of lower ones. This implies the films 

at low RF power have higher surface area and higher 

surfaceroughness i.e. surface areas are in the order AZO50 > 

AZO80 > AZO100 > AZO120. Besides, the in-situ annealing is 

often accompanied by structural relaxation through defects 

annihilation. i.e. films at higher power should exhibit lower 

structural defects preferably the oxygen vacancies as also 

confirmed by Raman and PL studies28,30. Thus, AZO50 provides 

higher surface states which are prerequisite for ambient 

oxygen adsorption to follow the NO2 sensing action. 

Nonetheless as depicted in Fig. 11, the increasing film 

thickness implies a reducing surface depletion region (shown 

by saffron color) to the unaffected core ratio. The non-

contributing core of the film acts as a parallel low resistant 

channel for conduction of the charge carriers, thereby 

decreasing the response of the AZO sensor. Hence, the 

response obtained in AZO50 film is much higher in magnitude 

as well as faster as compared to films deposited at higher RF 

powers. Thus, this huge sensitivity obtained is a conjunctive 

effect of the film thickness, surface area and defect states as a 

result of varied RF power during the deposition. 

 

The sensor performance is compared with the existing sensors 

and are tabulated in table 3. From our experimental 

investigations, It is observed AZO50 film, among all, show huge 

sensitivity about 300 for 100 ppm NO2 and 6770 for 600 ppm 

of NO2 gas at 350 oC (Fig. 12). 
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Fig. 12 The % Response vs NO2 concentration of AZO50 film. 

 

Table 3 Review of ZnO based gas sensors and comparision of the performance of 

AZO50 sensor towards  NO2 gas. 

Sensor Method of 

making 

Gas Sensitivity; ppm;  

temperature 

Ref. 

2% Al doped ZnO RF magnetron 

sputtering 

CO 61.6 % ; 1000 

ppm; 400 oC 

 [19] 

0.3% Al doped 

ZnO 

Hydrothermal 

method 

CO 464 %; 10 ppm; 

155 oC  

[22] 

0.5% Al doped 

ZnO 

Spray 

pyrolysis 

Metho

nol 

44 %; 500 ppm; 

275 oC 

[20] 

0.5% Al doped 

ZnO 

Spray 

pyrolysis 

LPG 89 %; 1 vol% of 

LPG; 325 oC 

 [21] 

5% Sn doped 

ZnO 

SILAR NO2 11 % ;  1.5 ppm; 

150 oC 

 [16] 

Er doped ZnO RF magnetron 

sputtering 

NO2 25% ; 5 ppm : 

200 oC 

 [15] 

1% Al doped ZnO 

Pellets 

Solution 

method 

NOx 11 %; 20 ppm ; 

100 oC 

740 %; 20 ppm; 

300 oC 

[18] 

1% Y doped ZnO Sol-gel dip 

coating 

method 

NO2 10 % ; 1 ppm ; 

200 oC  

[23] 

Our work  

(2% Al doped 

ZnO) 

RF sputtering NO2 300 %; 100 ppm; 

350 oC 

6770 %; 600 

ppm; 350 oC 

 

 

4. CONCLUSIONS 

The effect of RF power on the AZO film properties and NO2 

sensing behaviour has been investigated systematically. The 

AZO films were RF sputtered on to clean glass substrates with 

varied RF power from 50 to 120 W under pure Ar plasma.  The 

sputtered (deposited) AZO films are of polycrystalline in 

nature. The film thickness and the crystallite size found to 

increase with increase of RF power. Observation of the peak 

shifts and increase in FWHM of (002) and (103) reflection 

planes in AZO films indicates the development of non-uniform 

strain during growth which resulted from the incorporation of 

smaller ionic radii Al3+ into the ZnO host lattice. No traces of 

impurities were seen, which confirms the substitution of Al at 

Zn site. The AZO films surface found to be smooth and 

uniform, further the smoothness of the film increases with RF 

power. The spectroscopic investigations reveal that, the 

optical band gap energy decreases with RF power due to the 

increase of film thickness and the crystallinity. Both low 

temperature (77 K) and room temperature (300 K) PL spectra 

show greater peak shift of NBE to 405 cm-1 in AZO films due to 

the substitution of Al into ZnO, further this peak shifts towards 

higher wave number region with increase of RF power. In both 

temperatures, four distinct characteristic emission peaks are 

observed in the blue region. The intensity of these peaks 

decrease with RF power at 77 K PL spectra, whereas it is found 

to increase in 300 K PL spectra. However, the PL emission 

intensity at 300 K is less as compared to that of 77 K, due to 

the non-radiative recombination of electrons with holes at 300 

K. The films at higher RF power exhibit lower structural defects 

preferably the oxygen vacancies as also confirmed by Raman 

and PL studies. The gas sensing properties of RF sputtered AZO 

films have been studied. The sensing studies reveal that the 

films show n-type conductivity and film deposited at 50 W RF 

power exhibit a huge response towards NO2 at 350 °C, 

whereas the response of AZO films of higher RF power reduces 

drastically. Particularly AZO50 film show huge sensitivity about 

300 for 100 ppm NO2 and 6770 for 600 ppm of NO2 gas at 350 
oC. The detailed analysis of the experimental results suggest 

that the great response of AZO50 film arises from low 

thickness and higher oxygen vacancies, in comparison to other 

films deposited at higher RF powers. 
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