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The work includes fabrication of undoped and silver-doped nanostructured 

nickel oxide in form thin films, which use for applications such as gas sensors. 

Pulsed-laser deposition (PLD) technique was used to fabricate the films on a 

glass substrate. The structure of films is studied by using techniques of x-ray 

diffraction, SEM, and EDX. Thermal annealing was performed on these films 

at 450°C to introduce its effect on the characteristics of these films. The films 

were doped with a silver element at different doping levels and both electrical 

and gas sensing characteristics were studied and compared to those of the 

undoped films. Reasonable enhancements in these characteristics were 

observed and attributed to the effects of thermal annealing as well as doping 

with silver. Gas sensing measurements were carried out using NO2 as a gaseous 

species to be detected. The results showed that the electrical conductivity, density 

as well as mobility of charge carriers, and gas sensitivity were affected by the 

doping level and annealing treatment. 
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1. Introduction 

Nanomaterial oxide such as a nickel oxide (NiO) 

is one of the transition metal oxides that has been 

extensively studied in recent decades. It has physical 

and chemical interested properties like NaCl-like 

structure and antiferromagnetic oxides. As well, it has 

given favorable candidate for plentiful industrial 

applications like thermal absorber [1], photo-

electrolysis [2], catalyst for oxygen evolution [3], and 

electrochromic equipment [4,5]. Also, NiO was well-

prepared matter used in the electrodes of batteries 

[6,7]. The pure crystals of NiO are idealistic 

insulators [8,9] and many research fields have 

explained and resolved the insulation property of NiO 

[10,11]. Perceivable conductivity is done in NiO via 

producing Ni vacancies or substituted atoms of some 

alkali metals (e.g. Li) for Ni sites to fabricate 

rechargeable batteries [6,12]. During the last two 

decades, many works on doping NiO thin films with 

silver in atomic form have shown that such devices 

are highly efficient to detect very small amounts of 

several gaseous species as well as sunlight and 

electromagnetic radiation [13-16]. This multipurpose 

performance is not common for all similar structures. 

Gas sensing applications are drastically increasing 

due to their industrial, environmental, and clinical 

importance. Meanwhile, fabrication of efficient 

sensors for as many as possible types of gases is the 

main goal of too much research works especially for 

gases having dangerous or harmful effects on all 

types of lives on the earth [17-21]. Coinciding with 

the revolution of nanotechnology and advanced 

materials, reasonable enhancements in the 

performance of gas sensing devices were achieved 

[22,23]. Amongst, metal oxide nanostructures doped 

with appropriate elements are dominating the 

industrial and environmental applications of gas 

sensors. Such devices can be fabricated by flexible 

techniques such as pulsed-laser deposition (PLD) 

[4,24]. 

The aim of this work is to study undoped and 

silver-doped nanostructured NiO thin films fabricated 

using PLD method. Both electrical and gas sensing 

characteristics of these structures were compared. 

 

2. Experimental Part 

The main parts of PLD technique are 

schematically illustrated in Fig. (1). This technique is 

used to prepare NiO, where the test chamber is first 

evacuated down to 0.001 mbar. A focused beam of Q-

switched Nd:YAG laser working in the second 

harmonic generation (SHG) is entered the chamber 

through a window and directed at 45° on the surface 

of  NiO target. The target was made as a disc from 

NiO nanopowder pressed as 5cm in diameter and 

~2mm in thickness. One side of this disc was polished 

to be mirror-like. The surface of glass substrate and 

target surface was parallel to each other. The 

appropriate gap was preserved between the substrate 

and the used target, this makes the incident laser beam 

avoiding any hamper by the substrate holder. For 

doping experiment, silver nanopowder was mixed at 

different weight percentage amounts with the NiO 

nanopowder. The mixture was then compressed, cut 

and polished to form the Ag-doped NiO target. Some 

experimental parameters such as rotating the NiO 
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disc, the substrate annealing temperature and 

placement the target with respect to the substrate, 

were easily possible during the work. The structure of 

the prepared films was investigated using a Shimadzu 

6000 X-Ray Diffractometer with Cu(kα) radiation 

source of 1.5406Å wavelength. The range of scanning 

angle (2θ) has been varied from 20 to 70 degrees and 

a speed of 4 deg/min. The scanning electron 

microscopy (SEM) and energy-dispersive x-ray 

spectroscopy (EDX) have been used with 15 and 10 

kx magnifications. 

 

 
 

Fig. (1) Schematic diagram of main parts of PLD system [22] 

 

Nickel oxide (NiO) powder with 99.99% purity 

and silver (Ag) powder with 99.9% purity were used 

to prepare thin films. The targets of bulk NiO(1-x):Agx 

have been prepared from both materials by grinding 

and mixing them at various concentrations (x= 0, 0.1, 

0.2, 0.3 or 0.4 at.%) for 10 minutes, then pressed into 

pellets with 1.2 cm diameter using a SPECAC 

hydraulic press to apply a pressure of 6 tons/cm2 for 

10 minutes. The prepared targets of the pure NiO and 

Ag-doped NiO were used to prepare thin films using 

PLD method. Both undoped and doped samples were 

annealed at 450 °C using electrical furnace at 

atmospheric pressure for two hours for 

recrystallization. Thickness of the prepared films was 

measured using optical interferometer method. To 

affirm the electrical conductivity, the type of 

conductivity, and gas sensing measurements, 

interdigitated aluminum Ohmic metal contacts were 

deposited on the Ag:NiO films by using vacuum 

evaporation technique. Four-point probe (F.P.P.) 

method was processed on 1x1-cm2 sheets, and for 

electrical properties 1mm interdigitated distance. 

The experimental gas sensor system involves a 

test chamber of stainless steel cylinder of 15cm in 

diameter and 15cm in length of 15cm. This chamber 

contains an inlet to inflow the gas to be tested and an 

entry valve to inflow the atmosphere after emptying. 

The electrical conducting points are connected to the 

heater by multi-pin feedthrough at the body of the 

chamber. Also, sensing electrodes and thermocouples 

of K-type have been used. Inside this chamber, the 

sensor part is located upon the heater. A conductive 

aluminum sheet is used to connect the electrical 

connections of the multimeter pins with the sensor 

sample. 

To clean the chamber from contamination, a 

rotary pump is used to evacuate it down to about 1 

mbar. A temperature controller is used to set the gas 

sensor at the required temperature. Finally, to 

measure the change in resistance, a PC-interfaced 

digital multimeter is used. These processes are 

repeated for all operation temperatures. 

 

3. Results and Discussion 

Figure (2) represents the XRD pattern of the 

sample annealed at 450°C for two hours. It showed 

that the planes (111), (200), and (220) correspond to 

angles of 32.9°, 43.7°, and 63.0° respectively, which 

are matched with the JCPDS file 73-1523 [25]. Also, 

it is found that the prepared structure is quadrilateral 

and polycrystalline. 

 

 
 

Fig. (2) XRD pattern of 3% Ag:NiO sample annealed at 450°C 

for two hours 

 

Figure (3) shows SEM images and EDX result for 

3% Ag-doped NiO thin film. The SEM images are 

shown that the particles have several morphologies. 

They have different tiny asymmetrical nano-size 

clusters. Furthermore, the sample has various grain 

sizes ranging from 50 to 500 nm. The EDX is carried 

out to determine the elemental composition of the 

film sample. It emphasizes in a qualitative mode the 

presence of oxygen (O), silicon (Si), nickel (Ni), and 

silver (Ag) atoms that compose the sample. 
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(a) 

 
(b) 

 
(c) 

 
 

Fig. (3) SEM and EDX results for 3% Ag-doped NiO thin film 

prepared by PLD technique. SEM result is presented in three 

magnification scales (50, 20 and 10 m) 

 

Figure (4) exhibits the variation of the electrical 

conductivity (Lnσ) with the reciprocal temperature 

(1000/T) of as-prepared and annealed NiO thin films 

of both types (undoped and Ag-doped). Thermal 

annealing was performed at 450°C in order to induce 

the structural distribution of NiO grains over the 

prepared thin films. This thermal annealing may have 

another effect to enhance the substitutional doping of 

NiO structure with Ag atoms. Both effects were 

compared to the as-prepared undoped NiO samples. 

It is clear that increasing temperature causes the 

electrical conductivity to increase as the charge 

carriers are provided with higher kinetic energy to 

move and generate electrical signal with higher 

intensity. Similarly, higher level of doping with silver 

causes the electrical conductivity to increase as more 

silver atoms contribute to the electrical conduction of 

the doped NiO sample. Doping level of 4% has 

increased the electrical conductivity of both as-

prepared and annealed samples by 150% when 

compared to the undoped sample. 

 

 
(a) 

 
(b) 

Fig. (4) Variation of Ln(σ) with 1000/T for undoped and Ag-

doped NiO samples (a) as-prepared (at room temperature) and 

(b) annealed at 450°C 

 

Variety of mechanisms can be used to explain the 

electrically conductive behavior of polycrystalline 

NiO thin films. Extrinsic impurities are giving the 

ability to grow in impurity conduction behavior at 

depressed temperatures and band conduction close to 

and higher than the room temperature. The grain 

boundary works as shipping traps, controlling the 

potential barriers and barriers throughout the grain, 

which makes the electric conductivity of these films 
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influenced [26,27]. Additionally, when the 

semiconductor is at low temperatures, or heavily 

doped, the dominated current of band conduction is 

caused by emitted thermal-field of the carriers 

through the barrier, and at high temperatures or in 

lightly doped material, thermionic emission 

dominates over the barrier [28-30]. These processes 

are taken into account in the analysis of the electrical 

transport properties of prepared samples in the 

present study. 

The Hall measurements showed that pure and Ag-

doped NiO thin film samples are p-type 

semiconductors. For p-type samples, the Hall 

parameters involve the electrical conductivity (σ), 

Hall effect coefficient (RH), carrier concentration (nH), 

and mobility (μH). 

At room temperature, the electrical conductivity 

(σRT) of the annealed samples was determined and 

compared to that of as-prepared samples, as shown in 

Fig. (5). The effects of silver doping ratio as well as 

thermal annealing are very clear, as the electrical 

conductivity was increased by 36.4% at silver doping 

ratio of 4% compared to the as-prepared sample 

doped at the same ratio, while an increase of 23.8% 

was determined at doping ratio of 1% compared to the 

as-prepared sample doped at the same level. So, 

increasing the Ag doping level by 400% has resulted 

in a consequent increase in the electrical conductivity 

of about 13%. As the doping ratio is increased, 

additional dopant atoms occupy sites of Ni atoms in 

NiO lattice and result in increasing charge carriers. 

The essential objective of doping NiO crystalline 

structure with silver is to produce more charge 

carriers and thus increasing the electrical signal 

during the response to the tested gas. 

 

 
 

Fig. (5) Variation of room-temperature electrical conductivity 

(σRT) with Ag doping level (%) for as-prepared and annealed 

(at 450°C) NiO thin films 

 

 

 

The variation in the density of charge carriers with 

doping level was determined as shown in Fig. (6). It 

was observed that the average increase in the density 

of charge carriers of Ag-doped NiO samples due to 

thermal annealing was about 79% when compared to 

the as-prepared Ag-doped NiO samples. Thermal 

annealing allows Ag atoms to substitute Ni atoms in 

the NiO structure much more effectively and thus 

additional charge carriers are provided and the 

electrical conduction is increased. However, thermal 

annealing has resulted in an increase of 200% leading 

to arise in the density of charge carriers for the 

undoped NiO films. 

 

 
Fig. (6) Variation of carrier concentration (nH) as a function of 

Ag doping level (%) for as-prepared and annealed (at 450°C) 

NiO thin films 

 

Figure (7) shows the variation of mobility (μH) 

with percentage doping level for both as-prepared and 

annealed samples. The thermal annealing of the pure 

NiO sample affects the mobility of the charge carriers 

by increasing it by 145%. In existence of Ag dopants, 

the mobility was slightly decreased. High dopant 

concentration leads to the ionized impurity scattering 

from the substitutional donors and scattering from the 

interstitials [31,32], resulting in a decrease in the 

mobility. 

The aggregate variation that occurs in the mobility 

and density of charge carriers can be demonstrated as 

the position of Ag dopants in the NiO structure. The 

mobility of charge carriers was reduced at the higher 

doping concentrations which could be resulted from 

the interstitial occupancy of Ag atoms in NiO 

structure. The appearance of Ag dopants at interstitial 

sites and grain boundaries in oxide form, and 

diminishing grain size, may act as scattering centers 

and lead to a remarkable decrease in the mobility at a 

high dopant concentration. From this result, one may 

conclude that low doping level of NiO with Ag atoms 

improves the conductivity of the film as the electrical 

conductivity of Ag element is higher than that of NiO. 
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The prepared samples have been tested as sensors 

to detect the harmful NO2 gas at different operation 

temperatures. The sensitivity (S) is determined by the 

following equation [33]: 

 

𝑆 = |
𝑅𝑔−𝑅𝑎

𝑅𝑎
| × 100%    (1) 

 

where Ra and Rg are the electric resistances of the 

samples in air and in existence of tested gas, 

respectively 

 

 
 

Fig. (7) Variation of mobility (μH) with Ag doping level (%) for 

as-prepared and annealed (at 450°C) NiO thin films 

 

Figure (8) illustrates the variation of resistance of 

Ag-doped NiO thin films to NO2 gas at operation 

temperature for different measurement times (30, 60 

and 90 min). The resistance has been increased as the 

operation temperature reaches to 200°C for 

measuring times of 30 and 60 min, while the 

maximum resistance was reached at 260°C for 

measuring time of 90 min. The two behaviors were 

identical, which means that the Ag-doped NiO 

samples as gas sensors work preferably at elevated 

temperatures in comparison with those at lower 

temperatures (<200°C). However, further increase in 

operation temperature led to decrease the sensitivity 

of these devices. 

In order to introduce the effect of doping with 

silver on the performance of the fabricated gas 

sensors, the resistance of undoped and Ag-doped NiO 

samples has been tested with time. From this figure, 

the mechanism of a variable resistance depends on the 

time before exposing the NiO samples to NO2 gas. 

The system was left to stabilize at its operation 

temperature for about 15 min, thus the stabilized 

resistance is assigned as Ra (Gason). During exposing 

the sample to the NO2 gas, the resistance is reduced 

and assigned as Rg (Gasoff). The species of NO2 gas 

react with oxygen ions on the surface of the sample 

and therefore, the oxidation mechanism leads to 

rising the quantity of the free carriers. Thus, the 

resistance of the samples reduces when exposed to 

oxidant gases. 

The sensitivity was measured at higher operation 

temperatures as presented in Fig. (9). The sensitivity 

of prepared films is growing with increasing 

operation temperature to 200°C. The vibration of NiO 

molecules and the speed of gas diffusion are 

increased as a result of increasing the temperature and 

this results in gas adsorption. The desorption rate of 

the sample’s surface raises and thus the sensitivity is 

increased according to the increase in the 

temperature. The higher sensitivity of Ag-doped NiO 

samples achieved in this work was about ~79% at an 

operation temperature of 200°C. 

Furthermore, the required parameters to design 

the gas sensing devices include the response time, 

which is the time required for the sensor to realize 

90% of the maximum variation in resistance in the 

presence of the detected gas. Another considerable 

parameter is the recovery time, which can be denoted 

as the time required to go back to 10% of the higher 

resistance of the sensor device.  These two parameters 

were tested at a bias voltage of 6 V. All results in table 

(1) for both parameters are decreased according to 

increasing the operation temperature when sensing 

NO2 gas. 
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Fig. (8) Variation of thin film sample resistance (R) with time 

for annealed (at 450°C) undoped and Ag-doped NiO thin films 

at operation temperature of 200°C 

 

 

 
 

Fig. (9) Variation of sensitivity of Ag-doped NiO thin films to 

NO2 gas with operation temperature for different 

measurement times 

 

 
Table (1) Results of response time and recovery time of Ag-

doped NiO thin film gas sensors at different operation 

temperatures 
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4. Conclusion 

In concluding remarks, pulsed-laser deposition 

was used to prepare Ag-doped NiO thin films. These 

films were thermally annealed at 450°C and their 

electrical characteristics were affected by the Ag 

doping levels. Doping level of 4% has increased the 

electrical conductivity of both as-prepared and 

annealed samples by 150%. The average increase in 

the density and mobility of charge carriers of Ag-

doped NiO samples due to thermal annealing were 

about 79% and 145%, respectively. The overall 

variation in the density and mobility of charge 

carriers can be interpreted according to the position of 

Ag atoms within the NiO crystalline structure. The 

Ag-doped NiO thin film gas sensors operate better at 
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elevated temperatures when compared to the lower 

temperatures (<200°C). The maximum gas sensitivity 

of Ag-doped NiO samples was ~79% at operation 

temperature of 200oC. 
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