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 In this work, the effects of Cd doping on the gas sensing properties of ZnO thin 
films were synthesized by SILAR method and studied gas sensing characteristics 
against NO, CO, ammonia, methanol and acetone, systematically. Whereas the 
operating temperature of NO gas was found 90 C, CO and acetone were 150 C 
and 170 C. The response was not observed in methanol and ammonia gases. 
Especially, it was observed that the response continued to increase as the 
temperature increased for methanol gas.  In addition, the 5% Cd doped ZnO 
sensor exhibits the excellent selectivity for NO compared to other test gases 
as ∼12% at 0.01 ppm. NO gas sensing reactions are accelerated with Cd doping 
because Cd doping was created increasing oxygen vacancies surface 
chemisorbed oxygen species, and defects in the lattice. 

© 2021 MIM Research Group. All rights reserved. 
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1. Introduction 

Widely used as gas sensing material, ZnO is known for its high electron mobility and thermal 
stability [1,2]. ZnO has an optical transmittance of about 80% -90% in the visible region and 
an electrical resistivity in the region of 10-3-10+2Ω.cm. The simplicity of the fabrication of 
nanostructured ZnO makes it simple to adapt its surface with a high surface area. Besides, 
Morphology regulation is widely used in various fields, including transistors, sensors [3], 
electronic noses [4], and energy storage [5]. There are three different VO states in ZnO: 
neutral vacancy VO0 (VO𝑋 in Kröger-Vink notation), singly ionized vacancy VO 1+ (VO•), and 
ionized 2+ state VO 2+ (VO•• ). They have different defect formation energies and electron 
states, which would result to the complex photoluminescence and electronic properties 
[5,6]. Therefore, gas sensing characteristcs can be improve with these defects. Especially, 
Different production methods can lead to different gas detection properties. The growth 
during the production methods, the dispersion to the surface, the structures that can be 
formed, the oxygen gaps, etc. features can change gas detection parameters.  

Unlike other solution-based methods, SILAR technique is cheaper and practical, but also 
suitable for mass production [7-9]. SILAR technique is highly preferred in recent years due 
to its characteristics such as cheaper, simpler and less time spent during enlargement, since 
it does not require expensive equipment such as vacuum among semiconductor film growth 
methods [9]. SILAR is an aqueous solution technique involving a series of sequential 
reactions between substrate and solution, and is the immersion of the compound 
semiconductor to be grown on the material used as substrate into aqueous solutions 
containing ions of each type in a certain order [9]. In the SILAR method, it is possible to 
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control the thickness of the material to be grown on the substrate by determining the 
number of SILAR cycles and this is one of the most important parameters in the SILAR thin 
film growth method. As the number of cycles increases, the film thickness increases and a 
more stable structure is obtained. However, it is not appropriate to have too many SILAR 
cycles. Because when the film thickness reaches a certain value, ions will start to accumulate 
on the surface in the form of residue, as a result, ruptures will become easier and the quality 
of the film will decrease.  

The doping in ZnO can change the electrical and dielectric characteristics and speed up the 
development of its practical applications [10]. The doping process depends on the nature of 
the fabrication technique and also the characteristics properties of dopant elements. The 
doping process is a substantial method to increase the sensing property of semiconductor 
sensors because of adjust the parameters of the crystal cell and the band structures of ZnO 
nanocrystals [11]. Therefore, Cd is one of the important doping elements to improve the 
sensitivity of gas sensors. One of the excellent doping material is Cd. The oxygen adsorption 
of thin films can be enhanced with Cd atoms and this leads to increase gas reactions on the 
gas sensing surface. Therefore, The doping of Cd atom into ZnO has changed the electrical 
parameters of ZnO and increase its characteristics of the near-interface region [12-14]. 

As can be seen from Table 1, although the Cd doping is made for all studies, the sensing 
materials produced with different production methods can have different operating 
temperatures. Table 1 gives the different Cd doping gas sensing materials produced by 
different production methods.  

Table 1. Different Cd doping gas sensing materials 

Materials 
Producing 

Method 
Gas 

Concentration 
Sensing 

Response  
Operating 

Temperature 
References 

Cd-ZnO Thin 
Films 

Spray Deposited Acetone 87 325 °C [15] 

Cd-doped ZnO 
Nanoparticles 

A Surfactant-
Mediated Method 

n-butanol 130 300°C [16] 

Cd-doped ZnO 
Electrospinning 

Method 
40 ppm CO 95 135°C [17] 

ZnO/CdO 
Electrospinning 

Method 
1.2 ppm NO 226 215°C [18] 

Cd-doped ZnO 
Thin Films 

RF Magnetron 
Sputtered 

50 ppm 
Methanol 

130 50°C [19] 

ZnO:Cd 
Nanorods 

Hydrothermal 
Method 

500 ppm 
Hydrogen 

1.67 80°C [20] 

 

In this work, the effects of Cd doping on the gas sensing properties of ZnO thin films were 
studied gas sensing characteristics against NO, CO, ammonia, methanol and acetone, 
systematically. The sensing characteristics of the as prepared samples were systematically 
measured. Fabricated sensors were tested against NO, CO, ammonia, methanol and acetone. 
In addition, the effect of the doping amount on gas sensing was investigated.  

2. Experimental Procedure 

To synthesize Cd doped ZnO thin films, aqueous zinc-ammonia complex ions ([Zn(NH3)4]2+) 
and aqueous cadmium-ammonia complex ions ([Cd(NH3)4] 2+) were chosen for the cation 
precursors, in which analytical reagents of ZnCl2 (%99) of 0.1M, CdCl2 (%99) of 0.1 M and 
concentrated ammonia (NH3) (25-28%) were used. The double distilled water was used as 
a solvent. The molar ratio 1:10 of Cd-Zn:NH3 was obtained as a result of several experiments. 
The obtained [Zn (NH3)4]2+ and [Cd(NH3)4]2+ complexes were mixed in appropriate 
proportions. All the synthesis processing parameters by SILAR method were previously 
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reported by the same authors [21-23]. The thin films of 1, 3, 5 and 7 % Cd-doped ZnO were 
named as CZO1, CZO3, CZO5 and CZO7, respectively.  

XRD measurements were done with Panalytical Empyrean X-ray Diffractometer (Cu Kαλ= 
1.5405 radiation) and also SEM analysis were done the FEI Quanta FEG 450 model SEM with 
energy dispersive X-ray analysis (EDAX) attachment. Thickness of the films was measured 
by the gravimetric weight difference method using sensitive microbalance. 

The gas detection performance of the sensors was tested with a gas detection measuring 
system. In our previous studies, detailed information about the gas detection measurement 
system is given [21,22]. The gas sensing measurements have been carried out at different 
concentrations and operating temperatures by monitoring the resistance changes. Dry air 
has been used as the carrier gas, which is 99.9% purity (dry air is the ‘blank’ gas used to 
purge the sensor). The flow rate of the dry air undergoing testing has been fixed at 500 cm3 
min−1 during the measurements. Air flow rate, under the same conditions in order to 
observe the behaviour of different concentrations must be kept always constant. To ensure 
stable zero-level resistance in ambient air prior to exposure to gas the stabilization of the 
nanostructure resistance is important because it ensures stable zero level for gas sensing 
applications. For the corresponding operating temperature of the gas chamber, it is the 
prime requisite to stabilize the resistance in air atmosphere before ejecting the gas into the 
chamber. It indicates the resistance of nanostructure in air. The target gases and dry airflow 
rates have been controlled by computer controlled mass flow controllers (MKS series). The 
LakeShore 325 temperature controller with platinum resistance temperature detectors has 
been used to maintain a constant temperature. The sensor resistance has been continuously 
monitored with a computer controlled system using a Keithley 2400 source meter. The data 
have been collected in real-time using a computer with corresponding data acquisition 
hardware and software. Relative humidity has been kept constant (about 25%) for all 
measurements, monitored by the Honeywell HIH-4000 humidity sensor [21,22].  

3.  Results and Discussion 

In this study, the growth mechanism can be explained as below reactions;   

ZnCl2 + 2NH4OH ↔ Zn(OH)2 + 2NH4
+ + 2Cl−                                                                               (1) 

Zn(OH)2 + 4NH4+ ↔ 2 [𝑍𝑛 (𝑁𝐻3)4]2+ + +2H2𝑂 + 2𝐻+                                                           (2) 

[𝐶𝑑(𝑁𝐻3)4]2+ + 4𝐻2𝑂 → 𝐶𝑑(𝑂𝐻)2(𝑆) + 4𝑁𝐻4
+ + 2𝑂𝐻−                                                             (3) 

After that, The substrate is submerged in hot water, Cd(OH)2 is formed; 

Zn(OH)2(s)→ ZnO(𝑠) + H2𝑂                                                                                                                      (4) 

As a result, ZnO thin film was grown on glass substrate by the SILAR method. A single cycle 
SILAR method is complete [24]. When the doping process is began, Cd(OH)2 solution is 
added to the solution in desired doping ratios and doping process is made. The solution 
mechanism is still under investigation. CdO formation mechanism is as follows [21-25]; 

CdCl2 + 2NH4OH ↔ Cd(OH)2 + 2NH4
+ + 2Cl−                                                                               (5) 

Zn(OH)2 + 4NH4+ ↔ 2 [𝑍𝑛 (𝑁𝐻3)4]2+ + +2H2𝑂 + 2𝐻+                                                           (6) 

Figure 1 shows the XRD spectra of undoped and Cd-doped ZnO thin films. All peaks 
demonstrate the JCPDS data belonging to the hexagonal ZnO structure (Card No. 36-1451) 
[26,27]. Cd peaks increase with increasing doping concentrations, on the other hand, film 
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quality decrease.  This can be associated with the ionic radius, which Cd2+ (1.10Å) ion is 
greater than of the Zn2+ (0.74 Å) ion. The calculated dislocation density, microstrain, 
interplanar distance, crystallite size, and FWHM of the peak values of the film can be seen in 
Table 2.  

 

Fig 1. the XRD spectra of undoped and Cd-doped ZnO thin films 
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Table 2.  The calculated dislocation density, microstrain, interplanar distance, crystallite 
size, and FWHM of the peak values of the films 

Sample (hkl) 2θ D(nm) FWHM 
Interolanar 

Distance; 
d(Angstron) 

Dislocation 
Density () 

(10-4) 

Microstrain 
() 

ZnO 
(100) 31.85 

64.30 
0.2476 2.8066 

2.4189 
0.2160 

(002) 34.50 0.2508 2.5969 0.2019 
(101) 36.35 0.2648 2.4687 0.2016 

1% Cd-
doped 

(100) 31.81 
45.37 

0.2810 2.8102 
4.8590 

0.2465 
(002) 36.30 0.3554 2.6004 0.3059 
(101) 36.30 0.4306 2.4719 0.3284 

3% Cd-
doped 

(100) 31.49 
47.28 

0.2266 2.8376 
4.4742 

0.2064 
(002) 34.08 0.3407 2.6270 0.2779 
(101) 35.99 0.4033 2.4927 0.3298 

5% Cd-
doped 

(100) 31.37 

41.79 

0.3045 2.8486 

5.7273 

0.2711 
(111) 32.69 0.3694 2.7363 0.3149 
(002) 34.04 0.3854 2.6306 0.3147 
(101) 35.84 0.3648 2.5028 0.2820 

7% Cd-
doped 

(100) 31.16 

41.92 

0.3872 2.8672 

5.6915 

0.3471 
(111) 32.63 0.3541 2.7411 0.3024 
(002) 33.72 0.3838 2.6551 0.3166 
(101) 35.54 0.3202 2.5233 0.2497 

 

It is seen that the crystallite-size is decreased with increase of Cd concentration. The 
crystalline size were calculated 64.30 nm, 45.37 nm, 47.28 nm, 41.79 nm and 41.92 nm for 
1% at Cd, 3% at Cd, 5% at Cd, and 7% at Cd-doped ZnO films respectively. The difference in 
ionic radius between Cd2+ and Zn2+ leads the lattice distortion. Dislocation density (δ) can 
be thought of as a measure of crystallinity [28,29]. The best crystalline structure shows for 
undoped ZnO compared to doping ones. Thickness of the films was calculated by the 
gravimetric weight difference method in terms of deposited weight of all films on the glass 
substrate, per unit area (g/cm2). Thickness of the films were found 90 nm, 95 nm, 82 nm and 
102 nm for 1% at Cd, 3% at Cd, 5% at Cd, and 7% at Cd-doped ZnO films respectively. These 
results show that the thickest sample is 1 %, but the thinnest sample is 5% so Cd dopant 
effect to the growth of samples by SILAR method. 

The SEM images of the thin films are shown in Figure 2. As a result of SEM analysis, 
information about the roughness, homogeneity, adhesion of the film and surface defects can 
be obtained. The images show a general view of the morphology of Cd-doped ZnO films. SEM 
images of (a) % 1 , (b) 3 % (c) 5 % and (d) 7 % Cd-doped ZnO thin films. The polycrystalline 
structure is revealed from the SEM micrographs. The films are porous as evident from 
absence of close packed morphology [30]. Such agglomeration makes it difficult to evaluate 
the grain size from SEM images. Figure 3 presents the EDAX analysis of Cd doped ZnO thin 
films. The EDAX analysis shows the presence of Zn, Sn and O elements in the films. The rates 
of Cd-doping are seen in EDAX analysis. Also, the presence of Si and Ca elements in the 
spectra may be caused by the substrate. It can be come from the glass substrate.  
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Fig 2. The SEM images of  1 % (a), 3 % (b), 5 % (c) and 7 % (d) Cd doped ZnO thin films 

 

Fig 3. the EDAX analysis of Cd doped ZnO thin films 
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The optical absorption spectrum of the Cd-doped ZnO thin films was determined within the 
wavelength range of 300– 500 nm, as given in Figure 4. Except well-defined absorption peak 
related with wurtzite hexagonal phase ZnO, no other peak related with any impurity was 
observed which confirms that the synthesized Cd-doped ZnO multipods possess good 
optical properties. The optical absorbance spectra and the plots of (αhν)2 versus (hν) of Cd 
doped ZnO thin films are given in Figure 4a. The direct bandgap values are calculated as 
3.18, 3.11, and 3.08, 2.98 eV for 1% at Cd, 3% at Cd, 5% at Cd, and 7% at Cd-doped ZnO films 
respectively. When Cd doping was increased, there was a decrease was shown in the band 
gap values. the direct band gap of Cd is approximately 2.5eV which is lower than that of 
ZnO(~3.3eV) , however, they show low resistance due the defect of oxygen vacancies and 
Cadmium interstitials [31]. It can be seen in Figure 4.b. 

 

Fig 4a. The optical absorbance spectra and the plots of (αhν)2 versus (hν) of Cd doped 
ZnO thin films 

 

Fig 4.b. The direct bandgap values of Cd doped ZnO thin films 

 

Figure 5 gives the resistance of Cd-doped thin films. The resistance values are decreased 
with increasing Cd doping concentrations. This shows the decrease in band gap upon Cd 
doping by suggesting the possibility of tuning of band gap with doping Cd. These values 
agree with the literature [32,33].  When examining the characteristics of gas sensors, the 
first parameter to be found is the operating temperature. The operating temperature of the 
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sensor may affect its lifetime as well as it may change depending on the target gas sent. It is 
given in the literature studies that each gas can have different operating temperatures. [33-
35]. Therefore, the operating temperature of the sensor material produced by sending 
different gases was first found. In order to determine the optimum operating temperatures, 
the response of sensors to 100 ppm NO, CO,ammonia, methanol and acetone were tested as 
a function of operating temperature ranging from 30 °C to 250 °C, depicted in Figure 6. 5 % 
at Cd doped sensors exhibited the high response to NO as well as the high selectivity 
compared to other gases. The responses of 3% at Cd and 7% at Cd sensors were observed 
to be very close to each other. 1%, 3% and 7% at Cd doped ZnO sensors also exhibited high 
responses to acetone and CO apart from the NO gas. Whereas the operating temperature of 
NO gas was found 90 C, CO and acetone were 150 C and 170 C. Response was not observed 
in methanol and ammonia gases. Especially in methanol gas, 250 C is still increasing. The 
best responses were obtained for NO gas. NO is a type of radical and chemically active gas. 
Therefore, the other gas sensing characteristics were studied only NO gas. This can be 
explained by the fact that each gas has different binding energies. Thus, they show 
sensitivity at different working temperatures to break off the surface. In each sensor 
material produced in the gas sensor studies, it is seen that the target gases show different 
operating temperatures depending on the production method [33-36]. 

 

Fig 5. the resistance of Cd-doped thin films. 

 

Fig 6. the response of sensors to 100 ppm NO, CO, ammonia, methanol and acetone were 
tested as a function of operating temperature 
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The NO gas concentrations from 0.01 ppm to 100 ppm were tested for all sensors. The 
response of 0.01 ppm were calculated 1%, 7% , 12% and 4 for 1%, 3%, 5 % and 7 % Cd-
doped ZnO respectively, as shown in Figure 7. The response was increased with increasing 
NO gas concentration in all sensors. It was observed that the response of the sensors 
increased rapidly when all the sensors were exposed to the target molecules, and the 
response returned to the initial value [37] when the surface of the sensors was exposed to 
dry air after each dynamic measurement, as given in Figure 8.  

 

Fig 7. The response to NO gas concentrations from 0.01 ppm to 100 ppm 

 

Fig 8. The response from 0.01 ppm to 100 ppm versus gas concentrations 
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Figure 9 depicts the response and recovery times of doped ZnO sensors. The response and 
recovery times of sensors were calculated for all NO gas concentrations at operating 
temperature of 90 C. It was seen thst CZO5 sensor has the highest response and recovery 
times. 

 

Fig 9. the response and recovery times of doped ZnO sensors 

The detection limit of the sensor is calculated by using Signalto-Nosie approach and the root-
mean-square. The root mean square noise (RMSnoise) can be obtained by the equations given 
above [38]; 

𝑅𝑋2 = ∑(𝑦𝑖 − 𝑦)2 (7) 

𝑅𝑀𝑆𝑛𝑜𝑖𝑠𝑒 = √
𝑅𝑋2

𝑁
                                                                                                                                    

(8)                                                

                                                                                                                                                                      
Where yi is the response measured experimentally, y is the average response, and N is the 
number of experimental data point. 

The sensor noise for 5% Cd-doped ZnO sensor is 0.01284. The detection limit can be thus 
calculated by the curve-fitting equation as given below [38]: 

𝐷𝐿(𝑝𝑝𝑚) = 3
𝑅𝑀𝑆𝑛𝑜𝑖𝑠𝑒

𝑠𝑙𝑜𝑝𝑒
 (9)                                             
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The detection limit of the sensor to NO is then calculated to be 0.0089 ppm. The best results 
are given by the CZO5 sample. Therefore, other gas sensing parameters such as 
reproducibility and stability were made only for this sample. Figure 9 shows the 
reproducibility and stability of CZO5 sample for 0.01 ppm NO gas.  Reproducibility 
measurements were done for 15 cycles. Slight shifts in sensitivity towards the end of the 
cyles were observed, as seen in Figure 10 (a). However, these are minor shifts that are 
negligible. The stability of CZO5 sensor was shown in Figure 10 (b). The measurements were 
carried out for 5 weeks. The sensor exhibited excellent stability.  

 

Fig10. Reproducibility measurements (a) The stability (b) of CZO5 sensor  

The working principle of the thin film gas sensor can be explained as the change of the 
amount of carrier electrons on the surface according to the amount of gas in the 
environment and the measurement of the change in electrical characterization as a result. 
It is the determination of the change that occurs as a result of chemical or electronic 
interaction with semiconductor oxide and its surrounding oxide or reducing atmosphere 
[39]. The mentioned interactions create a change in electrical resistance on the 
semiconductor surface. In other words, the principle of operation of metal oxide gas sensors 
can be said to be based on the increase or decrease of electrical resistance as a result of 
surface reactions by the interaction of oxygen and target gas [40]. By measuring the 
changing electrical resistance, the concentration change of the target gas can be determined 
[41]. One of the important factor is doping effect. Cd doping increases the gas response and 
decreases the operating temperature. This can be associated with the differences in work-
functions of Cd and ZnO: Φ(Cd) =4.08 eV and Φ(ZnO) =4 eV, which is assumed to induce 
electronic sensitization.  Moreover, the rectifying Schottky junction at Cd-ZnO interfaces to 
improve electrical transport behavior.  According the recent studies, it is seen that Cd2+ 
metal oxides can act as a kind of Lewis acid on the surface [42,43]. In addition, the presence 
of Lewis acid (Cd2+) on the ZnO surface will significantly reduce the binding energy of 
another Lewis acid, which can inhibit NO adsorption on the surface, after finding the 
maximum doping concentration value. Thus, the response of the gas sensor to NO started to 
decrease after a certain Cd contribution [42-44]. Also, Cd2+, Lewis acid domains can reduce 
adsorption of NO molecules to the surface, as well as improve the sensor's response 
response performance. The reduction of the binding energy of NO adsorbed to the surface 
by Cd2+ as the Lewis acid region facilitates the desorption of NO and improves the improved 
recovery performance of the gas sensor [45]. 
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4. Conclusions 

We proposed Cd doping on the gas sensing properties of ZnO thin films have been 
successfully synthesized by Succession Ionic Layer Adsorption and Reaction (SILAR) 
method. The response of 100 ppm NO gas were obtained 31.45 % , 58.08 % , 76.07 %, 47.23 
% from 1 %, 3 %, 5 % and 7% Cd-doped ZnO sensors, respectively. In addition, the 5 % Cd-
doped ZnO sensor gas sensing shows a high response of 76%  at 100 ppm, and   the detection 
limit is very low (10 ppb) at 90 C. When tested with different gases (NO,CO, ammonia, 
acetone and methanol) for 5 % Cd-doped ZnO, the sensor exhibits a good selectivity for NO, 
excellent stability and repeatability. Overall, this sensor has great potential for developing 
high-performance gas sensors and can also be applied to the synthesis of many other 
devices. 
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