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Abstract
Cadmium-doped zinc oxide (Cd-doped ZnO) films were produced by economic facile chemical bath deposition method. The 
Cd doping content was adjusted as 1%, 3%, 5% and 7%. The structural, morphological and optical properties of the films were 
characterized by XRD, Raman, SEM and UV–Vis. The response in a carbon dioxide atmosphere was measured by varying 
the concentration up to 100 ppm at different working temperatures (30–250 °C). XRD measurements demonstrated that all 
synthesized films have a good crystallite structure with hexagonal wurtzite dominant phase. A large variety of nanostructures 
are randomly distributed over the films’ surfaces depending on Cd doping content as was manifested by the corresponding 
SEM images. From the transmittance analysis, an ultraviolet absorption edge corresponding to pure ZnO film undergoes a 
redshift with the increase in Cd content. The results from Raman spectra are in good agreement with the XRD results. From 
the gas sensing measurements, a high response toward 100 ppm CO2 gas was detected by 3% Cd-doped ZnO sensor (88.24% 
at 125 °C) with an acceptable response of 8.36% at room temperature, which exhibited the lowest response/recovery times as 
well as highest selectivity, stability and reproducibility. Changes in the CO2 gas sensing response as a function of Cd doping 
content are explained based on particle size, optical bandgap and surface images.
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1  Introduction

Nowadays, fossil fuel is an indispensable part in almost all 
industrial applications. The consumption of fossil fuels leads 
to high emission of carbon dioxide (CO2) which is one of the 
main greenhouse gases. The rise in CO2 emission has been 
recognized as the main reason of the serious environmental 

danger of global warming [1]. In addition, the increasing 
demand for safe and quality food has led to the development 
of innovative approaches in food packaging and the emer-
gence of smart packaging technology [2, 3]. CO2 protective 
gas packaging is used in many foods, especially meat, milk 
and bakery products. If a suitable combination of CO2 and 
O2 gases is prepared, the shelf life of fresh products can be 
extended. However, excessive CO2 levels are the main indi-
cator of food spoilage in packaged foods [4]. For the reasons 
mentioned above, it is very important to detect the pres-
ence of CO2 gas and control its concentration. The detec-
tion of CO2 has been carried out utilizing different types 
of sensors such as catalytic, electrochemical, infrared and 
semiconductor [5]. Although much progress has been made 
in the development of CO2 gas monitoring sensors, many 
of these sensors are not particularly suitable. The study of 
different combinations of structures (like ZnO, SnO2, CuO, 
V2O5 and WO3) known to improve gas sensing properties 
has gained importance and has been the focus of attention 
of researchers [6–10].
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Non-toxicity, good electrical, optical and piezoelectric 
properties, stability and the abundance in nature make ZnO 
a cheaper substance compared to today’s transparent conduc-
tive oxide materials (ITO, SnO2). ZnO is generally used as 
a gas sensor material associated with its properties such as 
good chemical stability at high temperature, high electron 
mobility and the ability to detect both reductive and oxida-
tive gases [11]. ZnO thin films have been produced as a gas 
sensing material with different methods such as wet chemi-
cal bath deposition (CBD) [12], template-assisted growth 
[13], metal–organic chemical vapor deposition (MOCVD) 
[14], chemical vapor deposition (CVD) [15], hydrothermal 
method [16], electrospinning [17] and many others. Among 
them, the CBD method is economical, simple and large scale 
covered [18] compared to other methods which request the 
presence of some specific satisfactory conditions in holding 
the experiment and thus are more complex. CBD is very 
interesting because of its easy production with the use of 
aqueous solvents, non-toxic waste compared to organic com-
pounds and relatively controlled growth. One characteristic 
in the chemistry of zinc is the tendency of zinc hydroxide 
to easily undergo dehydration reactions forming the oxide 
phase, which allows to obtain high ZnO crystal quality even 
for low-temperature processing [18].

Many researchers have tried to control the sensing per-
formance of the ZnO using different production methods, 
surface engineering and the utilization of dopant materi-
als. Varudkar et al. have synthesized Al-doped ZnO nano-
particles as gas sensors for the detection of ammonia [19]. 
Karthik et al. have deposited pure and Ni-doped ZnO thin 
films by dip coating method for propane and CO sensing 
applications [20]. Radhi Devi et al. have produced Mg-
doped ZnO thin films with SILAR method and studied the 
ammonia vapor sensing applications [21]. Karaduman Er 
et al. have studied Cd-doped ZnO thin films with different 
Cd concentrations used as NO gas sensor [22]. Basyooni 
et al. have reported a sensitivity of 81.9% for 50 sccm CO2 
gas at room temperature using ZnO [23] and 2.5% for 50 
sccm CO2 gas at room temperature using VO2 [24]. How-
ever, the response and response times were quite long (about 
300 s, i.e., 5 min). In addition, Mardare et al. have studied 
Cr-doped TiO2 structures and examined CO2 gas detection 
properties for different Cr doping content. They achieved 
9% sensitivity for 10 ppm CO2 gas at 55 ºC operating tem-
perature by the 3% Cr-doped TiO2 structure [25]. Therefore, 
in this paper, we investigated the peculiar characteristics of 
the Cd-doped ZnO thin films produced by CBD method with 
the aim to analyze the sensing properties of CO2 gas. The 
main goal of this study is to produce sensor materials that 
operate at low temperature and have high sensitivity as well 
as short response and recovery times. For this aim, various 
characterizations were carried out to investigate the struc-
tural, morphological, optical and gas sensing properties of 

the synthesized Cd-doped ZnO thin films. Compared with 
previously reported results in literature, the fabricated gas 
sensors seem to be promising in the detection of CO2 gas at 
relatively acceptable temperatures and concentrations with 
high sensitivity as well as short response and recovery times.

2 � Experimental setup

All chemicals were of analytical grade and used with-
out any further purification. Zinc acetate dihydrate 
(Zn(CH3CO2)2.2H2O) (99%), cadmium acetate dihydrate 
(C4H6CdO4) (99%) and ammonium hydroxide solution 
(NH4OH, 28–30%) were used as a zinc source, cadmium 
source and complex agent, respectively. Glass substrates 
were cleaned in ultrasonic bath and dried at 80 ºC. 0.1 M 
of zinc source was dissolved in 100 ml. distilled water. Dif-
ferent amounts of cadmium source were added to the solu-
tion and Cd molar ratio in the ZnO solution was kept as 
1%, 3%, 5% and 7%. The prepared solutions were mixed 
onto magnetic stirrer to obtain homogeneous aqueous solu-
tion. Drop by drop ammonia was added into solution until 
pH = 10. All chemicals were mixed on the magnetic stirrer 
at 80 ± 5 °C after which the substrates were dipped in the 
prepared hot solution for 20 min. After one day waiting, 
all synthesized films were annealed at 550 °C for 2 h in the 
furnace to reduce surface impurities.

The crystallographic structure of the synthesized films 
was characterized by X-ray diffraction (XRD, Rigaku 
Ultima-IV X-ray diffractometer) using Cu-Kα radiation 
source with λ = 1.5405 Å in 25° to 80° 2θ range. The sur-
face morphology of the films was observed through scan-
ning electron microscopy (SEM, JEOL JSM-7100 FESEM) 
which worked at 8 × 10–1 mbar/Pa vacuum operator and 
10 mA current with applied Au–Pd (20–80%) coating on 
the samples. Raman measurements were done by Raman 
spectrometer (JASCO NRS4500 Confocal Microscope) with 
wavelength range: 100 to 8000 cm−1, maximum resolution: 
2 cm−1, laser: 532 nm, 785 nm. To study the optical prop-
erties of the thin films, transmittance measurements were 
carried out using ultraviolet–visible (Perkin-Elmer UV–Vis 
Lambda 2S Spectrometer) with a 300-nm filter wavelength. 
All characterization measurements were done at room 
temperature.

The gas sensing properties were analyzed in a home-
made computer-controlled measurement system, which was 
described in detail in our previous studies [26, 27]. Mass 
flow controllers (MKS series) to control the gas concen-
tration, LakeShore 325 temperature controller to change 
the temperature of the test chamber, Keithley 2400 source 
meter to carry out the current–voltage (IV) measurement and 
Honeywell HIH-4000 humidity sensors to keep the humid-
ity constant at about 25% were used in the test system. In 
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addition, a computer collected all the data in real time with 
corresponding data operating hardware and software. A 
schematic diagram of the sensing film measuring setup is 
given in Fig. 1.

3 � Results and discussions

3.1 � XRD analysis

Figure 2 depicts the XRD patterns of pure and Cd-doped 
ZnO thin films. The peaks are associated with JCPDS card 
No.36–1451 and show the hexagonal wurtzite structure of 
ZnO [28]. CdOH started to appear in the crystal structure 
at and above 3% Cd doping at a diffraction angle 33.9º. It 
is thought to arise from the utilized production method. It 
was observed that the peak intensity increased as the Cd 
contribution ratio increased.

Detailed structural parameters, like lattice constants ‘a’ 
and ‘c,’ aspect ratio, bond length, average crystallite size, 
dislocation density, strain, atomic packing fraction (APF), 
volume of nanoparticles and volume of unit cell, are listed 
in Table 1.

The values of lattice constants ‘a’ and ‘c’ were calculated 
by Eq. (1) [29];

where h, k and l indicate the miller indices, a and c are the 
lattice parameters, and d is the inter-planar spacing. The 
calculated lattice constants are given in Table 1. All param-
eters are consistent with previously reported results in the 
literature [30, 31]. The average crystallite sizes of the films 
were estimated from X-ray line broadening of the preferen-
tial orientation peaks using Debye Scherrer’s formula [32];
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where � is the wavelength of X-ray radiation, � is the full 
width at half maximum (FWHM), and � is the diffraction 
angle. Ravichandran et al. have reported that the crystallite 
size of the ZnO:Cd:F has no linear change depending on 
the doping concentration of Cd and F. While an increase 
was observed in 5% and 10% Cd doping concentrations, a 
decrease was observed in 15% and 20% Cd concentrations 
[33]. However, Rana et al. have showed that the crystal-
lite size of cadmium-doped zinc oxide samples has a linear 
decrease with increasing doping concentration [34]. In this 
study, a decrease in crystallite size was observed up to 3% 
Cd doping followed by an increase with the further increase 
in doping content. The change of the crystallite size associ-
ated with doping concentration may be explained based on 
the fact that Cd dopants exert drag forces on the boundary 
motion and grain growth. And also, increasing the doping 
concentrations raises the number of point defects and results 
in a higher grain boundary mobility and grain growth rates 
[35]. Lattice strain formula is given by Eq. (3) [36];

Fig. 1   A schematic diagram of sensing film measuring setup

Fig. 2   XRD patterns of pure and Cd-doped ZnO thin films
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The highest lattice strain was exhibited by the 3% Cd-
doped ZnO film. A value associated with strain, dislocation 
density is calculated by Eq. (4) [37];

The dislocation density is a measure of the number of 
dislocations in a unit volume of a crystalline material. 3% 
Cd-doped ZnO has the highest dislocation density compared 
to other sensors. Equation (5) was used to calculate the vol-
ume of the unit cell (ϑ) for hexagonal system [36];

Bond length (L) was calculated by the relation given in 
Eq. (6) [38];

where a and c are lattice parameters, and u is defined as posi-
tional parameter of the wurtzite structure which is calculated 
by Eq. (7) [36];

‘u’ parameter is 0.37 and bond length is 1.94 nm for all the 
films. These values are consistent with bulk zinc (1.97 nm). 
Atomic packing fraction (APF) was determined by Eq. (8) 
[39];

The volume of the particles (V) was calculated using 
Eq. (9), and the volume of hexagonal unit cell has been esti-
mated from � . Then, the ratio (V/ �) gives the number of unit 
cell present in a grain [36];

3.2 � SEM analysis

Figure 3 depicts the SEM images of pure and Cd-doped 
ZnO thin films. It shows a large variety of nanostructures 
randomly distributed over the film surface depending on 
the Cd doping. Figure 3a shows the pure ZnO which has a 
smooth and homogeneous structure. Figure 3b depicts the 
1% Cd-doped ZnO film. It has a wire-like and chamber-style 
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surface structure. The types of nanostructures have poten-
tial use as gas sensors, dye-synthesized solar cells, energy 
storage device, etc. The 1% Cd-doped ZnO film exhibited a 
quite different structure. The variation of morphology with 
Cd content can be mainly attributed to the solubility of Cd 
precursor in ZnO aqueous solution [40]. Similar agglomera-
tive composite formations and change in morphology with 
Cd content were reported in the literature by Kurajica et al. 
[41]. It was observed that structures with larger grains were 
formed in 3% (Fig. 3c), 5% (Fig. 3d) and 7% (Fig. 3e) Cd-
doped ZnO films. This can be associated with the synthesis 
method and details of the production technique. Different 
nanostructures can be seen in Cd-doped thin films produced 
by different synthesis techniques.

3.3 � UV–Vis analysis

Figure 4 depicts the transmittance spectra of pure and Cd-
doped ZnO thin films. Obviously, in the visible region, the 
films are transparent and their transmittance varies roughly 
between 68 and 75%. The ultraviolet absorption edge cor-
responding to pure ZnO film undergoes a redshift with the 
increase in cadmium content, or in other words, the trans-
mittance decreased with increase in Cd concentrations [43]. 
The direct bandgap values were calculated using Tauc plot 
[42] as 3.27 eV, 3.25 eV, 3.24 eV, 3.22 eV and 3.16 eV for 
pure ZnO, 1% Cd-doped, 3% Cd-doped, 5% Cd-doped and 
7% Cd-doped ZnO films, respectively. As Cd doping content 
increased the bandgap values decreased. This decrease can 
be related to the fact that the bandgap of CdO (bulk value 
2.23 eV) is less than that of ZnO (bulk value 3.32 eV) [44, 
45]. Despite the expected increase in free charge carrier 
concentration with Cd doping and the awaited blue shift in 
transmittance spectra, a prominent red shift was observed. 
This can be linked to the fact that free carrier absorption in 
semiconductors can be hard to occur in high-energy bands, 

and hence, the red shift indicates that the bandgap itself must 
have been significantly modulated [43].

The first derivative of the optical transmittance is calcu-
lated for estimating the absorption band edge of the films. 
The curves of dT/dλ versus wavelength were plotted, as 
shown in Fig. 5. As seen in Fig. 5, the peaks, which cor-
respond to the absorption band edge, shifted toward longer 
wavelengths with the increase in Cd doping content. Similar 
results have been reported earlier in the literature by [46] 
and [47].

Refractive indexes of all films were calculated by five 
different methods (Eqs. (10)-(14)) using bandgap ener-
gies. Naccarato et al. have shown that if n > 2 and Eg > 3, 
the transition is classified as transition metals (TMs) with 
empty d shell (e.g., V5+) [48]. The estimated refractive 

Fig. 3   SEM images of a pure, b 1% Cd-doped, c 3% Cd-doped, d 5% Cd-doped and e 7% Cd-doped ZnO thin films with (top) 20,000 and (bot-
tom) 100,000 magnifications

Fig. 4   Transmittance spectra of pure and Cd-doped ZnO thin films at 
room temperatures
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indices are graphed in Fig. 6. As shown in Fig. 6, the 
refractive index depends on the Cd concentration.

n = 4.084 − 0.62E
g

Ravindra et al. [49] (10)

n =

(
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E
g

)
1
∕4
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)2 Hervé and Vandamme et al. 
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Reddy and Anjayenulu et al. 
[52]

(13)

n = 3.3668(E
g
)−0.32234 Kumar and Singh et al. [53] (14)

3.4 � Raman analysis

Raman spectra of pure and Cd-doped ZnO thin films are 
given in Fig. 7. As this technique is more sensitive than XRD 
to the molecular environment, we can observe the degree of 
crystallinity, structural disorder and the microstructural and 
nanostructural defects present in the material [54]. Dominant 
peaks at around 101 and 439 cm−1 are the characteristic 
peaks of the wurtzite structure of ZnO. They are assigned to 
the low- and high-E2 modes [55]. In the present study, the E2 
vibration mode at 435 cm−1 is characteristic of the wurtzite 
phase and its value is slightly lower around 439 cm−1 for the 
stress free bulk ZnO [55]. We observe an additional band at 
280 cm−1 in the 1% Cd-doped ZnO. This mode corresponds 
to the silent mode of wurtzite-ZnO which originates from 
the breakdown of the translational crystal symmetry induced 
by defects and impurities [56]. These bands to intrinsic host-
lattice defects related to the doping because most of the 
bands observed under Cd doping were also observed in other 
doped samples [54]. The results indicate that the Cd-doped 
ZnO thin films could still retain their wurtzite structure; the 
A1 (LO) mode at 574 cm−1 resulting from oxygen vacan-
cies and zinc interstitials was observed to be very strong in 
the Raman spectra. In our study, the shifting from 584 to 
571 cm−1 was seen through the increase in Cd concentra-
tion from 0 to 7%. This may be due to bigger isoelectronic 

Fig. 5   dT/dλ versus wavelength plots of pure and Cd-doped ZnO thin 
films

Fig. 6   Plots of refractive index versus Cd concentration of all synthe-
sized films based on five different models Fig. 7   Raman spectra of pure and Cd-doped ZnO thin films
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Cd (0.23 Å) substitution at Zn atom that expands lattice. 
The spectra show several peaks characteristic of vibrational 
modes of ZnO and CdO [57]. Therefore, it can be concluded 
that with the increase in the doping ratio, the concentration 
of the bridging oxygen vacancies gradually increases, which 
helps in improving the gas sensing performance [58].

3.5 � Gas sensing analysis

Based on literature studies, it can be said that the change of 
sensor response does not only depend on the gas in the envi-
ronment but also on the operating temperature of the sensor 
material. So, choosing an optimal operating temperature is a 
major factor for keeping the stability of a sensor. The switch-
ing of the gas response with different operating temperatures 
in the presence of 100 ppm CO2 gas is shown in Fig. 8. The 
responses to 100 ppm of CO2 gas at room temperature (inset 
of Fig. 8) were calculated as 0.12%, 3.29%, 8.36%, 3% and 
2.5% for pure, 1% Cd-doped, 3% Cd-doped, 5% Cd-doped 
and 7% Cd-doped ZnO sensors, respectively. A gradual 
increase was observed in the response as the temperature 
increased up to 125 °C, followed by a gradual decrease after 
125 °C for all Cd-doped ZnO sensors. However, for pure 
ZnO, the response continued to increase as the temperature 
increased. Since the responses of other samples started to 
decrease, the experimental measurements were terminated 
at a temperature of 250 °C. Clearly, the operating tempera-
ture of the synthesized sensors is 125 °C in the investigated 
temperature range. The responses to 100 ppm of CO2 gas at 
125 °C were calculated as 2.78%, 61.4%, 88.24%, 31% and 
25.6% for pure, 1% Cd-doped, 3% Cd-doped, 5% Cd-doped 
and 7% Cd-doped ZnO sensors, respectively. Maximum 
response was seen at the optimal operating temperature and 
decreased after that temperature. Such behavior is known as 
the ‘volcano curve.’ It says that a reduction of the absorbing 

oxygen molecules can be seen upon increasing the tempera-
ture above some ideal point (optimum point). The energy 
of oxygen atoms sent to the surface is increased with the 
increase in temperature which causes instability and prevents 
the desired reaction with the target gas. For this reason, each 
of the sensor materials has a specific operating temperature.

Obviously from Fig. 8, the highest response was obtained 
by the 3% Cd-doped sensor irrespective of temperature. A 
possible explanation of this result based on the correspond-
ing structural parameters can be made as follows: small 
crystallite size increases the surface to volume ratio and 
hence provides more active sites for the adsorption of O2 and 
analyte gases [59]. Indeed, from the XRD analysis, 3% Cd-
doped ZnO films showed the smallest crystallite size among 
all others. Sholehah et al. [60] proved the same relation in 
their study. In addition to that, 3% Cd-doped ZnO films 
recorded the highest dislocation density which is associated 
with lattice imperfection and can have considerable effect on 
gas sensing properties. Zhou et al. [61] and Choi et al. [62] 
showed that lattice imperfections can be considered as oxy-
gen deficiencies which can act as important reaction sites.

After determining the operating temperature, dynamic 
measurements were started for different gas concentrations 
at a constant temperature of 125 °C. Examinations of the 
effect of gas concentrations under constant temperature on 
the responses of the samples to these gas concentrations 
were carried out. Figure 9 shows the dynamic gas sensing 
measurements for all sensors. It can be seen from the meas-
urements that the films showed a different response intensity 
for each gas concentration and returned to the initial value 
when air was sent to the test cell. Therefore, the synthesized 
thin films can be used as sensor materials in commercial 
applications. The responses to 10 ppm CO2 gas were calcu-
lated as 5.29%, 6.36%, 2% and 1.21% for 1% Cd-doped, 3% 
Cd-doped, 5% Cd-doped and 7% Cd-doped ZnO sensors, 
respectively.

The responses increased with increase in gas concentra-
tions and a linear relationship was found, as seen in Fig. 10. 
The increase in responses with the increase in gas concentra-
tion indicates that the sensing material responds differently 
to each gas concentration, a kind of evidence of ‘selectivity 
against different ppm concentrations.’ Obtaining approxi-
mately the same responses against different gas concentra-
tions is undesirable in gas sensor applications, especially in 
matters where human health and life quality are concerned. 
Gancarz et al. [63] and Liu et al. [64] have reported that lin-
earity is an important factor for electronic nose applications. 
Especially, Liu et al. have studied lung cancer detection via 
breath analysis, and so in such critical situations, selectivity 
and classification performance become the main target of 
their study on electronic nose [64].

The relationship between response (S) and target gas con-
centration (C) can be empirically described by S = a × Cb, 

Fig. 8   CO2 response of fabricated sensors depending on the operating 
temperatures
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where a and b are constants [65]. At a certain operating 
temperature, the previous equation can be rewritten as 
log(S-1) = b × log(C) + log(a). As shown in Fig. 11, a good 
linear relationships existed between the logarithm of the 
responses S and the logarithm of the concentrations in the 
studied concentration ranges, which is consistent with the 
power law theory of semiconductor sensors. Indeed, all films 
showed a linear relationship with the CO2 gas concentra-
tions in logarithmic forms in two separate regions (region I: 
10 ppm–30 ppm and region II: 40 ppm–100 ppm). Correla-
tion coefficients of the Cd-doped ZnO sensors found from 
Fig. 11 are given in Table 2. From Table 2, 0.9947/0.9928 
was calculated as the correlation coefficient value for 3% 
Cd-doped ZnO sensor. As a result of this, we could say that 
this sample has a good potential for detecting CO2 gas.

As important parameters in optimizing any gas sen-
sor performance for practical applications, response and 
recovery times explained, respectively, as the time required 
to reach 90% of the final equilibrium value and the time 
required to return back to 90% of the initial equilibrium 
value [66] of Cd-doped ZnO sensors for different gas 

Fig. 9   The dynamic gas sensing measurements for (a) 1% Cd-doped, (b) 3% Cd-doped, (c) 5% Cd-doped and (d) 7% Cd-doped ZnO sensors at 
125 °C

Fig. 10   The sensing responses versus gas concentrations for Cd-
doped ZnO sensors
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concentrations were measured at 125 °C (Fig. 12). The fast-
est response and recovery times were recorded by 3% Cd-
doped ZnO sensor, where the response/recovery times were 
calculated as 19 s/1 s for 10 ppm CO2 gas and 11 s/10 s for 
100 ppm CO2 gas.

Selectivity measurements were carried out at the operat-
ing temperature of 125 °C as shown in Fig. 13. Benzene, 
hydrogen, ammonia, methanol, CO2, acetone and CO gases 
were used as target gases. It can be seen that 3% Cd-doped 
ZnO sensor exhibited the best selective properties compared 
to other sensors for CO2 gas. It can be said that CO2 gas 
molecules are accelerated with the charge transfer from the 
sensor surface. Electronegativity is defined when an atom 
itself gets attracted toward the shared electron pair. The elec-
tronegativity of oxygen (3.44) is greater than that of carbon 
atoms (2.55). So the shared electrons between two dissimilar 

atoms are lightly pulled toward the oxygen atoms. As the 
negative charge (δ−) is established on the oxygen atoms, this 
causes a positive charge (δ+) on the carbon atom of CO2, and 
the bond becomes polar and consists of 2 symmetric dipoles 
where negative and positive pole centers become overlaid 
[67]. Both oxygen atoms are connected to the carbon atom 
with two double bond (O− = C+  = O−). Known as an oxidiz-
ing agent, in other words CO2 is able to take electrons from 
the metal oxide film surfaces increasing the number of holes 
and therefore the film resistance [24, 68].

The best gas sensing results were adopted by the 3% Cd-
doped ZnO sensor, and so the next measurements were done 
on this sensor. First, we carried out the long-term stability 
measurements. In practical applications, the long-term sta-
bility of the sensor is also an important parameter [69]. The 
credibility of the sensor and its duration of service can be 

Fig. 11   ln (S-1) versus ln C for all Cd-doped ZnO sensors

Table 2   The gas sensing 
parameter of all Cd-doped ZnO 
sensors

Parameters 1% Cd-doped 3% Cd-doped 5% Cd-doped 7% Cd-doped

Linearity range, ppm 10–30/ 40–100 10–40/50–100 10–30/40–100 10–30/40–100
Slope 0.4147/1.7446 0.7925/2.3392 1.3205/1.2872 2.6972/1.4876
Correlation coefficient 0.9973/0.9811 0.9947/0.9928 0.9934/0.9705 0.9785/0.9949
R2 0.9826/0.9551 0.9843/0.9821 0.9738/0.9303 0.9151/0.9879
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approved by the long-term stability. In 30 days, the response 
to 100 ppm CO2 gas of the sensor was tested at the opti-
mum operating temperature of 125 °C, as shown in Fig. 14a. 
The response dropped from 88.25% to 88.20% during the 
first 7–8 days and then remained stable at the same value 

(about 88.20%). Obviously, the response exhibited a stable 
behavior for about 22 days in the investigated duration range. 
This result indicates that the sensing material has accept-
able performance in long-term stability. Figure 14b shows 
the repeatability of 3% Cd-doped ZnO sensor. It exhibited 
approximately the same response over 10 cycles.

Generally, semiconducting metal oxides gas sensing 
mechanism is based on changes in the electrical resist-
ance while in contact with input gas (oxidizing/reducing) 
[70]. Two main reactions can take place on the gas sensing 
surface. The first reaction occurs when the sensor surface 
chemically adsorbs the oxygen in the air as O2

− (molecu-
lar), O− (atomic) and OH− (hydroxyl). Electrons in the 
conduction band transfer toward the adsorbed oxygen. As 
a result of this transfer, oxygen atoms cling to the surface 
and a space charge region forms. The second reaction takes 
place between the target gas molecules and the adsorbed 
oxygen atoms [70]. CO2 molecules react with O− ions. With 
the help of O− ions, CO2 molecules capture the electrons 
from the surface and reduce the electron concentration. The 
decrease in the electron concentration leads to an increase 
in resistance. The increase in resistance is also caused by 
the increase in barrier height that leads to a decrease in the 
electron flow.

Fig. 12   Response and recovery times of Cd-doped ZnO sensors for different gas concentrations at 125 °C

Fig. 13   Selectivity measurements of Cd-doped ZnO sensors at the 
operating temperature of 125 °C
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Taking target gas concentration and operating tempera-
ture factors into consideration, the responses obtained by the 
fabricated sensors are acceptable responses in the process of 
CO2 gas detection compared with previous literature studies 
summarized in Table 3. A careful examination of Table 3 
can tell that the fabricated sensors of this study have the 
ability to detect CO2 gas at relatively low concentrations 
(100 ppm) compared to other reported studies at room tem-
perature. Thus, our sensors seem to be promising for com-
mercial CO2 gas sensor applications.

4 � Conclusions

In summary, pure and Cd-doped (with 1%, 3%, 5% and 7% 
Cd content) ZnO thin films were produced by chemical 
bath deposition method and used as gas sensors to optimize 
the detection of the hazardous CO2 gas. From the CO2 gas 

sensing analysis, all sensors recorded a maximum response 
at a temperature of 125 ºC which was regarded as the operat-
ing temperature of the sensors. The responses to 100 ppm at 
125 °C were calculated as 2.78%, 61.4%, 88.24%, 31% and 
25.6% for pure, 1% Cd-doped, 3% Cd-doped, 5% Cd-doped 
and 7% Cd-doped ZnO sensors, respectively. 3% Cd-doped 
ZnO sensor exhibited the best CO2 gas sensing properties 
in terms of short response/recovery times (19 s / 1 s for 
10 ppm CO2 gas), good selectivity as well as high stability 
and reproducibility.
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Fig. 14   a The stability at inter-day and (b) the repeatability at intra-day of 3% Cd-doped ZnO sensor at 125 °C for 100 ppm CO2 gas

Table 3   A literature review on 
CO2 gas sensors

Material Types of sensor Working 
temp (℃)

Sensing response CO2 Concentrations Author

Calcium-doped ZnO Chemiresistor 350 55.00% 50 ppm [71]
ZnO Chemiresistor 350 64% 400 ppm [72]
La2O3 Chemiresistor 250 64% 400 ppm [73]
In2Te3 Chemiresistor RT 50% 1000 ppm [74]
CNx/p-Si Chemiresistor RT 1.90 8 mbar [75]
ZnO thin films Chemiresistor 100 2.17 8.5 mbar [76]
ZnO nanowires Chemiresistor 150 3.7 15 1/min [77]
In-doped ZnO Chemiresistor 200 16 – [78]
Cd-doped ZnO Chemiresistor 125 88 100 ppm This work
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