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Abstract— Pure and Aluminum doped CdO nanostructured 

thin films (1% and 3% Al) were grown on glass substrates via 

chemical spray pyrolysis. We looked at the effect of Aluminum 

doping on structural, morphological, optical, and gas sensing 

properties. XRD analysis reported a polycrystalline cubic 

structure with preferential (111) orientation. We saw that 

crystallite size increased from 18.37 nm (pure) to 27.63 nm (3% 

Al) and that dislocation density went down from 𝟒𝟗. 𝟑𝟖 × 𝟏𝟎𝟏𝟒 

to 𝟑𝟎. 𝟓𝟔 × 𝟏𝟎𝟏𝟒𝒍𝒊𝒏𝒆𝒔/𝒎𝟐. AFM study showed that surface 

roughness and average particle size went down upon Aluminum 

inclusion. We noted that optical transmittance went down with 

Aluminum concentration and that the absorption coefficient 

went up. Also, the bandgap narrowed from 2.78 eV to 2.66 eV. 

NO₂ gas-sensing at 175°C showed sensitivity decreasing from 

54.1% (pure) to 14.2% (3% Al) at 225 ppm, suggesting that 

higher Aluminum doping reduces sensor response due to 

structural modifications. 

Keywords— CdO, Aluminum, doping, thin films, spray 

pyrolysis, UV-VIS, XRD, surface morphology, NO₂ gas sensing 

I. INTRODUCTION 

Cadmium oxide (CdO) is a very promising transparent 

conducting oxide (TCO) which it’s high electrical 

conductivity and excellent optical transparency in the visible 

range. These properties make CdO very attractive for a wide 

range of applications which include photodiodes, 

optoelectronic devices, transparent electrodes, and gas 

sensors. CdO is an n-type semiconductor with a cubic crystal 

structure and a direct optical band gap which varies from 2.2 

- 2.7 eV. As a member of the II VI semiconductor family, it 

has excellent structural and electronic properties which 

makes it a very studied material. Cadmium oxide thin films 

have been produced by many deposition techniques which 

include chemical vapor deposition (CVD) [15], sol-gel 

processing [16], pulsed laser deposition (PLD) [17], thermal 

evaporation [18], magnetron sputtering and spray pyrolysis 

[21]. Out of these methods spray pyrolysis has seen great use 

because of its simplicity, low cost, large scale up ability and 

that it produces very uniform films over large substrate areas 

also with very good reproducibility. Also, the technique 

allows for precise control over the film composition by what 

we put in the precursor solution and what we set the 

deposition parameters to. In present work we looked at pure 

and Aluminum doped CdO thin films which we deposited by 

chemical spray pyrolysis and we systemically looked at how 

Aluminum inclusion affected the films’ structure, 

morphology and optical properties. 

II. MATERIALS AND METHODS 

1 in a ratio of 1 (v/v) deionized water to absolute ethanol. 

For Aluminum doping we prepared a separate 0.1 M 

Aluminum precursor solution which was made by dissolving 

Aluminum trichloride (AlCl3) in deionized water also we 

added 2 vol % of concentrated hydrochloric acid which we 

did to improve precursor stability and also for better 

dissolution. We did a series of preliminary experiments in 

order to optimize the deposition parameters. In which we 

found that the best results came from a solution flow rate of 

5 mL min–1, a nozzle-to-substrate distance of 30 cm, a spray 

duration of 10 s with a 1.5 min break between each spray 

cycle to avoid excessive substrate cooling also we used 

nitrogen (N2) as the carrier gas. The resulted CdO thin films 

had good adhesion to the glass substrates also they were free 

of visible pinholes thus we had very good film uniformity. 

Also, we determined the film thickness by gravimetric 

method and reported it to be at about 340 nm. We looked at 

the structural properties via X ray diffraction (XRD) and the 

surface morphology and topography with atomic force 

microscopy (AFM). Also, we looked into the optical 

properties of these CdO thin films with a PerkinElmer 

Lambda 950 UV-Vis spectrophotometer that we used to 

record the transmittance spectra over the range of 300-900 

nm with a resolution of 1 nm. Also, we looked at the gas 

sensing performance of the CdO thin films by measuring the 

change in electrical resistance in a cylindrical sensor chamber 

that had dimensions of 8 cm in diameter and 17 cm in height. 
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III. RESULTS AND DISCUSSION 

Figure 1 displays the XRD patterns for pure and 

Aluminum doped CdO thin films. At 2theta values of 32.95, 

38.42, 58.37, and 66.31 we see diffraction peaks that we 

identify as from the (111) (200) (220) and (311) 

crystallographic planes respectively based which is in 

agreement with ICDD card No. 03-065-2908. Our results 

from the diffraction study confirm that of a cubic 

polycrystalline structure for the CdO thin films which also 

show a preference for growth in the (111) plane. 

The average crystallite size (D) was determined from the 

XRD data with the help of Scherrer equation [22]: 

𝐷 =
0.94𝜆

𝛽𝑐𝑜𝑠𝜃
         (1) 

Where  is the X ray wavelength and θ is Bragg angle. We 

report in Table 1 the results which show a trend of gradual 

increase in crystallite size (D) from 18.37 nm for pure CdO 

film to 27.63 nm for the film doped with 3% Al which we put 

forth as evidence that Aluminum incorporation promotes 

crystallite growth and improves the crystalline quality of the 

deposited films [23]: 

𝛿 =
1

𝐷2
            (2) 

The reported dislocation density (delta) went from 

49.38 x 1014 lines/m2 in pure CdO thin film to 30.56 x 

1014 lines/m2 in the film doped with 3% Al. This 

reduction we see as an improvement in the films’ 

crystalline quality which we attribute to better 

crystallite growth and the also seen decrease in 

crystallographic defects upon Aluminum inclusion 

[25]. 

Strain (ε) was determined by the following equation 

[26]: 

𝜀 =
𝛽𝑐𝑜𝑠𝜃

4
      (3) 

The microstrain (ε) value of pure CdO thin film reported at 

29.63 x 10⁻⁴ which reduced to 20.30 x 10⁻⁴ for the film doped 

with 3% Al which in turn indicates a decrease in lattice 

distortion and internal stress as we increase Aluminum 

content. This trend puts forth that Aluminum inclusion into 

the structure improves the CdO thin films’ crystallinity by in 

large eliminating structural defects [27]. 

The we report on structural parameters which include the (D), 

(δ), (ε) and lattice constant they are presented in Table 1. In 

Figure 2 we present the (FWHM) and (D) as well as (δ) and 

(ε) which vary with doping.

 
TABLE I. STRUCTURAL PARAMETERS OF THE DEPOSITED FILMS 

Specimen  
2 

(o) 

(hkl) 

Plane 

FWHM 

(o) 

Eg 

(eV) 

D 

(nm) 

δ ×1016 

 (lines/m2) 

ε 

(×10-4) 

Pure CdO 111 32.95 0.67 2.78 18.37 49.38 29.63 

CdO: 1% Al 111 38.42 0.61 2.72 24.83 35.19 23.31 

CdO: 3% Al 111 66.31 0.57 2.66 27.63 30.56 20.30 

 

 

 

 
Fig. 1.  XRD patterns of the deposited films. 
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Fig. 2.   D, (c) ε, and (d) δ of the deposited films. 

Figure 5 displays the AFM surface morphology of pure and 

Aluminum doped CdO thin films. We see that the films which 

have been deposited have smooth, compact, and 

homogeneous surfaces which also report good substrate 

coverage. The grain sizes which we estimated from the AFM 

images also play along with what we got from XRD analysis. 

We see that the average grain size goes down from 69.03 nm 

for the pure film to 41.21 nm for the film which has 3% Al, 

which indicates that Aluminum in fact causes grain growth to 

be suppressed and instead we see the formation of finer 

grains. Also we note that the surface morphology changes as 

we increase Aluminum content. Pure and 1% Al doped films 

we see to have irregular grain shape with a high density of 

surface defects, but the 3% Al doped film is made up of very 

uniformly distributed spherical grains and a more 

homogeneous surface. Also we see that the surface roughness 

goes down with Aluminum doping, we go from an average 

roughness (Ra) and root mean square roughness (RMS) of 

8.79 to 3.26 nm and from 7.78 to 3.23 nm respectively which 

we take to mean that Aluminum incorporation does in fact 

improve the surface quality and compactness of the CdO thin 

films [28]. 

 

 

 

 

 

 

Table 3. The morphological properties of the films. 

 

Samples 
Tp 

(nm) 

Ra  

(nm) 

R. M. S. 

 (nm) 

Pure CdO 69.03 8.79 7.78 

CdO: 1% A1 55.20 4.32 4.32 

CdO: 3% A1 41.21 3.23 3.23 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 3. AFM images of the films we deposited. 
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Figure 4 displays transmittance spectra of pure and 

Aluminum doped CdO films (300-900 nm). In the pure films 

we see greater transparency which is a result of enhanced 

light scattering and absorption from the effect of the dopant 

induced structural changes [29]. 

The optical absorption coefficient (α) was determined by the 

following relation [30]: 

𝛼 = 2.3026 (
𝐴

𝑡
)   (4) 

 

 

 

In which we see A is the absorbance and t film thickness, in 

Figure 5 we note that the absorption coefficient (α) for CdO 

films has a large growth when Aluminum is added and is at 

about 104 cm-1 at the edge of absorption. This is because of 

changes in the electronic band structure and the increased 

free-carrier concentration resulting from aluminum 

incorporation into the material [31, 31]. 

 

 

 

 

 

 

 

 

 
Fig. 4. Transmittance of the as deposited films.  

 
Fig. 5. change in α with hv (eV). 
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The optical band gap energy (Eg) was determined by means 

of the Tauc equation [32] 

𝛼ℎʋ = 𝑘(ℎʋ − Eg)𝑛   (5) 

In which k is a proportionality constant and n is a term that 

defines the type of optical transition. For CdO we have n =1/2 

which reports a direct allowed transition [33]. In Fig. 6, the 

optical bandgap decreases from 2.78 eV (pure) to 2.66 eV 

(aluminum-doped). This bandgap reduction is due to 

Aluminum incorporation which in turn introduces localized 

defect states and impurity levels that in turn promote bandgap 

reduction also which we see as enhanced carrier scattering 

[34]. 

 

 

Fig. 6. The band gap values of the deposited films. 

The value of the extinction coefficient (k) was determined by 

the following relation [12]: 

𝑘 =
𝛼𝜆

4𝜋
        (6) 

Figure 7 displays the variation of the extinction coefficient 

with respect to wavelength in pure and Aluminum doped 

CdO thin films. We see that the extinction coefficient goes 

down as the Aluminum doping concentration is increased 

which in turn indicates a reduction in optical losses in the 

doped films [15]. 

The refractive index (n) was measured by means of the 

following expression [16]: 

𝑛 = (
1+𝑅

1−𝑅
) + √

4𝑅

(1−𝑅)2 − 𝑘2    (7) 

In Figure 8 we see that refractive index of CdO films goes 

down with increase in Aluminum doping which is a result of 

changes in electronic structure and optical polarizability due 

to Aluminum’s introduction [35]. 

 

 
Figure 7. k of the deposited films. 
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Fig. 8. n of the deposited films. 

 

Aluminum thin films were at 175 °C during operation. In 

Figure 9 we see that the resistance of the films which resulted 

from exposure to 225 ppm of NO₂ gas. Pure CdO films had 

the lowest resistance [18]. Also we see that the CdO films 

doped with 3% Aluminum had a great deal more resistance 

which is a result of what we attribute to changes in the 

electronic structure brought about by the Aluminum dopant 

[36]. 

The gas sensor's sensitivity is ascertained. based on the 

relationship expressed in Equation (8), as described in 

reference [19]. 

𝑆𝑒𝑛. =
∆𝑅

𝑅𝑔

= |
𝑅𝑔 − 𝑅𝑎

𝑅𝑔

| × 100 %                                       (8) 

Where Rₐ is the resistance in the presence of NO₂ gas and Rg 

is the baseline resistance in air. As shown in Figure 10, 

sensitivity measurements were conducted for pure CdO, CdO 

doped with 1% Aluminum, and CdO doped with 3% 

Aluminum under varying NO₂ concentrations. A clear trend 

is observed: Increasing the Aluminum content results in a 

large drop in sensitivity. For example, sensitivity values 

decrease from 54.1% to 7.8 % at 75 ppm, from 43.6% to 

10.3% at 150 ppm and from 54.1% to 14.2% at 225 ppm as 

Aluminum doping increases from 0% to 3%, This reduction 

in sensitivity can be attributed to the modification of the 

charge-carrier concentration and electrical conductivity 

induced by Al doping [37]. 

 

 
Fig. 9: Resistance via time of Pure &CdO: A1 with different dopants. 
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Fig. 10: Sensitivity of Pure & CdO: A1 with different dopants. 

 

IV. CONCLUSION 

Pure and Aluminum doped CdO nanostructured thin films 

were produced by chemical spray pyrolysis. XRD reported a 

polycrystalline cubic structure which had a preferential (111) 

orientation. Also Aluminum doping which we report here 

increased crystallite size from 18.37 nm to 27.63 nm. while 

dislocation density decreased from 49.38 × 10¹⁴ to 30.56 × 

10¹⁴ lines/m. AFM revealed reduced surface roughness and 

particle size upon Aluminum incorporation. Optically, 

transmittance decreased with Aluminum concentration, while 

absorption coefficient increased. The bandgap narrowed from 

2.78 eV to 2.66 eV due to Aluminum-induced localized 

defect states. Both refractive index and extinction coefficient 

decreased with higher Aluminum content. At 175°C in the 

NO2 gas sensing we saw a drop in sensitivity from 54.1% to 

14.2% at 225 ppm with increase in Aluminum doping which 

in turn suggests that as Aluminum concentration goes up 

sensor response goes down due to structural changes. 
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