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Nanostructured MgO:Fe was fabricated by spray Pyrolysis technique (SPT). XRD verifies 
MgO's cubic structure. The MgO thin film's crystallite size increased to 10.7–15.41 nm 
due to doping. SEM pictures display The surface becomes rougher and the grain size 
increases with concentration. The ideal MgO's average transmission value in the visible 
spectrum was 70%. The Tauc relation was used to calculate Eg, which decreased for 
MgO:Fe doping at 4%wt concentration from 362.1 to 3.52 eV. Resistance change as a 
measure of film sensitivity to gas indicates that MgO is a p-type semiconductor, with the 
maximum resistance being shown by MgO:Fe at 4%wt. The sensitivity of MgO films to 
NO2 diminishes as Fe content increases. 
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1. Introduction 
 
Magnesia, also known as MgO, is naturally available as periclase and serves as a 

magnesium source MgO has a wide bandgap of 7.8 eV suited for use as insulators [1,2]. Because 
of its optical transparency and high magnetic field, MgO is a popular semiconductor material. 
MgO has been intensively researched as a thin film in recent research since it is a one-of-a-kind 
solid with a strong ionic character and simple stoichiometry. However, using MgO thin films can 
improve various applications, including catalysis, ceramics, solar cells, and reflective and 
antireflective coatings. [3-5]. Doping inorganic materials with Fe ions seemed appealing because it 
permits visible energy transitions in higher and lower energy areas apart from the wide bands 
produced by absorption and emission processes [6]. Doping can alter the structure of MgO 
nanoparticles with (110) or (111) faces and can be used to stabilize them. Doping can also cause 
changes in the electrical characteristics of nanoparticles by promoting the creation of O vacancies 
or offering newly occupied states above the valence band [7]. Spray pyrolysis was employed to 
create transparent oxide coatings as early as 1910 [8]. Numerous experimental techniques have 
been developed to produce magnesium oxide (MgO), including PLD [9], PVD [10], CVD [11], 
laser ablation [12], sol-gel [13, 14], reactive sputtering [15], metal-organic MBE [16], pulsed laser 
deposition [17] and CSP [18]. When sprayed micro-droplets reach the heated substrate surface, 
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they decompose pyrolytically and produce a single or cluster of crystallites [19]. This work aims to 
use the CSP method to investigate the impact of Fe on the physical features of MgO films. 

 
 
2. Experimental 
 
Thin films of MgO doped with Fe were fabricated via SPT. 0.1 M of (Mg(CH3COO)2) was 

dispersed in 100 ml of deionized water to produce the precursor solution. FeNO3 was utilized as 
the doping material to create doping concentrations of 2% and 4%, which were added to the 
precursor solution. The substrate temperature was 450°C during the deposition procedure, using 
N2 as the carrier gas, and with a nozzle-to-base distance of 29 cm. The spraying parameters 
included an 8-second spraying time, a 5 mL/min spraying rate, and a gap of two minutes between 
two successive spray operations. The film thickness, determined gravimetrically, was 
approximately 325 ± 30 nm. XRD was employed to analyze the film structure, and Surface 
Topography has been examined via AFM. SEM of a model (multi-function scanning electron 
microscope model als 2300 Angstrom). Optical transmittance in the range of 300 to 900 nm was 
measured using a spectrophotometer. The MgO gas sensor was fabricated with aluminum 
electrodes on thin films, and gas sensitivity was evaluated by the resistance change percentage in a 
cylindrical chamber (radius: 7.5 cm, height: 15 cm). 

 
 
3. Results and discussions                                                                                                     
 
Fig. (1) offers XRD styles of MgO and MgO doped via Fe with (2 and 4) % wt. According 

to the standard JCPDS card No. (01-075-0477), the high diffraction peaks at 111 and low 
diffraction peaks at (200) indicate a cubic structure with polycrystalline nature. There is no 
indication of any other secondary phase, such as Fe or iron oxide. We discovered that with the rise 
in Fe concentration, the position of the peaks in the (111) direction changed to lower angle 2θ 
diffraction, and their β (FWHM) also shrank. The shift in peak positions and the decreased FWHM 
demonstrated that Fe ions had replaced Mg sites in the MgO crystal matrix. This could be due to 
the larger Fe2+ ions (0.78Å) replacing the smaller Mg2+ ions (0.72Å) [20, 22].  

An alteration in the Mg–O bond length and the overall lattice parameter was observed, 
consistent with previous findings [23, 24].  

Scherrer's formula was used to compute the average grain size (D) [25-26]: 
 

𝐷𝐷 =
𝑘𝑘𝑘𝑘

𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽
                                                                                    (1) 

 
where K =0.9, λ = 1.54Å, βis (FWHM). The average particle size of pure, 2 %wt and 4 %wt of Fe 
doping concentration was 10.7 nm, 13.46 nm and 15.41 nm, respectively. The average particle size 
of Fe doped MgO increases with increasing iron content. It is well known that Fe2+ can substitute 
for Mg2+ ions in the MgO crystal lattice [27]. 

The dislocation density (δ) was calculated using equation (2) [28-29]: 
 

𝛿𝛿 =
1
𝐷𝐷2                                                                                      (2) 

 
Microstrain (ε) of the MgO nano-grains were estimated using the following equation (3) 

[30, 31]: 
 

𝜀𝜀 =
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽

4
                                                                                 (3) 

 
Fig. (2) illustrates the variations in crystallite size, β, strain, and dislocations as the dopant 

concentration increases. The observed increase in dislocation density, coupled with the reduction 
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in lattice strain and the generation of dislocations due to Fe doping, increases oxygen vacancies to 
offset the charge within the MgO lattice [32-33]. The structural parameters for the dominant (111) 
peak are computed and presented in Table 1. 

 
 

 
 

Fig. 1. Displays the XRD patterns of the desired films. 
 
 

 

 
 

Fig. 2. X-ray parameters of intended films. 
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Table 2. Provides structural parameters for the intended films. 
 

𝜀𝜀 ×10-3 
(Line-2.m-1) 

 

(δ) ×1015 
(Line. m-2) 

 

(D) 
(nm) 

Eg 
(eV) 

β  
(ᵒ) 

(hkl) 
Plane 

2Ɵ 
(ᵒ) 

Samples 
wt % 

3.28 8.73 10.70 3.62 0.78 111 35.82 Undoped 
MgO 

2.57 5.51 13.46 3.58 0.62 111 35.61 MgO: 2% 
Fe 

2.24 4.21 15.41 3.52 0.54 111 34.55 MgO: 4% 
Fe 

 
 
The three-dimensional area of MgO and doped thin films with (2 and 4 % wt Fe 

concentrations) deposited at 450oC temperatures is shown in Fig. 2. The films are uniform, tightly 
packed, and pinhole-free. Table 2 demonstrates that grain diameters vary from 73.52-60.87nm as 
the Fe ratio concentration increases. However, Table 2 displays the surface roughness(Ra) and 
Root Mean Square (RMS) values. As the Fe doping ratio rises, it is evident that Ra and RMS 
values decrease, suggesting an increase in grain size, which is consistent with other literature [34]. 
Figure 3 depicts a histogram of the percentage of MgO and doping in Fe against particle size Ps.  

 
 

 

 

 
 

Fig. 3. Displays the AFM images of grounded films. 
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Table 2. Provides the AFM parameters of grown films. 
 

Samples 
 

Ps 
nm 

Ra 

nm 
RMS 

nm 
 Undoped MgO 73.52 7.83 5.70 
MgO:2% Fe 65.25 6.92 4.02 
MgO: 4% Fe 60.87 5.17 3.49 

 
 
The scanning electron microscopy (SEM) images in Fig. (4) depict MgO and MgO:Fe 

films deposited at various concentrations with a thickness of 325 nm. A smooth and compact 
surface with an average grain size of approximately 50 nm is observed. As the concentration 
increases to 0%, 2%, and 4%, the average grain size rises to about 31 nm, 37nm, and 46 nm, 
respectively. This increase in concentration leads to a progressive enlargement of the grain size, 
accompanied by a roughening of the surface. that the introduction of Fe alters the film's 
microstructure, influencing grain size and surface morphology, with higher concentrations 
contributing to larger grains and increased surface roughness. 
 
 

 
 

Fig .4. SEM images of MgO thin films with various Fe concentrations 
 (a) Undoped MgO; (b) MgO:2% Fe, (c) MgO: 4% Fe). 

  
 
Experimental measurements are typically expressed in terms of the percentage 

transmittance (T), defined as [35, 36]: 
 

𝑇𝑇% =
𝐼𝐼
𝐼𝐼𝑜𝑜

%                                                                                     (4) 

 
where (I) is the light intensity after it passes through the sample and (Io) is the initial light 
intensity. The optical transmittance (T) spectra of grown films with varied Fe concentrations (0, 2, 
and 4) wt% are shown in Fig. (5). We discovered that T of all samples is in the (60-70) % range. 
We found that the transmittance achieves a maximum in the (450-700) nm wavelength range and 
decreases with doping concentration. An increase in the concentration of defects at the grain 
boundaries may explain the observed drop in T. [37, 38]. 

The following equation was used to compute the absorption coefficient (α) [39, 40]: 
 

  𝛼𝛼 = 2.303 𝐴𝐴
𝑡𝑡

                                                                                   (5) 
 
where (t) is film thickness and (A) is the absorbance. In Fig. (6) it is evident that α increases as 
doping concentration increases, which causes the absorption edge to be biased toward longer 
wavelengths. As doping increases, the density of charge atoms increases, and each electron is 
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effectively surrounded by an exchange and correlation hole, lowering the electron's energy and 
shifting the conduction band to narrow [41, 42]. 
 
 

 
 

Fig. 5. Transmittance of the intended films. 
 
 

 
 

Fig. 6. α for pure MgO and MgO:Fe films with different dopant levels. 
 

 
Tauc formula was utilized to compute the energy gap(Eg) [43, 44]: 
 

(𝛼𝛼ℎ𝑣𝑣) = 𝐴𝐴�ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔�
𝑛𝑛                                                                             (6) 

 
where, (A) is constant, (hv) is photon energy and n = 1/2 for direct transition. The meeting point in 
the x-axis reflected the value of Eg, resulting in new localised levels created when MgO doping 
concentration was increased (donor levels). [45,46]. Fig. (7) depicts the (αhv)2 vs. hv for the pure 
and MgO:Fe films. Eg was reduced from 362.1 to 3.52 eV for MgO:Fe doping at 4%wt 
concentration. This reduction in Eg is attributed to Fe metal ions, which induce alterations in the 
optical band gap [47]. 
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Fig. 7. Direct bandgap of grown films. 
   

 
Equation 6 is employed to calculate the extinction coefficient [48]: 
 

𝑘𝑘 =
𝛼𝛼𝛼𝛼
4𝜋𝜋

                                                                                   (7) 

    
In general, k curves reveal a rather intense and broad absorption peak at 500 nm, as shown 

in Fig. (7). The VIS area has the highest value of k, which continuously increases with increasing 
Fe doping ratio. According to the transmittance spectra, the value of k (Fig. 8) is 0.85–0.87, 
suggesting high transparency film [18]. 

Using reflectance (R) spectra is a valuable method for determining the refractive index (n) 
[59, 50]: 

 

𝑅𝑅 = �
𝑛𝑛 − 1
𝑛𝑛 + 1

�
2

                                                                               (8) 

 
The following equation can be used to compute the refractive index (n) [51, 52]. 
 

𝑛𝑛 =
1 + √𝑅𝑅
1 − √𝑅𝑅

                                                                                 (9) 

 
The figure demonstrates that the refractive index increases as doping concentrations 

increase (9). In most of the visible section of the spectra, the n values of the pure and MgO: Fe 
films are between 3.4 and 3.55. Doping influences the optical quality [53]. 
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Fig. 8. k of grown films. 
 
 

 
 

Fig. 9. n of the intended films. 
 

 
In Fig. (10), the resistance via response time is depicted for films with doped and undoped 

thicknesses. The observed decrease in resistance for all samples upon introducing nitrogen dioxide 
gas into the chamber indicates that MgO behaves as a p-type semiconductor. This observation 
aligns with hall measurements, suggesting that oxidizing gases like NO2 (a concentration of 250 
ppm.) react with the film surface, capturing electrons from the conduction band. This process 
increases the number of holes (majority charge carriers in p-type semiconductors) in the 
conduction band, reducing film resistance [54]. The MgO:Fe doping at 4%wt concentration also 
demonstrated the highest resistance, suggesting the impact of doping on the semiconductor 
properties of the films [55]. 
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Fig. 10. Resistance as a function of operating time for MgO thin films with various Fe concentrations. 
 

 
A film's sensitivity (S) is often gauged by the percentage alteration in resistance during gas 

exposure or defined as the ratio of its resistance in air to the steady-state value in the presence of 
gas. The sensor's response, or detection sensitivity, can be computed as [56, 57]: 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
∆𝑅𝑅
𝑅𝑅𝑔𝑔

= �
𝑅𝑅𝑔𝑔 − 𝑅𝑅𝑎𝑎
𝑅𝑅𝑔𝑔

� × 100 %                                                           (9) 

 
The sensitivity of MgO films, both pure and Fe-doped, to NO2 exposure, is illustrated in 

Fig. 11. Sensitivity decreases with higher Fe concentrations, dropping from 49.9% to 4.5% (50 
ppm), 52.2% to 9.8% (100 ppm), and 55.5% to 14.4% (150 ppm). This can be attributed to 
enhanced crystallinity and/or nano-crystalline size, increasing the gas reaction area and 
maintaining a homogenous surface. Additionally, heightened conductivity results from increased 
carrier concentration [58]. Fig. (11) indicates sensitivity rising with gas concentration from 50 to 
150 ppm. 

 
 

 
 

Fig. 11. Sensitivity (S) as a function of MgO thin films with various Fe concentrations. 
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4. Conclusion 
 
The CSP method was employed to fabricate thin films of both pure MgO and MgO doped 

with Fe, resulting in cubic polycrystalline structures. As the Fe content increased from 0.0 to 4% 
wt, the crystallite size grew from 10.7 nm to 15.41 nm. AFM confirmed that the average particle 
size exhibited a uniform nanostructure. Introducing Fe doping led to a reduction in surface 
roughness from 7.83 to 5.17 nm. All the films displayed a transparency range of 60-70 %. 
Increasing concentration leads to enlarged grain size and surface roughening in SEM images, 
especially in the VIS region. A gradual increase in the absorption index in the VIS region was 
observed with an increase in Fe concentration. Doping induced a red shift in the bandgap, 
lowering it from 3.62 eV to 3.52 eV. Furthermore, films exhibited refractive indices in the visible 
part of the spectra ranging from 3.44 to 3.55. Gas sensitivity, indicated by resistance change, 
confirms MgO as p-type semiconductor. MgO:Fe at 4%wt shows the highest resistance. MgO films 
exhibit reduced NO2 sensitivity with increased Fe concentration. 
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