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Nanostructured Tin-doped Fe2O3 with a volumetric concentration of (1% and 3 %) Tin were 
deposited using spray pyrolysis (SPM). The most substantial peak, as determined by X-ray 
diffraction, corresponds to the (200). The average particle size values from AFM imaging for the 
deposited films decreased from 81.52 nm to 40.05 nm. The average roughness was observed to drop 
from 8.26 nm to 45.38 nm. The Root mean square roughness was lowered from 7.48 nm to 4.86 
nm. The strain decreases from (27.92 to 23.69) x10-4. SEM images show morphological changes in 
Fe2O3 film's big islands after Tin doping. The optical transmittance is outstanding for Undoped 
Fe2O3 and 3% Sn doping, with 80% and 75 %in the visible zone. It was shown that the absorption 
coefficient increased as the concentration of Tin was raised. The Fe2O3 bandgap was reduced from 
2.80 eV for Fe2O3 to 2.60 eV for Fe2O3: 3 % Sn film. Resistance in Fe2O3 and Tin-doped films rises 
in NO2 (270 ppm) exposure, indicating an oxidation process. The 3% Tin-doped film shows the 
highest resistance. Sensitivity declined with increasing Tin content following NO2 exposure. 
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1. Introduction 
 

The advancement of science, particularly in nanotechnology, has underscored the 
significance of metal oxide materials in various applications [1]. Metal oxides can be engineered to 
exhibit both p-type and n-type conductivity [2], enhancing their versatility in nanotechnological 
applications. The transition metal Fe2O3 has a band gap of 2.2 eV, making it crucial [3]. Due to its 
beneficial inherent physical and chemical characteristics, including cheap cost, stability under 
natural conditions, and kindness to the environment are all attractive qualities. [4], it has attracted a 
lot of interest. Photoelectrodes, gas sensing, catalysts, and medical sectors all use (Fe2O3). Therefore, 
the material with the most significant potential for usage in a wide range of optical applications and 
technologies is iron oxide, which is used in telecommunication, electrochromic applications, and 
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magnetic devices. [5]. Microelectronic devices also use thin layers of Fe2O3 as a dielectric material 
[6]. Hematite, a stable form of iron oxide, can be utilized in photoelectrodes, photovoltaic 
applications and devices, solar energy conversion, magnetic and nonlinear optical devices, sensors, 
and other objects [7-9]. Researchers prepare hematite nanostructures using several methods to 
deposit nanostructure films [10-17], and also use the Chemical deposition [18], sol-gel [19, 20], and 
PLD [21] ,CVD [22], thermal evaporation method [23], DC reactive magnetron sputtering [24], and 
SPM [25] techniques to obtain Fe2O3 . This paper explores the physical properties of nanostructured 
Fe2O3 and Fe2O3: Sn films deposited using the Spray Pyrolysis Method. It is simple, easy to use, and 
inexpensive. 

 
 
2. Experimental 
 

The Spray Pyrolysis Method made undoped Fe2O3 and Fe2O3: Sn thin films. The initial 
stock solution was employed using Fe chloride in deionized water at 0.05 M. 0.05 M of SnCl2 
resolved in deionized water was added as a dopant. A few drops of HCl were added to obtain the 
solution transparency that was agitated for 8 minutes. Tin had a volumetric ratio of (1, 3) %, and the 
base temperature was 450 oC. The layers were placed onto glass bases after chemically and 
ultrasonically cleaned. To optimize the deposition, the following parameters were used: 5 ml/ moin 
deposition rate, distance between base to spout was 28 cm , 8 sec of spraying duration per cycle, 1.5 
min between sprays, and carrier gas is (pressurized filter air) at a pressure of 105 Nm-2. The 
approximate thickness was found to be 250 nm using the gravimetric method. An X-ray 
diffractometer (Shimadzu Japan) examined the deposited film structure. X-ray diffractometer 
(XRD) with CuKα radiation was applied to specify the structure's composition. The film surface 
was studied using AFM (AA 3000 Scanning Probe Microscope). SEM images were obtained using 
model ALS 2300 Angstrom. The optical properties of Fe2O3 and Fe2O3: Sn films were evaluated 
with a double beam spectrophotometer UV-Vis-NIR Shimadzu. The gas sensor, consisting of 
undoped Fe2O3 and Tin-doped Fe2O3, was constructed with Al electrodes. Gas sensitivity was 
assessed by measuring the change in resistance within a cylindrical chamber with a radius of 8 cm 
and a height of 16 cm. 

 
 
3. Results and discussions 
 

XRD patterns of the intended films, grown via the spray pyrolysis method, are presented 
in Figure 1. The identified diffraction peaks at angles (28.23°, 32.96°, 56.01°, and 64.35°) 
correspond to the crystallographic planes (111), (200), (211), and (321), respectively. These 
observations are consistent with ICDD card number 42-1340 [26]. The presence of these diffraction 
peaks indicates the crystalline nature of the films and provides insights into their preferred 
crystallographic orientations [27-29]. 

Using Scherrer formula given in Eq, 1, the grain size of Fe2O3 thin films was 
estimated  [30]: 
 

𝐷𝐷 =
𝑘𝑘𝑘𝑘

𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽
                                                                                    (1) 

 
   Where λ is the x-ray wavelength, k = 0.9, and θ is Bragg's angle. The grain size for 

undoped Fe2O3 particles is about (12.40-14.57) nm, and with the addition of  3% Sn, the grain size 
is expected to remain within this range. The particular values point to the impact of Sn doping on 
Fe2O3 particle grain size [31, 32]. 

The structural parameters Sp such as  dislocation density (δ) was measured using [33]: 
 

𝛿𝛿 =
1
𝐷𝐷2                                                                                          (2) 
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The information in Table 1 indicates a decrease in dislocation density from 65.03 to 47.10. 
A decrease in dislocation density can suggest an improvement in the crystalline quality or a 
reduction in the number of crystal defects within the material. This behavior may be attributed to 
various factors, such as doping changes in the processing conditions [34, 36].  
The films' strain (ε) was ascertained using [37]: 
 

𝜀𝜀 =
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽

4
                                                                                (3) 

 
As can be seen in Table 1, ε dropped from 27.92 to 23.69.   

 
 

 
 

Fig.1. XRD styles of grown films.  
 
 

Sp of grown films.  andg ETable 1. D,  
 

Sample 2 θ 
)o( 

(hkl) 
Plane 

FWHM 
)o( 

gE 
 (eV) 

D 
 (nm) 

) 14(× 10δ
)2(lines/m )4-(× 10ɛ 

3O2Fe 28.23 200 0.66 2.80 12.40 65.03 27.92 
% Sn1: 3O2Fe 28.26 200 0.60 2.65 13.60 54.06 25.38 
% Sn3: 3O2Fe 28.29 200 0.56 2.60 14.57 47.10 23.69 

 
 

The AFM micrographs in Fig. (2) provide insights into the surface morphology of the films. Average 
Particle Size (Pav) values (81.52, 50.13, 40.05 nm) indicate the average size of surface features. 
Roughness Average (Ra) values (8.26, 6.91, 5.38 nm) suggest surface smoothness, and Root-Mean-
Square Roughness (Rrms) values (7.48, 5.93, 4.86 nm) represent height deviations. Table (2) shows 
further details of AFM parameters (PAFM). These parameters are crucial for understanding and 
optimizing surface characteristics in applications requiring precise film surfaces, such as various 
thin-film technologies [38, 39]. 
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Fig. 2. AFM images, granularly distributed and diversity of PAFM. Fig.2. AFM images , granularly 
distributed and diversity of PAFM.  

 
 

of the intended films.  AFMTable 2. P 
 

Samples avP 
nm 

aR 
 (nm) 

rmsR 
 (nm) 

3O2Fe 81.52 8.26 7.48 
% Sn1: 3O2Fe 50.13 6.91 5.93 
% Sn3: 3O2Fe 40.05 5.38 4.86 

   
   

 
Fig. (3)  displays SEM pictures of the synthesized films, which include Undoped Fe2O3, 

Fe2O3: 1% Sn, and Fe2O3: 3% Sn. The images show a significant change in the shape of artificial 
films, characterized by a more substantial number of islands following doping. This behaviour is 
probably caused by the interaction between the Fe2O3 matrix and the additional Sn, which affects 
the formation and organization of nanostructures during the film synthesis process [40, 41]. 
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Fig. 3. SEM images of (a) Fe2O3 (b) 1% doped by Sn (c) 3% doped by Sn. 
 

 
Experimental measurements are commonly presented using the transmittance (T), 

defined as [42]: 
 

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 transmission spectra in Fig. (4) depict the performance of undoped Fe2O3 and Tin-doped 
Fe2O3 films. Both films exhibit robust transmission, exceeding 80% on average at a wavelength of 
800 nm. This high transmission is crucial for solar cell applications[43, 44]. The results suggest the 
potential suitability of these films for applications where optical transparency is essential, 
emphasizing their promising role in optoelectronic device technologies [45, 46] 
The absorbance (A) and thickness (t) were gained to calculate absorption coefficient (α) [48]; 
 

α = (2.303×A)/t                                                                     (5) 
 
 Fig. (5) it is evident that the increase in α with the elevated Tin content suggests a notable 
enhancement in the transitions from bonding molecular orbit to nonbonding molecular orbit. This 
significant rise in the absorption coefficient, especially at higher energy levels, indicates a change 
in optical properties. The results point towards the impact of Tin doping influencing their optical 
characteristics and paving the way for tailored applications in optoelectronics [49, 50]. 
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Fig. 4. Transmittance of the deposited Fe2O3 and Fe2O3: Sn thin films. 
 
 

 
Fig. 5. α of grown films. 

 
 

The band gap (Eg) is evaluated byTauc ׳s formula [51]: 

 

(𝛼𝛼ℎ𝜈𝜈) = 𝐴𝐴�ℎ𝜈𝜈 − 𝐸𝐸𝑔𝑔�
1
2                                                                    (6) 

 
Plots were obtained using A as the constant and (h𝜈𝜈)2 via (hυ). As depicted in Fig. (6), the 

bandgap values (Eg) for Undoped Fe2O3 and Fe2O3: Sn were relatively close. However, there was a 
reduction in Eg from 2.80 eV - 2.60. This bandgap narrowing signifies a change to the electrical 
material structure due to the introduction of tin doping [52, 53]. Such changes in the bandgap can 
influence the material's optical and electronic properties, making it suitable for specific applications, 
such as semiconductor devices [54, 55]. 

 
  



1441 
 

 
 

Fig. 6. Eg of deposit films. 
 
 

The extinction coefficient (𝑘𝑘) is gained via Eq. 7  [56]: 
 

𝑘𝑘 =
𝛼𝛼𝑘𝑘
4𝜋𝜋

                                                                                 (7) 
 
Where λ is the wavelength, Fig. (7) illustrates the variation in the extinction coefficient (𝑘𝑘) with 
wavelength as the tin dopant concentration increases. The fluctuations in the extinction coefficient 
provide insights into the material's interactions with light at different wavelengths. The changes in 
𝑘𝑘 indicate how introducing tin doping influences the material's optical properties, precisely its 
absorption characteristics [57, 58]. 

The refractive index (𝑛𝑛) can be determined from the reflectance (𝑅𝑅) data via the relation 
[59]: 
 

𝑛𝑛 = (1+𝑅𝑅
1−𝑅𝑅

) + � 4𝑅𝑅
(1−𝑅𝑅)2

− 𝑘𝑘2                                                  (8) 

 
 As observed in Fig. (8), 𝑛𝑛 is influenced by the content of the tin dopant, showing a decrease as the 
tin dopant concentration increases. This change in n may be associated with an increase in the film's 
compactness [60, 61]. 𝑛𝑛 can impact the material's optical behavior.  
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Fig. 7. 𝑘𝑘 of the intended films 
 
 

 
 

Fig. 8. 𝑛𝑛  of the intended films. 
    
 

Fig. (9) illustrates the relationship between resistance and time for undoped Fe2O3 and Tin-
doped films for NO2 gas concentration of 270 ppm and at an operating temperature of 100 °C. The 
observed increase in resistance for pure Fe2O3 and Tin-doped films when exposed to NO2 gas 
suggests an oxidation process. NO2 molecules adsorb onto the surface, removing specific O2+ ions 
and releasing bound electrons from oxygen atoms [62, 63]. These released electrons then drift back 
to the conduction band, causing an increase in resistance and an enhancement in the potential barrier 
[64, 65]. Notably, the film doped with 3% Tin demonstrates the highest resistance to the gas flow, 
indicating the significant impact of doping on film properties [66]. 
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Fig. 9  Resistance via  operating time for grown films  
 
 

The ratio of a film's resistance in air to its steady-state value in the presence of gas is known 
as its sensitivity (S), and it is typically determined by [67]: 

 

𝑆𝑆𝑆𝑆𝑛𝑛𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
∆𝑅𝑅
𝑅𝑅𝑔𝑔

= �
𝑅𝑅𝑔𝑔 − 𝑅𝑅𝑎𝑎
𝑅𝑅𝑔𝑔

� × 100 %                                                 (8) 

 
When exposed to different amounts of NO2 gas, as seen in Figure (11). the sensitivity 

reduces as the Tin content increases. The rising electrical film resistance explains this. The 
recombination mechanism between the charge carriers of holes and electrons generated from oxygen 
causes this rise in resistance [68]. The sensitivity shows an increase in its value when the gas 
concentration rises. 
 
 

 
 

Fig. 10  S via gas concentrationn. 
 

 
4. Conclusion 
 
The Spray Pyrolysis Method was used to grow undoped Fe2O3 films doped with Tin. The 

shape of Fe2O3 thin films changed dramatically as the tin dopant increased from 0% to 3%. 
According to X-ray diffraction, the optimal orientation (200) for Undoped Fe2O3 films at 4 % Sn 
corresponds to the peak of greatest intensity. With Fe2O3: 3% Sn, the grain size for undoped Fe2O3 
particles is around (12.40 - 14.57) nm, but the strain decrsed from 27.92 to 23.69.  
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With Undoped Fe2O3 and Fe2O3: 3% Sn, the average particle size was seen in the area of 
81.52 nm to 40.05 nm, respectively. SEM images reveal morphological changes in big islands after 
Sn doping in Fe2O3 films. The transmittance spectra are set by UV-Visible spectrophotometer. With 
increasing Tin doping, the optical energy gap dropped to 2.60 eV for the Fe2O3: 3 % Sn film, but the 
absorption coefficient increased. The optical constants were also calculated. The increase in 
resistance for both undoped and Sn-doped films under NO2 (270 ppm) exposure suggests an 
oxidation process, with the 3% Tin-doped film exhibiting the highest resistance. Sensitivity 
decreased with increasing Sn content after NO2 exposure. 
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