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Abstract 

The influence of precursor solution volume on the characteristics of containing iron-doped titanium dioxide (Fe:TiO2) thin films 

was examined in this work. The coatings were prepared on transparent substrates by the spin-coating method using precursor 

volumes between 0.5 and 2.5 mL. Following deposition, the coatings were heat treated at 450°C and analyzed using X-ray 

diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, and ultraviolet-visible (UV-Vis) spectroscopy. XRD analysis 

revealed the presence of both rutile and anatase crystalline phases, evidenced by reflections near 27.4° and 49° corresponding to 

the (110) and (200) planes, respectively. Variations in precursor volume affected the crystallographic properties of the films, 

with the sample prepared using 1.0 mL exhibiting the largest crystallite size and sharper diffraction peaks, suggesting improved 

crystal growth. Increasing the precursor volume beyond this value resulted in peak broadening, which may be associated with 

greater lattice imperfections and strain within the films. The FTIR results identified characteristic vibrational bands assigned to 

Ti-O-Ti and Ti-O-Fe linkages, confirming the incorporation of iron species into the TiO2 network. Optical characterization 

showed that increasing precursor volume shifted the absorption threshold toward longer wavelengths and reduced the optical 

band gap. This behavior can be ascribed to the creation of defect-induced energy states and oxygen-vacancy states within the 

material. Overall, the findings demonstrate that precursor solution volume significantly affects both the crystallographic and 

photonic performance of Fe:TiO2 coatings, with the 1.0 mL sample providing the most favorable combination of crystallinity 

and film quality. 
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1. Introduction 

Amongst the semiconductor metal oxides, titanium dioxide 

(TiO2) is among the most extensively investigated compounds, 

which is characterized by its notable chemical stability, non-

toxicity, low cost, transparency and strong photocatalytic activ-

ity [1]. The excellent properties of TiO2 thin films open up new 

application possibilities, such as in solar cells, the self-cleaning 
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of surfaces, environmental purification, gas sensors, and photo-

catalytic applications [2, 3]. TiO2 is a semiconductor oxide that 

has received considerable attention because it can produce elec-

tron-hole pairs when exposed to illumination, and is therefore a 

good material for energy transformation and environmental 

cleanup applications. Pure TiO2 however, has a relatively large 

band gap (about 3.0 eV for rutile and 3.2 eV for anatase), which 

confines its optical absorption to the ultra violet (UV) range of 

the spectrum, which constitutes only a minor portion of the in-

cident solar radiation. This restriction lowers its efficiency in 

applications using visible light [4]. 

Several methods have been employed to improve the opti-

cal and electronic characteristics of TiO2, such as the incorpo-

ration of TiO2 with metal ions, the doping of TiO2 with non-

metals, and composites of TiO2 [5]. Iron (Fe) has been exten-

sively investigated among the transition metal dopants since 

the ionic radius of Fe3+ is close to that of Ti4+ which makes Fe 

ions to replace Ti ions in the TiO2 lattice without much struc-

tural changes [6]. Fe doping creates a band gap narrowing and 

the increase the photo absorption of TiO2 in the visible spec-

trum due to the impurity energy levels in the band structure 

[7]. Moreover, Fe ions serve as trapping sites, which decrease 

the electron-hole recombination, thereby enhancing the pho-

tocatalytic and photovoltaic efficiency [8]. Previous research 

has reported that Fe:TiO2 thin films possess superior structural, 

optical and electronic properties than TiO2 films [9]. 

TiO2 thin layers can be produced using various preparation 

methods, such as chemical vapor deposition, sputtering, spray 

pyrolysis, pulsed laser deposition and spin coating. The spin 

coating method is popular among these methods owing to its 

simplicity, cost-effectiveness, reproducibility and capacity to 

produce uniform thin films on a large surface area of the sub-

strates [10, 11]. The method also offers good control of film 

thickness, crystallinity and surface morphology by optimization 

of the deposition parameters like the concentration of the pre-

cursor, spin speed, annealing temperature, number of coating 

layers, and volume of the precursor solution. Research has re-

vealed that the crystallite size, phase content, surface uniformity 

and optical properties of TiO2 thin films can be greatly affected 

by the conditions under which they are deposited [12-14]. 

The structure of TiO2 thin films doped with Fe is strongly 

affected by the annealing temperature and the thin film depo-

sition method. X-ray diffraction analysis of the Fe-containing 

materials has revealed that incorporation of Fe can affect the 

phase transformation between anatase and rutile phases by 

creating oxygen vacancies and lattice distortions. In particular, 

the mixed anatase-rutile phases are significant due to its effect 

on charge separation and increased photocatalytic efficiency 

over single-phase TiO2 [15]. Moreover, Fe doping has been 

reported to decrease the crystallite size and modify the lattice 

parameters as a consequence of strain induced in the crystal 

structure [14]. 

The optical characterization using ultraviolet-visible spec-

troscopy indicates that Fe doping causes a shift of the absorp-

tion edge toward longer wavelengths and leads to a reduction 

in the forbidden energy gap of the TiO2 coating [17]. The de-

crease in the electronic energy gap is linked to the creation of 

energy bands and oxygen vacancies arising from the incorpo-

ration of iron dopant ions into the TiO2 framework [18]. Such 

defect states allow for energy level transitions that are lower 

in energy which improves the absorption of visible light [19]. 

The formation of Ti-O-Ti and Ti-O-Fe bonds has also been 

confirmed by FTIR studies, which suggest that Fe ions are 

successfully incorporated into the TiO2 structure [20, 21]. 

Although Fe doped TiO2 thin films have been extensively 

researched, very few studies have examined the effect of the 

volume of precursor solution used in the spin coating deposi-

tion process. The volume of precursor solution is an important 

factor in determining the thickness, uniformity, crystallinity 

and optical properties of the film. Volume of precursors may 

be too low for proper coverage of the substrate and crystal 

growth and too high for good crystal structure and defects. 

Thus, it is critical to minimize the precursor volume to en-

hance the thin film quality and performance. A spin coating 

process was implemented to prepare Fe:TiO2 coatings of dif-

ferent precursor solution volume to study their effect on the 

crystal structure and optical behavior of the deposited layers. 

The precursor volume, crystallinity, phase formation, crystal-

lite size and optical band gap were studied to find the optimum 

deposition condition for potential applications as solar cell and 

photocatalytic materials. 

2. Materials and Method 

2.1. Chemicals 

The following chemicals were used: Titanium (IV) iso-

propoxide [Ti[OCH (CH3)2]4] (purity 97.0%), iron (III) nitrate 

nanohydrate [Fe (NO3)3·9H2O (purity 99.0%), Diethanola-

mine (DEA) (purity 99.9%), absolute ethanol [C2H6O] (purity 

99.9%). The chemicals were supplied by Sigma Aldrich. 

2.2. Experimental Procedure 

In two separate 100mL beakers, 10 mL of titanium (IV) iso-

propoxide was mixed with 20 ml of absolute ethanol (Solution 

A) and 5 ml of DEA was mixed with 5 ml of absolute ethanol 

(Solution B) respectively. 3 mol% iron (III) nitrate nanohy-

drate (Fe(NO3)3·9H2O) was mixed in a 50mL beaker contain-

ing 5ml of absolute ethanol (Solution C). To prepare the 

Fe:TiO2 sol-gel, solution B was added to solution A and the 

mixture stirred using a magnetic stirrer at 250rpm at room 

temperature for 10 minutes (Solution D). Solution D was then 

added into solution C to form Solution E. The resultant solu-

tion was stirred continuously for 90 minutes at 75°C to form 

a homogeneous solution, which was aged for 24 hours. For 

film deposition, soda-lime silica glass slides (2 × 2 × 0.3 cm3) 

were thoroughly cleaned, rinsed and oven-dried at 373 K for 

30 minutes. The prepared gel was spin-coated onto the sub-

strates at 3000 rpm for 30 seconds, and the coating process 
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was repeated until 0.5, 1.0, 1.5, 2.0 and 2.5 ml of the precursor 

was over to obtain uniform films. Each deposited layer was 

dried at 120°C for 2 hours. The films were then calcined in an 

electric furnace at 450°C for 2 hours. Finally, Fe:TiO2 crystal-

line thin films were successfully obtained. 

2.3. Characterization Techniques 

The light absorption behavior of Fe:TiO2 coatings was inves-

tigated using UV-Vis, while their crystallographic structure and 

lattice arrangement were examined via XRD. The obtained data 

were plotted using Origin software, compared with the standard 

reference patterns from the Joint committee on Powder Diffrac-

tion Standards (JCPDS). The Debye Scherrer equation was em-

ployed to determine the crystallite size of the thin films formed. 

In addition, FTIR was used to identify the functional groups and 

bonding characteristics of the Fe:TiO2 thin films. 

3. Results and Discussion 

3.1. XRD Characterization 

The structural characterization of the thin films was con-

ducted using X-ray diffractometer. Figure 1 shows the XRD 

patterns of Fe:TiO2 thin films formed through spin coating 

with precursor volumes ranging from 0.5 ml to 2.5 ml. The 

prominent diffraction peaks observed at 2θ ≈ 27.4° and 2θ ≈ 

49° correspond to the (110) plane of the rutile phase and (200) 

plane of the anatase phase of TiO2 consistent with the stand-

ard JCPDS card (21-1276) and (21-1272) respectively. The 

XRD pattern confirms the coexistence of both rutile and an-

atase phases in the Fe:TiO2 thin films, as indicated by the 

(110) rutile peak and the (200) anatase peak. This mixed-

phase formation occurs because annealing at 450°C falls 

within the temperature range where anatase begins trans-

forming into rutile but the conversion is not fully completed. 

In addition, Fe doping introduces lattice distortions and ox-

ygen vacancies that stabilize the coexistence of both phases 

by hindering full phase transformation. The anatase to rutile 

phase transition is facilitated by Fe doping in conjunction 

with the annealing temperature. This finding is consistent 

with earlier research [22]. The XRD patterns show no sec-

ondary phases related to iron oxides, suggesting that Fe ions 

are incorporated into the TiO2 lattice rather than forming 

separate phases. This confirms the structural purity of the 

films within the XRD detection limits and is consistent with 

previous work [23]. 

 
Figure 1. XRD spectra of Fe:TiO2 thin films of varying precursor volumes. 

Figure 1 shows that the films made with 0.5 mL and 1.0 mL 

precursor volume have relatively sharp and well-defined dif-

fraction peaks, suggesting good crystallinity and effective 

crystal growth in these two volumes. The intensity of the re-

flections, particularly in the (110), is seen to be the sharpest 

and most intense in the 1.0mL sample, indicating a good bal-

ance between the availability of suitable precursors and the 

process of nucleation which results in highly ordered grains. 

The results obtained in this study indicate that peaks become 

increasingly wide and less sharp as the volume of the precur-

sor is increased, as seen from the films prepared with higher 

precursor volume 1.5 - 2.5 mL, this can be explained by the 

internal strain of the film and possible agglomeration effect 

which makes the crystal growth not uniform. The peaks are 

also broader at higher volumes, which indicates that the crys-

tallite size is decreased and there is an increase in structural 
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disorder. 

The average crystal size of thin films was calculated using 

Debye Scherrer equation [24]. 

D = Kλ

 COS 
                (1) 

Where D is the crystallite size (usually in nm), K is constant 

commonly taken as 0.9, λ is the X-ray wavelength 0.15406 nm 

for Cu Kα used, β is full width at half maximum (FWHM) in 

radians and θ is Bragg’s angle which is half of 2θ. The average 

crystallite sizes of Fe:TiO2 coatings varied between 3.89 nm 

at 27.790 and 4.11 nm at 27.730 across all samples. This slight 

variation indicates that increasing the precursor volume has 

little effect on crystallite size, implying that grain growth is 

not significantly enhanced under the current deposition and 

annealing conditions, 4500 C. The consistent small crystallite 

sizes confirm the nanocrystalline nature of the films and are 

attributed to the presence of Fe dopants, which introduce lat-

tice strain and defects that inhibit crystal growth. 

Bragg’s equation was used to calculate the interplanar d 

spacing of Fe:TiO2 thin film. 

nλ=2dsinθ                   (2) 

Where X-ray wavelength λ used was of Cu Kα = 1.5406 Å, 

n is an integer 1, d is the inter-planar spacing and θ is the dif-

fraction angle from XRD pattern. The lattice parameters were 

determined from the XRD data by assuming a tetragonal rutile 

structure and applying the relation  

1

𝑑2=
ℎ2+𝑘2

𝑎2  + 
𝑙2

𝑐2
                 (3) 

using the measured d-spacing values and corresponding Mil-

ler indices. The lattice constant a was specifically calculated 

from the (110) diffraction plane. 

Table 1. Following summarizes the crystallite size, FWHM and the lattice parameters of Fe:TiO2 thin films deposited using different volumes. 

Sample (mL) Plane (hkl) 2θ (°) FWHM (°) Crystallite size (nm) dhkl (Å) Lattice parameter a (Å) 

0.5 110 27.79 2.101 3.893 3.208 4.537 

1.0 
110 27.73 1.992 4.107 3.214 4.545 

200 49.60 2.078 4.211 1.836 3.672 

1.5 110 27.71 1.997 4.097 3.216 4.548 

2.0 110 27.70 2.031 4.028 3.218 4.550 

2.5 110 27.55 2.091 3.911 3.235 4.575 

 

The (110) diffraction peak position shifts from 27.79° to 

27.5° as the volume increases. According to Bragg’s law, a 2θ 

decrease corresponds to an increase in interplanar spacing (d) 

as confirmed by the measured d-spacing values. This could be 

accredited to compositional or defect induced lattice expan-

sion. The crystallite size initially increased from 3.893nm to 

4.107 nm for volume 0.5mL to 1.0mL respectively. This in-

crease in crystallite with increasing precursor concentration 

indicated an increase crystal growth and improved ordering or 

crystallinity. However, at high precursor concentration, there 

was a reduction in crystallite size which could be attributed to 

reduction in crystal growth and increase in defect and grain 

boundaries. The lattice parameters showed an increase from 

4.537 Å for sample prepared from 0.5ml precursor volume to 

4.575 Å for the 2.5mL sample. This increase indicated that 

higher precursor concentration supported expansion of the 

crystal lattice. The increase in lattice parameter may be at-

tributed to increased density of defects and relaxation of lat-

tice strain during crystal growth. 

Initially, the values of FWHM decreased from 2.101° at 

0.5mL to a minimum value of 1.992° at 1.0 mL. This reduc-

tion suggests an improvement in crystal quality. A narrower 

diffraction peak indicates reduced peak broadening associated 

with lower defect density and improved structural order. This 

observation agrees with increase in crystallite size observed at 

1.0 mL. Beyond 1.0mL volume, the FWHM increases slightly 

from 1.99° to 2.091° as the precursor concentration rises to 

2.5ml. The broadening of the diffraction peaks at higher con-

centrations suggests the introduction of additional structural 

imperfections such as crystal defects, grain boundary defects 

and lattice strain. The FWHM values then increased gradually 

to 2.091° at 2.5 mL since the values of FWHM are inversely 

related to crystallite size according to the Debye Schrerrer 

equation. 

Figure 2 below shows the dependence of full width at half 

maximum (FWHM) and crystallite size with respect to the 

volume deposited on the substrate for Fe:TiO2 thin films an-

nealed at 450°C. 
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Figure 2. Variation of FWHM and Crystallite Size of deposited Fe:TiO2 thin films using varying volumes of the precursor. 

From the combined structural analysis, a precursor volume 

of 1.0 mL was found to be optimal for depositing Fe:TiO2 thin 

films via spin coating. At this volume, the films showed the 

highest XRD peak intensity, a low FWHM of 1.992°, a stable 

crystallite size of ~4.107 nm, and a moderate lattice parameter 

'a' of 4.545 Å, indicating better crystallinity, effective Fe3⁺ in-

corporation, and controlled thickness. These characteristics 

reflect improved structural ordering and reduced strain com-

pared to lower volume, which provide insufficient diffracting 

material, and the highest volume of 2.5 mL, which causes 

slight over-thickening. Overall, these results demonstrate that 

adjusting the precursor volume is a straightforward and effec-

tive way to optimize film quality. 

3.2. FTIR Analysis 

The functional groups and bonding nature of the Fe:TiO2 

thin films were identified by FTIR spectroscopy. Figure 3 fol-

lowing presents the resulting spectra for the various samples. 

 
Figure 3. FT-IR spectra of Fe:TiO2 thin films deposited using differ-

ent precursor volumes. 

The absorption bands at 777 cm-1 and 833 cm-1 are identi-

fied to be of Ti -O -Ti lattice vibrations, which proves the ex-

istence of the TiO2 network. The peaks of 920 cm-1 and 926 

cm-1 are related to Ti-O-Fe and Ti-O-Ti stretches, which 

means the effective insertion of Fe ions into the TiO2 frame-

work. The bands at 1464 cm-1 and 1514 cm-1 are C-H bending 

and potential C=C stretch vibrations, which indicate the exist-

ence of remaining organic species. The H-O-H bending vibra-

tions of the adsorbed water molecules are attributed to the ab-

sorption peak of 1652 cm-1 which was observed earlier [25]. 

The weak bands between 2800- 3000 cm-1 are associated with 

C -H stretching vibrations in the higher wavenumber region 

and the broad band in the 3200-3500 cm-1 region is due to O-

H stretching modes of hydroxyl groups. In general, the spec-

trum indicates the the existence of the TiO2 structure and the 

addition of Fe as well as minor traces of hydroxyl and organic 

groups as a characteristic of sol -gel thin films. 

3.3. UV-Vis Analysis 

The optical properties and band gap of the Fe:TiO2 thin 

films prepared using different amounts of precursors were in-

vestigated using ultraviolet- visible spectroscopy (UV-Vis). 

Absorbance spectra were obtained between the wavelength 

(300-900 nm) and optical band gaps were estimated based on 

Tauc plots of the absorption data. Quantitative evaluation of 

the forbidden energy gap (Eg) was carried out using Tauc 

methodology through graphical Tauc plot construction. Equa-

tion (4) gives the Tauc relation, [16]. 

(αhv) n= A (hv-Eg)                 (4) 

Figure 4 following presents (a) the absorbance spectra as a 

function of wavelength and (b) the Tauc plots of 

(𝛼ℎ𝜈)1/2 versus photon energy (ℎ𝜈) for films deposited us-

ing precursor volumes ranging from 0.5 ml to 2.5 ml. 
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Figure 4. (a) Absorbance spectra as a function of wavelength and (b) Tauc plots of (𝛼ℎ𝜈)1/2 versus photon energy (ℎ𝜈) for Fe-doped TiO2 

thin films deposited using precursor solution volumes ranging from 0.5 mL to 2.5 mL. 

From Figure 4 it is observed that the precursor volume ex-

erts a notable influence on the light harvesting characteristics 

and forbidden energy gap of the Fe:TiO2 coatings. The absorb-

ance spectra show the change of the absorption edge when the 

volume of the precursor changes, which indicates that the 

electronic structure of the films has been changed. The Tauc 

plots of the corresponding samples show that the optical band 

gap reduces from 3.30 eV (0.5 mL) down to 3.22 eV (1.0 mL) 

and then increases to 3.35 eV (1.5 mL) and 3.38 eV (2.0 mL) 

as shown in the figure. The band gap is then reduced a little to 

3.27 eV in the 2.5 mL sample. The observed reduction in band 

gap from 0.5 mL to 1.0 mL can be explained by the introduc-

tion of localized impurity states in the band gap structure of 

the TiO2 lattice, with the Fe ions allowing for lower-energy 

electronic transitions. This reduction in the band gap increases 

the amount of visible light absorbed by the film and indicates 

that 1.0 mL is the optimum amount of precursor to modify the 

refractive and absorptive behavior of the coatings. The follow-

ing increase in the band gap at 1.5 mL and 2.0 mL could be 

related to variations in film microstructure, decreased effi-

ciency of Fe substitution, or the introduction of structural dis-

order which diminishes the participation of Fe-induced inter-

mediate energy states. The small band gap shrinkage at the 

highest volume of the precursor can be attributed to the higher 

number of defect states and oxygen vacancies, which lead to 

the presence of more intermediate energy levels in the band 

gap and facilitate the absorption of visible-light radiation. 

From the results obtained it can be concluded that the precur-

sor volume has a critical role to tune the refractive and absorp-

tive behavior of the Fe:TiO2 coating, with the lowest optical 

response corresponding to the lowest precursor volume of 1.0 

ML. 

4. Conclusion 

The thin film of Fe:TiO2 was successfully prepared by sol-

gel spin coating method with different volumes of precursor 

solution and the thin film was annealed at 450°C and it was 

confirmed that anatase and rutile phases co-existed by XRD 

analysis. The presence or absence of Fe doping and annealing 

resulted in the formation of anatase and rutile phases, as evi-

denced by the (110) rutile and (200) anatase peaks. The results 

demonstrated that the volume of precursor had significant in-

fluence on the crystallinity, with the volume between 0.5 and 

1.0 mL gave better peak sharpness and quality of the crystals 

while the higher volumes resulted in broader peaks because of 

the increasing amount of strain and disorder in the crystals. 

FTIR revealed the formation of Ti-O-Ti and Ti-O-Fe bonds, 

which confirmed the incorporation of Fe into TiO2 lattice. The 

results obtained from UV-Vis showed a shift of the absorption 

edge toward longer wavelengths and a reduction of the band 

gap as the volume increases. Overall, it was determined that 

the best amount of precursor volume used was 1.0 mL, that 

resulted in better optical and structural properties. 

5. Recommendations 

Further investigation of the effect of other deposition pa-

rameters like spin speed, annealing temperature and film 

thickness on the structural and optical properties of Fe:TiO2 

thin films are suggested for future studies. Furthermore, the 

optimized thin film should be tested for its photocatalytic and 

photovoltaic properties to understand the practical results it 

obtains. 

Abbreviations 

DEA Diethanolamine 

Fe Iron 

TiO2 Titanium Dioxide 

UV Ultra Violet 

Fe:TiO2  Iron Doped Titanium Dioxide 

FTIR Fourier Transform Infrared Spectroscopy 
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UV-Vis Ultraviolet-Visible Spectroscopy 

XRD X-ray Diffraction 

FWHM Full Width at Half Maximum 

JCPDS Joint Committee on Powder Diffraction 
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