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Abstract: Ti1-xHoxO2 (x= 0.0, 0.01, 0.02, 0.03) thin films are synthesized by a sol-gel method 

and deposited by a dip-coating technique on the glass substrates. The films’ crystal structures 

are examined by an X-ray diffraction technique, while the morphological properties are 

investigated by scanning electron microscopy and atomic force microscopy. UV-Vis and 

photoluminescence spectrophotometry are used to analyze the optical properties. Based on the 

X-ray diffraction patterns, all the films belong to the anatase phase. It is observed that the 

surface characteristics, such as the morphology, film thickness, and roughness change 

significantly with the holmium substitution. The optical investigations reveal that the 

transmittance, band gap energies, and luminescence properties can be adjusted by the holmium 

substitution. According to the current study, holmium substituted TiO2 thin films with 

improved optical properties may be a suitable candidate for applications that require a wide 

band gap and high optical transparency as well as luminescence properties. 

Key words: TiO2 thin films, Ho substitution, Optical transmittance, Photoluminescence 

properties 

1. Introduction 

Titanium dioxide (TiO2) is one of the most attractive metal oxides with wide band gap 

(~3.00–4.16 eV) and high optical transmittance [1,2]. TiO2 is also a promising 

semiconductor due to its high transparency, refractive index, ultraviolet absorption, and 

photocatalytic activity, making it suitable for the development of next-generation 

optoelectronic devices, including photocatalytic systems, optical sensors, photodiodes, 

phototransistors, solar cells, LEDs, and OLEDs [3]. Furthermore, due to its nontoxicity 

and biocompatibility, TiO2 is commonly used in various biotechnological applications 

such as antibacterial utilities, medicines, air/water purification systems, and cosmetics. 

Its long-term physical and chemical stability in addition to low-cost and practical 

synthesis methods are significant advantages for device applications.  

Different crystallographic phases, including anatase, rutile, and brookite of TiO2 can be 

synthesized by changing the production conditions, such as temperature and pressure. 

However, rutile and anatase phases are the most commonly used phases in optical 

applications. Fabrication of TiO2, in particular, as a thin film rather than as a bulk offers 

the opportunity for it to be deposited onto different substrates, which enables the 

production of flexible devices [4]. There are many methods, including chemical spray 

pyrolysis, electron-beam evaporation, RF sputtering, chemical vapor deposition, and 

pulsed laser deposition to produce anatase TiO2 thin films [5–9]. Due to these methods' 
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complex, expensive, and time-consuming manufacturing processes, researchers have 

focused on wet chemical methods, such as hydrothermal, chemical bath, and sol-gel, 

which give desired results in thin film deposition. Among them, the sol-gel method is one 

of the most attractive methods due to its simple, inexpensive, fast, and practical 

production processes. This method makes it possible to produce pure and homogeneous 

thin films with a controllable stoichiometry at relatively lower temperatures. In addition, 

it enables the fabrication of thin films with different morphologies and optical properties 

by changing the solution chemistry and the deposition parameters. The sol-gel method 

with deposition techniques, such as dip-coating and spin-coating provides high-quality 

thin films with stable optical properties [10]. Thin film surface properties, including grain 

distribution, size and orientation, film thickness, and roughness play crucial roles in the 

optical properties of TiO2. Many previous studies have revealed the strong relationships 

between the morphological properties and optical properties of TiO2 thin films [11,12]. 

Various strategies have been developed to modify the current properties of TiO2 thin 

films, such as doping with metal or nonmetal ions, forming oxygen vacancies in the 

crystal lattice, deposition of various noble metals, combinations with other 

semiconductors, and interfacial modifications [13]. Undoubtedly, the most practical and 

effective method among these is doping to the semiconductor’s crystal structure. A 

typical doping process is based on the controlled incorporation of foreign atoms into the 

crystal lattice. Doping even a small amount of foreign atoms can change the band gap of 

the semiconductor, increase the amount of charge carriers, and significantly improve the 

emission properties. In regard to doping studies carried out so far, different factors exist 

that can affect the final sample, such as production methods and parameters, types of 

precursor materials and ratios, and solvents. Therefore, each doping processing method 

should be evaluated within itself in terms of its conditions [14,15]. Namely, even if the 

same element is doped, different results can be obtained. The doping of rare earth 

elements (REs) is one of the most effective techniques for the structural and 

morphological manipulation of TiO2 as a semiconductor [16]. RE3+ ions provide superior 

electronic, optical, and chemical properties in a wide range of applications due to their 4f 

electron configuration. Among RE3+ ions, holmium (Ho) is one of the most attractive 

metals due to its large atomic radius and luminescence properties originating from the f-

f electronic transition within the partially filled 4f orbitals. By optimizing the doping 

process of Ho3+ ions, it is possible to tune the band gap and optical characteristics of TiO2 

by introducing impurity energy levels into the electronic structure [17]. In addition, the 

combination of titanium and holmium atoms creates several oxide forms, providing a high 

magnetic moment, susceptibility, and dielectric permittivity [18]. Compared to other REs, 

however, fewer studies were conducted on Ho doping on TiO2. The existing reports 

mainly focus on its photocatalytic, photovoltaic, magnetic, optoelectronic, and 

piezoelectric properties [19–23]. However, in these reports, powder or bulk forms of 

titania, rutile or oxide-mixed crystal phases have been investigated. To our knowledge, 

no detailed report has been published on the structural and optical properties of Ho doped 

anatase TiO2 thin films produced by the sol-gel based dip coating technique. Thus, in this 

study, the effect of holmium (Ho) on the morphological and optical properties of anatase 

TiO2 was investigated. Ti1-xHoxO2 (x= 0.0, 0.01, 0.02, 0.03) thin films were produced via 

a sol-gel method. The influence of Ho substitution on the structural, morphological, and 

optical properties was examined by various techniques and significant changes were 

reported. 
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2. Materials and Methods 

A sol-gel method was used to prepare the aqueous solution and a dip-coating technique 

was used for the deposition of the thin films. A schematic diagram of the preparation of 

the samples is given in Figure 1. All the films were deposited on a glass substrate using a 

0.5 M aqueous solution containing titanium (IV) butoxide (Ti(OCH2CH2CH2CH3)4) and 

holmium(III) nitrate pentahydrate (Ho(NO3)3·5H2O) as precursor materials. A 

substitutional doping process was carried out. Ethanol was used as a solvent and 

acetylacetone was used as a chelating agent. A mixture of hydrochloric acid and distilled 

water was added to the solution dropwise for hydrolysis. The final solution was stirred 

for two hours at room temperature. After aging overnight, ultrasonically cleaned glass 

substrates were dip-coated five times. Finally, an annealing process at 600 ℃ for one 

hour was applied to all the samples to obtain an anatase crystal phase. An X-ray 

diffractometer (PANalytical, Empyrean) was used to analyze the crystal structure, while 

a scanning electron microscope (FEI, Quanta FEG 250) and an atomic force microscope 

(Bruker, EDGE 3-SYS) were used to examine the surface morphology of the films. A 

UV-Vis spectrophotometer (Shimadzu, UV Pharmaspec 1700) was used to investigate 

the optical transmittance, whereas a photoluminescence spectrophotometer (Horiba, 

FluoroMax-4) equipped with a Xenon lamp was used to analyze the luminescence 

properties of the samples. The excitation wavelength used was 365 nm.  

 
Figure 1. Schematic diagram of the preparation of Ti1-xHoxO2 (x= 0.0, 0.01, 0.02, 0.03) thin films 

3. Results 

The X-ray diffraction patterns of the samples are given in Figure 2. All samples belong 

to the tetragonal anatase phase of TiO2 with the diffraction peaks of (101) and (200). 

There is preferential growth along the (101) surface due to its lowest surface energy [24]. 

While no impurity peaks are observed in the undoped TiO2, the impurity peaks of the 

diholmium titanate (Ho2TiO5) phase are detected with increasing Ho concentration. Thus, 

it can be said that some of the dopant ions do not enter the crystal lattice but instead form 

the Ho2TiO5 based secondary crystal phases, which reach a considerably high intensity 

level in Ti0.97Ho0.03O2. Furthermore, a slight increase is observed in the intensity of both 

the (101) and (200) peaks with increasing Ho concentration. 
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Figure 2. X-ray diffraction patterns of Ti1-xHoxO2 (x= 0.0, 0.01, 0.02, 0.03)  

The lattice parameters, crystallite size, lattice strain, and dislocation density values of the 

samples are summarized in Table 1. The lattice parameters for a tetragonal crystal system 

are calculated by the Bragg’s law, which is given below [25]:  

                                                  
1

𝑑2
=

ℎ2 + 𝑘2

𝑎2
+

𝑙2

𝑐2
                                                                   (1) 

where, 𝑑 is the interplanar spacing between the crystal planes, ℎ, 𝑘, 𝑙 are the Miller 

indices, 𝑎 and 𝑐 (𝑎 = 𝑏 ≠ 𝑐) are the lattice parameters of the tetragonal crystal system. 

The crystallite size values of the samples are determined using the Scherrer equation, 

which is given as [25]:  

                                                   𝐷 = 0.941𝜆/𝛽𝑐𝑜𝑠𝜃                                                                  (2) 

where 𝐷 is the crystallite size, 𝜆  is the wavelength of the X-ray, 𝛽 is the full width at half 

maximum (FWHM), and 𝜃 is the diffraction angle. The microstrain values are calculated 

using the formula given below [26]: 

                                                         𝜀 =
𝛽𝑐𝑜𝑠𝜃

4𝑠𝑖𝑛𝜃
                                                                            (3) 

Finally, for the density dislocation calculations, the Williamson–Hall relation is used as 

given below [27]: 

                                                               𝛿 =
1

𝐷2
                                                                             (4) 

where 𝛽 is the (FWHM), 𝜃 is the diffraction angle, and D is the crystallite size. 
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Table 1. Lattice parameters, crystallite size, lattice strain, dislocation density, and film thickness values of 

Ti1-xHoxO2 (x= 0.0, 0.01, 0.02, 0.03)  

 

Sample 

Lattice parameters 

a (Å)= b (Å) c (Å) 

Crystallite  

size (nm) 

Microstrain 

 (10-3) 

Discolation  

Density (10-3) 

(nm-2) 

Film 

thickness 

(nm) 

TiO2 3.78 9.49 13 12.63 5.91 60.93 

Ti0.99Ho0.01O2 3.93 9.21 9 19.01 12.3 68.14 

Ti0.98Ho0.02O2 3.80  9.65 11 14.25 8.26 75.02 

Ti0.97Ho0.03O2 3.66 9.29 12 13.69 6.94 82.34 

 

According to Table 1, the 𝑎 lattice parameter of undoped TiO2 is 3.78 Å, while it increases 

to 3.93 Å for Ti0.99Ho0.01O2. Then, a gradual decrease is observed in the 𝑎 lattice parameter 

values with increasing Ho substitution ratio and reaches its minimum in Ti0.97Ho0.03O2. 

The Ho3+ ions have a larger ionic radius (0.901 Å) than that of the Ti4+ ions (0.605 Å). 

Thus, the incorporation of Ho3+ ions into the Ti4+ sites is expected to create lattice 

expansion and tensile microstrain in the TiO2 [28]. At 1% Ho, the increment of the 𝑎 

lattice parameter indicates that the Ho3+ ions cause an expansion along the 𝑎-direction of 

the TiO2 tetragonal lattice. This result is in agreement with the highest tensile microstrain 

value of Ti0.99Ho0.01O2 given in Table 1. It is also interesting to note that the Ho2TiO5 

phase begins to form in this sample, which is shown by weak XRD peaks yet do not affect 

the substitution process, according to the crystal parameters (Table 1). As the Ho 

concentration increases, the substitution ratio decreases, and unsubstituted Ho3+ ions 

promote further formation of the Ho2TiO5 phase. Accordingly, the expansion along the 

𝑎-direction tends to decrease at relatively higher Ho concentrations. Previously, the 

increment up to a certain doping level and then decrement of the 𝑎 lattice parameter has 

been observed in ZnO thin films and has been associated with the difference in dopant 

ionic radii, which is also supported by our current results [29]. The 𝑐 lattice parameter is 

9.49 Å for the undoped sample and decreases to 9.21 Å for Ti0.99Ho0.01O2. While a slight 

increase is observed in Ti0.98Ho0.02O2, it decreases in Ti0.97Ho0.03O2. These variations in 

lattice parameters can be attributed to the different incorporation rates of Ho3+ ions into 

the TiO2 host crystal lattice as well as the formation of the Ho2TiO5 phase. The crystallite 

size values are 13 nm, 9 nm, 11 nm, and 12 nm for TiO2, Ti0.99Ho0.01O2, Ti0.98Ho0.02O2, 

and Ti0.97Ho0.03O2, respectively. Positive microstrain values are observed for all the 

samples, confirming the tensile strain of the lattice (Table 1). The undoped sample has 

the lowest microstrain value. At 1% Ho, a significant increase occurs in the microstrain 

of Ti0.99Ho0.01O2, and then, with increasing Ho concentration, shows a gradual decrease 

to a value still higher than the undoped one. This observation aligns with a similar result 

reported previously, which confirms that Ho ions result in a distortion in the TiO2 crystal 

lattice [19]. This enhancement in the microstrain might be caused by several factors, such 

as crystal defects, lattice mismatch, and the difference between the ionic radius of the 

dopants and the host ions [30,31]. Dislocations can be defined as imperfections in a 

crystal, while dislocation density describes the dislocation lines per unit volume of the 

crystals [32]. According to the dislocation density values given in Table 1, the 

incorporation of Ho3+ ions into the TiO2 lattice creates lattice distortions, which is 

attributed to the defect concentration. 

Figure 3 shows the top and cross-sectional SEM images of the Ti1-xHoxO2 (x= 0.0, 0.01, 

0.02, 0.03) thin films. As shown in Figure 3(a), undoped TiO2 has a homogenous surface 

distribution of uniformly sized spherical particles. With the incorporation of Ho3+ ions 

into the crystal structure, at a concentration of 1%, the surface morphology significantly 

changes. Many more grain formations with different shapes including both smaller and 

larger particles are observed, compared with that of the undoped sample (Figure 3(b)). 

When the Ho concentration is 2%, the number of large particles decreases (Figure 3(c)). 

At 3% Ho, quite large polyhedral clusters with sharp edges are observed on the surface 
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(Figure 3(d)). Thus, it can be said that the surface is quite far from a uniform distribution 

at 3% Ho. 

 
Figure 3. Top and cross-sectional (shown in inset) SEM views of (a) TiO2, (b) Ti0.99Ho0.01O2, (c) 

Ti0.98Ho0.02O2, and (d) Ti0.97Ho0.03O2  

The film thicknesses were measured from the cross-sectional SEM views of the films and 

are given in Table 1. The film thicknesses are 60.93 nm, 68.14 nm, 75.02 nm, and 82.34 

nm for TiO2, Ti0.99Ho0.01O2, Ti0.98Ho0.02O2, and Ti0.97Ho0.03O2, respectively. It can be 

concluded that the thickness of the films increases gradually with Ho substitution. EDX 

area analysis spectra of the samples are given in Figure 4, while the mapping results of 

Ti0.97Ho0.03O2 is given in Figure 5. The elemental concentrations of all the samples are 

given in Table 2. In addition to Ti, O, and Ho peaks, the spectra include some impurity 

peaks such as Si and Na, which come from the substrate used, as well as, Au peaks, which 
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come from the conductive coating of SEM measurements. For the undoped sample, the 

elemental concentrations of Ti and O are 33.32 and 66.68 (atomic %), respectively. For 

Ti0.97Ho0.03O2, the elemental concentrations of Ti, O, and Ho are 29.28, 65.87, and 4.85 

(atomic %), respectively. The mapping images confirm the homogeneous distribution of 

the Ho3+ ions in the TiO2 microstructure. 

 
Figure 4. EDX analysis spectra of Ti1-xHoxO2 (x= 0.0, 0.01, 0.02, 0.03)  

 
Figure 5. EDX mapping images of Ti0.97Ho0.03O2 

Table 2. Elemental concentrations of Ti1-xHoxO2 (x= 0.0, 0.01, 0.02, 0.03) 

Sample Element Atomic (%) 

 

TiO2 

Ti 33.32 

O 66.68 

 

Ti0.99Ho0.01O2 

Ti 31.94 

O 65.33 

Ho 2.73 

 

Ti0.98Ho0.02O2 

Ti 30.60 

O 66.13 

Ho 3.27 

 

Ti0.97Ho0.03O2 

Ti 29.28 

O 65.87 

Ho 4.85 
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Figure 6 shows the top and perspective AFM views of the Ti1-xHoxO2 (x= 0.0, 0.01, 0.02, 

0.03) thin films. In all the images, an area of 5x5 µm was scanned. The top views of the 

film surfaces are shown on the left, while perspective views are shown on the right. 

According to the images, whereas there is a homogeneous particle distribution in the 

undoped TiO2, the clusters forming on the surfaces can clearly be seen in the doped 

samples, in accordance with the SEM results.  

 

Figure 6. Top (left) and perspective (right) AFM views of Ti1-xHoxO2 (x= 0.00, 0.01, 0.02, 0.03)   

For a further investigation of the films’ surface profile, roughness analyzes were carried 

out. The roughness parameters of all the samples, including average roughness (𝑅𝑎), root 

mean square roughness (𝑅𝑞), maximum roughness (𝑅𝑚𝑎𝑥), skewness (𝑅𝑠𝑘), and kurtosis 

(𝑅𝑘𝑢) are presented in Table 3. The (𝑅𝑎) is 3.20 nm for undoped TiO2, which increases 

to 3.61 nm in Ti0.99Ho0.01O2. When the Ho concentration reaches 2%, the 𝑅𝑎 value is 

obtained as 4.54 nm. Finally, at a concentration of 3% Ho, it reaches its maximum, with 
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a value of 5.02 nm. The formation of larger particles due to Ho substitution could be 

responsible for this slight increase in the roughness values due to the variation in height 

differences on the film surfaces. The 𝑅𝑞 value is a measure of the standard deviation of 

the Z height and is also known as RMS. This parameter defines the roughness by 

statistical methods, unlike the arithmetic average height (𝑅𝑎) and gives more precise 

results than 𝑅𝑎 in terms of significant deviation from the reference line [33]. Although 

𝑅𝑎 is used more frequently in surface roughness definitions, 𝑅𝑞 values should also be 

considered when examining roughness properties. 𝑅𝑞 values are obtained as 4.16 nm, 

4.58 nm, 6.00 nm, and 6.27 nm for TiO2, Ti0.99Ho0.01O2, Ti0.98Ho0.02O2, and Ti0.97Ho0.03O2, 

respectively, showing a gradual increment with Ho substitution. As expected, the 𝑅𝑞 

values are higher than those of 𝑅𝑎 and have the same increasing tendency with Ho 

concentration rate. Morphological changes previously observed in SEM, such as 

increasing film thickness, change in grain sizes, formation of clusters on the surface, and 

formation of secondary oxide phases with Ho substitution, can be attributed to the 

increase in both 𝑅𝑞 and 𝑅𝑎 values. The 𝑅𝑠𝑘 values, which show the degree of asymmetry 

of the profile about the reference line, are obtained as 0.97, 0.44, 0.88, and 0.24 for TiO2, 

Ti0.99Ho0.01O2, Ti0.98Ho0.02O2, and Ti0.97Ho0.03O2, respectively. These positive skewness 

values mean the peaks are predominantly distributed on all the film surfaces. The 𝑅𝑘𝑢 

values of the samples are obtained as 4.91, 3.67, 4.78, and 3.13 for TiO2, Ti0.99Ho0.01O2, 

Ti0.98Ho0.02O2, and Ti0.97Ho0.03O2, respectively. 𝑅𝑘𝑢 values higher than 3 mean the film 

surfaces is defined as leptokurtic [33].  

Table 3. Roughness parameters of Ti1-xHoxO2 (x= 0.00, 0.01, 0.02, 0.03)  

Parameters 𝑹𝒂 (𝒏𝒎) 𝑹𝒒  (𝒏𝒎) 𝑹𝒎𝒂𝒙(𝒏𝒎) 𝑹𝒔𝒌 𝑹𝒌𝒖 

Samples 

TiO2 3.20 4.16 41.9 0.97 4.91 

Ti0.99Ho0.01O2 3.61 5.58 42.6 0.44 3.67 

Ti0.98Ho0.02O2 4.54 6.00 51.4 0.88 4.78 

Ti0.97Ho0.03O2 5.02 6.27 48.2 0.24 3.13 

 

Figure 7 illustrates the optical transmittance graphs, while Table 4 presents the 

corresponding average transmittance values of Ti1-xHoxO2 (x= 0.0, 0.01, 0.02, 0.03) thin 

films. The average optical transmittance of the undoped sample in the visible region is 

62%. With the Ho substitution, the average optical transmittance is obtained as 65% in 

Ti0.99Ho0.01O2, while it is 77% in Ti0.98Ho0.02O2, showing a considerable increment. 

Finally, Ti0.97Ho0.03O2 shows the highest optical transmittance value of 80%. It is clear 

that Ho substitution improves the optical transmittance of TiO2 thin films produced by 

the current method. The increment in the optical transmittance values of TiO2 thin films 

by various doping processes has been observed in previous studies [11,16,34]. Many 

factors, such as film thickness, surface properties, roughness, crystal defects, annealing 

temperature and conditions, affect film transparency [35,36]. For the current study, the 

reduction in crystallite size with Ho substitution might hinder the light scattering, causing 

an increased optical transmittance in the visible region [35,37]. Furthermore, previous 

studies have emphasized that the transmittance properties are associated with crystal 

lattice defects [6,36,38]. In particular, the boost observed in the optical transmittance of 

Ti0.98Ho0.02O2 might be attributed to the sharp decrease in the dislocation density of this 

sample (Table 1). Moreover, the formation of Ho2TiO5 particles might be responsible for 

the increased light transmission, which also needs further research. 
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Figure 7. Optical transmittance graphs and Tauc’s plots (shown in the inset) of Ti1-xHoxO2 (x= 0.0, 0.01, 

0.02, 0.03) 

Table 4. Average optical transmittance, band gap energy, and refractive index values of Ti1-xHoxO2 (x= 

0.00, 0.01, 0.02, 0.03) 

      Sample Average optical 

transmittance (%) 

Band gap 

energy (eV) 

Refractive index 

TiO2 62 3.58 2.17 

Ti0.99Ho0.01O2 65 3.69 2.14 

Ti0.98Ho0.02O2 77 3.46 2.20 

Ti0.97Ho0.03O2 80 3.56 2.17 

 

 
Figure 8. (a) The relationship between the average roughness and the average optical transmittance 

versus different Ho concentrations, (b) The relationship between the optical transmittance and the film 

thickness of the films versus different Ho concentrations 

Figure 8(a) shows the relationship between the average roughness and the average optical 

transmittance values of all the samples. According to the graph, films’ optical 

transmittance and roughness values increases with Ho substitution. Accordingly, it can 

be concluded that roughness-induced light scattering do not suppress an increase in the 

optical transmittance of the films with Ho substitution [34]. Figure 8(b) shows the 
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relationship between the optical transmittance values and the film thickness of the 

samples versus different Ho concentrations. It is clear from the graph that the optical 

transmittance of the samples increases with the Ho concentration despite an increase in 

film thickness.  

From the transmittance spectrum, the absorption coefficient (𝛼) can be calculated by the 

equation given below [39]: 

𝛼 =
1

𝑑
(𝑙𝑛

1

𝑇
 )                                                                    (5)  

where 𝑇 is the transmittance, and 𝑑 is the thickness of the film. The band gap energy is 

determined using the equation given as [40]: 

 

𝛼 =  
𝐴(ℎ𝑣 − 𝐸𝑔)𝑛

ℎ𝑣
                                                                  (6) 

 

where ℎ𝑣 is the photon energy, and 𝐴 is the photon energy independent constant. The 

exponent 𝑛 has a value of 1/2 for direct transitions and a value of 2 for indirect transitions. 

For indirect transitions, the equation can be written as [12]: 

 

                                               (𝛼ℎ𝑣)1/2 = 𝐴 (ℎ𝑣 − 𝐸𝑔)                                                      (7) 

The indirect band gap energies (𝐸𝑔) of the samples were calculated from Tauc’s plots, 

which are given in the inset of Figure 7, showing extrapolation of the linear portion of the 

plot (𝛼ℎ𝑣)1/2 as a function of ℎ𝑣. The 𝐸𝑔 values of all the samples are given in Table 4. 

The values obtained are in agreement with previous reports [6,37]. The 𝐸𝑔 values of the 

samples are calculated as 3.58 eV, 3.69 eV, 3.46 eV, and 3.56 eV for TiO2, Ti0.99Ho0.01O2, 

Ti0.98Ho0.02O2, and Ti0.97Ho0.03O2, respectively. The band gap values of TiO2 thin films are 

highly dependent on the production methods, electronic structure, chemical compositions 

and ratios, heat treatment procedures, surface morphology, and crystal properties. A 

widening in the 𝐸𝑔 of Ti0.99Ho0.01O2 can be attributed to the sharp decrease in the 

crystallite size of this sample (Table 1). On the other hand, a narrowing of 𝐸𝑔 in 

Ti0.98Ho0.02O2 is attributed to the introduction of new impurity levels through substitution 

[34]. As the Ho concentration increases, factors such as the increase in the crystallite size 

and the creation of lattice defects might be responsible for the further increase in the 𝐸𝑔 

of Ti0.97Ho0.03O2 [6]. 

The refractive indices of the samples were estimated by a general relation between the 

refractive index and energy gap in semiconductors proposed by Hervé and Vandamme 

[41]:  

𝑛2 = 1 + (
𝐴

𝐸𝑔 + 𝐵
)2                                                                (8) 

where, A is the hydrogen ionization energy, which equals 13.6 eV, while B is the constant 

assumed to be the difference between the UV resonance energy and band gap energy, and 

equals 3.47 eV [29,42]. Refractive index (𝑛) values are given in Table 4. The 𝑛 value is 

obtained as 2.17 for the undoped sample, while it is 2.14 for Ti0.99Ho0.01O2. After showing 

the maximum value of 2.20 for Ti0.98Ho0.02O2, interestingly, it decreases again to 2.17 in 

Ti0.97Ho0.03O2. In previous studies, an increment [16,43], a decrement [44], and 

fluctuations [45] of the refractive index of TiO2 with doping have been observed. The 

change in the refractive index has been associated with different factors such as crystal 

phase, crystallite size, annealing temperature, packing density, porosity, and film density 
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[46]. In addition, condensation and evaporation processes during the preparation of sol-

gel based materials as well as the heat treatment and withdrawal speed of the substrate 

during the dip coating processes may also be responsible for the changes in the reactive 

index by affecting the surface characteristics [47]. 

 

The photoluminescence (PL) emission spectra of Ti1-xHoxO2 (x= 0.0, 0.01, 0.02, 0.03) 

thin films are given in Figure 9. All the samples exhibit a broad visible emission band 

ranging from 460 to 600 nm. The undoped sample’s emission band is centered at 526 nm, 

while a slight blueshift is observed at 1% and 2% Ho. The peak center of the emission 

band is measured as 524 and 523 nm for Ti0.99Ho0.01O2 and Ti0.98Ho0.02O2, respectively. 

At 3% Ho, the peak center is 524 nm for Ti0.97Ho0.03O2. The emission intensity of the 

samples increases as the Ho concentration is raised to 2%. The maximum emission is 

observed in Ti0.98Ho0.02O2, and then it shows a sharp reduction in Ti0.97Ho0.03O2. In the 

case of doped TiO2 thin films, it has been previously observed that PL emissions are 

quenched or even disappear at higher doping ratios [48,49]. The variation in PL intensity 

is attributed to the change in defect states on the shallow level of the thin film surfaces 

[50]. Thus, it can be inferred that the recombination rate of photogenerated electrons and 

holes on the shallow level of the film sharply decreases in Ti0.97Ho0.03O2 [50,51]. In 

addition to these results, it is noteworthy that the intense formation of the Ho2TiO5 as a 

secondary phase could be also responsible for the PL quenching in Ti0.97Ho0.03O2. 

 
Figure 9. PL emissions of Ti1-xHoxO2 (x= 0.0, 0.01, 0.02, 0.03) 

4. Conclusion 

Ti1-xHoxO2 (x= 0.0, 0.01, 0.02, 0.03) thin films were prepared by a sol-gel method and a 

dip-coating technique. The influence of Ho substitution on the crystallographic, 

morphologic, and optical properties of TiO2 thin films was investigated. According to the 

X-ray diffraction analyzes, all the films belong to the anatase phase of TiO2. Nevertheless, 

with increasing Ho concentration, a secondary phase of Ho2TiO5 is observed. SEM 

images show that Ho substitution has significant effects on the morphological properties 

of TiO2 thin films. The AFM measurements reveal that the Ho substitution increases the 

average roughness of the TiO2 thin films. The increase in both the thickness and 
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roughness values of the films with the increase in Ho concentration does not hinder the 

enhancement of the optical transmittance of the samples. Furthermore, the visible region 

PL emission increases as the Ho concentration is increased up to 2%, and then decreases 

sharply at 3% Ho, indicating that a quenching occurs in substituted samples beyond a 

certain level (2% for the current study). Overall, it can be concluded that Ho substitution 

at relatively lower rates (x < 3%) is an efficient way to improve the optical properties of 

TiO2 thin films, which are good candidates for next-generation optoelectronic 

applications. 
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