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Abstract 

Titanium dioxide (TiO2) thin films were successfully prepared on three different substrates (glass, quartz and silicon 

(Si(100)) at room temperature with a deposition time of 90 min using RF magnetron sputtering technique. The TiO 2  thin 

films are then air-annealed at 400°C for one hour  and the effect of the substrate type on the microstructure, morphology, 

surface topography, transmittance and optical band gap of these films was investigated by X-ray diffraction (XRD), Raman 

spectroscopy, scanning electron microscopy (SEM), atomic force microscopy (AFM) and UV-Visible (UV-Vis) 

spectrophotometry. XRD analysis showed that all thin films are polycrystalline and crystallize only in the tetragonal anatase 

structure of TiO2 with a preferential orientation along the (101) plane. The crystallinity, peak intensity, and crystallite growth 

are found to be substrate type dependent. The observed Raman peaks confirmed the presence of anatase phase in all 

samples in good agreement with XRD data. SEM and AFM images revealed that TiO2 thin films exhibit a different surface 

topography, which seems to be influenced by the substrate type, as expressed in terms of average grain size and surface 

roughness. Transmittance spectra put into evidence that the TiO2 thin film grown on quartz demonstrated a higher average 

transmission in the visible region than that deposited on glass substrate. Moreover, the obtained values of band gap and 

refractive index for TiO2 thin films deposited on glass and quartz substrates were found to be 3.615 and 3.512 eV, 

and 2.248 and 2.271, respectively.  

 

Keywords: TiO2 thin films; RF sputtering; Substrate type; microstructural study; optical properties; optoelectronic 

applications 

1. Introduction 

During the recent years, titanium dioxide (TiO2) has 

been the most extensively investigated material. This great 

enthusiasm is due to its outstanding properties such as long 

durability, non-toxic nature, availability, robustness [1–3], 

gas sensors [4], photocatalysts [5], multilayer optical 

coatings [6] and optical wave guides [7]. Moreover, 

according to electrochemical properties, TiO2 is known to 

be an n-type semiconductor [8]. All TiO2 polymorphs are 

low-cost semiconductor materials with high transparency, 

wide optical bandgap range (3.0–3.2 eV) [9–11], 

biocompatibility and high chemical stability [12]. Since 

TiO2 is characterized by a high chemical stability and a 

modest band gap it is suitable for fabricating dye-sensitized 

solar cells [13]. With a high refractive index TiO2 transmits 

visible light (600–800 nm) but absorbs UV light (200–300 

nm) [14]. On the other hand, it is well established that 

TiO2 exists in three different crystalline structures; anatase 

(trigonal), rutile (tetragonal) and brookite (orthorhombic) 

[15]. Therefore, Rutile is the stable high temperature 

phase (generally in the 600–1855°C), whereas anatase and 

brookite are metastable and are readily transformed to 

rutile when heated [16]. 

Many techniques have been used to deposit TiO2 thin 

films such as e-beam evaporation [17], chemical vapor 

deposition [18], sol-gel process [19], spray pyrolysis [20], 

hydrothermal method [21], metal–organic chemical vapor 

deposition [22], pulsed laser deposition [23], the ion beam 

technique,[24], plasma enhanced chemical vapor 

deposition (PECVD)[25],  electrophoretic [26], screen 

printing [27] and radio frequency (RF) magnetron 

sputtering [28–30]. Among these methods, magnetron 

sputtering which is an industrial process applicable to 

large-area deposition [31] has many advantageous 

characteristics such as lower substrate temperature, good 

film adhesion, good uniformity of thickness distribution, 

the film properties can be easily modified by doping. 

Thus, the RF Magnetron sputtering method has the 

ability to produce good quality thin films. However, there 

are many parameters which could influence the properties 

of RF sputtered thin films such as sputtering power [32], 

growing temperature [33], sputtering time [34], sputtering 

pressure [35], partial pressure [36], substrate-to-target 

distance [37]. However, substrate type is one of the most 
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interesting parameters in the preparation of TiO2 

nanostructured thin films. It has also been shown that by 

increasing growth temperature with different substrates [2], 

the structural properties of TiO2 thin films can be 

modified, and consequently its optical constants and 

absorption spectra. 

Several researches on RF Magnetron Sputtering TiO2 

thin film physical properties have been reported with 

different deposition parameters [38–42]. However a few 

works have discussed the effect of substrate type on thin 

films properties.  It has been reported that that materials 

such as glass and quartz are widely used as substrates due 

to their high transmittance [43–45]. In addition Meng et al. 

[46] and Nair et al. [47] have also used a quartz substrate 

to prevent light refraction. Sun et al. [48] reported that 

TiO2 coated on glass has good antibacterial, disinfectant, 

antifogging, and self-cleaning properties. 

In this work, TiO2 thin films were first grown on glass, 

quartz and Si(100) substrates at room temperature with a 

deposition time of 60 min using RF magnetron sputtering 

technique. Then, all samples were annealed during 1 hour 

at 400°C and the influence of substrate type on the 

microstructure, morphology, surface topography and 

optical properties of the TiO2 thin films was investigated by 

by using various characterization techniques. 

2. Experimental 

2.1. Thin film preparation  

TiO2 thin films were deposited by RF magnetron 

sputtering on glass, quartz and Si(100) substrates at room 

temperature from a 2-inch diameter commercial TiO2 

ceramic target with 99.99% purity. Prior to deposition, all 

substrates were degreased by detergent and rinsed with 

distilled water, ultrasonically cleaned using acetone, 

methanol, and deionized water, and then dried in blowing 

nitrogen. The sputtering chamber was initially evacuated to 

a base pressure of 3  10
-6

 mbar before the introduction of 

pure argon gas at a flow rate of 30 sccm (standard cubic 

centimeters per minute). During deposition, working 

pressure was fixed at 2  10
-3

 mbar using a VAT valve 

controller. An RF power of 200 W was applied to the 

TiO2 target. The operating distance between the substrate 

and the target was kept at 150 mm. A presputtering for 

about 25 min was done to remove contaminants from the 

surface of the target and to stabilize the sputtering process. 

The TiO2 thin films were grown for a deposition time of 

90 minutes. After that, a post-deposition annealing step 

was performed at 400°C for 1 hour to achieve better 

crystallization.  

2.2. Characterization techniques 

Several characterization methods were used to 

investigate the effect of substrate type on the physical 

properties of the RF sputter deposited TiO2 thin films. 

The identification of crystalline nature and phases was 

performed on Rigaku MiniFlex II diffractometer using 

CuKa X-rays (l = 0.15406 nm). The samples were scanned 

from 20° to 55° with a step size of 0.017° (2θ). Raman 

scattering spectra were carried out at room temperature 

using a HORIBA/Jobin-Yvon LabRam micro-Raman 

apparatus (HR-800). The monochromatic irradiation 

source is an argon ion laser with a wavelength of 514 nm. 

This radiation was focused on the surface of the sample 

using an Olympus confocal microscope equipped with a × 

100 objective. The spectra were recorded in the range 80-

1000 cm
-1

 and the accumulation time was been adjusted to 

obtain the best signal to noise ratio. The surface 

morphology of the samples was inspected by SEM on a 

Raith PIONEER system. The topography and surface 

roughness of the films were evaluated by AFM. The 

experiments were performed in contact mode by a 

Nanosurf Flex-AFM system equipped with a 10 μm × 10 

μm high resolution scanner. AFM images were recorded 

with a resolution of 256 × 256 pixels over scanning areas of 

2×2 μm
2

, and the Gwyddion software was used for image 

processing and surface roughness calculations [49]. A Safas 

UVmc
2

 ultraviolet–visible (UV–Vis) spectrophotometer 

was used to measure the optical transmittance spectra in 

the range of 250-1050 nm. The optical bandgap energy 

was then derived from the transmittance data. A Veeco 

Dektak 150 Surface Profiler was used to measure film 

thickness. The thickness of the TiO2 films is found to be 

150 ± 2 nm. 

3. Results and discussion 

3.1. XRD analysis 

Figure 1 shows the XRD patterns of TiO2 thin films 

deposited on three different substrates (glass, amorphous 

quartz and SiO2/Si). It can be noticed that all TiO2 thin 

films are found to be polycrystalline having an anatase 

structure (TiO2, JCPDS card # 04-0477) with preferred 

orientation along  the  (101) direction. Diffraction peaks 

belonging to anatase (004), (200) and (105) planes are also 

detected. However, no characteristic peaks of brookite 

and/or rutile appeared in the XRD spectra for all samples. 

It can clearly be seen that the peaks intensity was changed, 

indicating the effect of substrate type on the crystalline 

properties. The TiO2 thin film deposited on crystalline Si 

substrate shows the best crystallinity as compared to those 

prepared on amorphous quartz and glass substrates. This 
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may be attributed to the fact that the crystalline Si(100) 

with long-range ordered structure provides more fixed 

lattices for reactive atoms or clusters to land and solidify 

than the long-range disordered amorphous quartz and 

glass structures [50].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. XRD patterns of TiO2 thin films grown on glass, 

quartz and Si(100) substrates. 

 

In order to investigate the influence of substrate types 

on the crystallite growth, the average crystallite size of the 

samples was estimated from the full-width at half-

maximum (FWHM) of the most intense peak of anatase  

structure  corresponding to (101) reflection  with the help 

of the Scherrer equation [51]: 

 

  
    

     
        (1) 

where D  is the average crystallite size in  nanometers,   is 

the wavelength of the incident Cu Kα radiation (0.154056 

nm),   is the Bragg angle and is the FWHM of the 

XRD signal with peak position at 

    Figure 2 illustrates the variations of the average 

crystallite size and FWHM of TiO2 thin films as a function 

of substrate types.  

Figure 2. Crystallite size and FWHM of TiO2 thin films 

grown at different types of substrates. 

As can be seen, the FWHM decreases from 0.56° to 0.51° 

an then increases to 0.53° for the TiO2 films deposited on 

glass, quartz and Si(100) substrates. The calculated average 

crystallite size is found to be about 14.5, 16.0 and 15.3 nm, 

respectively. These observations suggest that the structural 

property of the TiO2 thin films is strongly influenced by 

the type of the substrate, which in consistent with results 

obtained in a previous study [52]. This may be attributed 

to the fact that the mobility of the atoms on the surface of 

the substrate, which is responsible for the degree and type 

of nucleation on the substrate. 

3.2. Raman spectroscopy study  

The Visible Raman spectroscopy was also carried out 

to investigate both microstructure and crystalline quality of 

the prepared TiO2 thin films. Figure 3 shows Raman 

spectra of the TiO2 thin films deposited on different types 

of substrates in the range of 100-800 cm
-1

.  

Figure 3. Raman spectra of TiO2 thin films grown on 

glass, quartz and Si(100) substrates.  

 

It can be seen that crystallization and anatase structures 

appear in all samples regardless the substrate type. The 

observed band positions are in good agreement with those 

reported in previous works for anatase phase [53, 54]. The 

Raman modes at 144, 197, 397, 518 and 640 cm
−1

 are 

assigned to the Eg, Eg, B1g, A1g and Eg modes, respectively, in 

the anatase phase structure [55]. The presence of a strong 

peak located at 144 cm
−1

 arising from the external 

vibration of the anatase structure is well pronounced; 

indicating that the anatase phase with a long-range order is 

present in all TiO2 films. The Raman peaks of TiO2 film 

grown on Si(100) substrate show higher intensities 

compared to those deposited on quartz and glass 

substrates suggesting that the crystalline quality of the 

prepared films is affected by the substrate type, which is in 

complete agreement with the above XRD results. It should 

be noted that the Raman peak of the TiO2 thin film grown 

on Si(100) measured around 303 cm
− 1

 is ascribed to the 
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overtone of 2TA(X) of the silicon substrate. Moreover, 

due to the high penetration depth of the 514 nm laser line, 

the very strong peak at 522.5 cm
−1

 from the LO phonon 

line of silicon is visible in the Raman spectrum, which 

masks the 518 cm
−1

 line from the anatase phase [56]. 

Figure 4 displays the main anatase mode peak located 

at 144 cm
-1

 as a function of the substrate type. It can clearly 

be seen that the FWHM of the band was altered, 

indicating the impact of the substrate type. The FWHM 

decreased from 10.0 cm
-1

 to 9.1 cm
-1

 then increased to 11.6 

cm
-1

 for the TiO2 films deposited on glass, quartz and 

Si(100) substrates, respectively, suggesting a changes in 

crystallite size in good agreement with the above XRD 

data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Enlarged view of the Eg mode (144 cm
-1

) spectra 

of TiO2 thin films grown on glass, quartz and Si(100) 

substrates. 

3.3. Surface morphology and topography 

Figure 5 shows top-view SEM micrographs taken at 

50,000x magnifications of TiO2 thin films prepared under 

the same conditions on glass, quartz and Si(100) 

substrates. As can be seen, the surface structures of TiO2 

thin films are different, putting clearly into evidence the 

effects of the substrate type. In fact, The TiO2 film grown 

on glass substrates is found to exhibit a smooth surface that 

consists of a very small spherical like grains with almost 

uniform size and aggregates of such particles, along with 

some pores distributed over the film surface. Whereas 

TiO2 film deposited on quartz substrates shows a very 

smooth surface with a more uniform and compact 

distribution of the grains. An increase in the grain size is 

also observed, indicating an enhancement in the 

crystallinity. However, the TiO2 film prepared on the 

Si(100) substrate shows significantly different surface 

features characterized by the formation of smaller size 

grains than those on quartz and larger than those on glass 

substrate distributed homogenously over the surface. The 

latter behavior in the grain morphology may be attributed 

to the crystallite growth of the film on the crystalline nature 

of the Si(100) substrate. Moreover, it can be concluded 

that grain size depends on the substrate nature and shows 

similar trend to that of crystallite size revealed by XRD 

data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Top-view SEM images of TiO2 thin films 

grown at different types of substrates: (a) glass, (b) quartz, 

and (c) Si(100). 

 

TiO2 thin films were further analyzed by AFM 

technique in the contact mode to investigate their 

topography and surface roughness. Figure 6 illustrates the 

two-dimensional (2D) and three-dimensional (3D) AFM 

topography images of TiO2 thin films prepared under the 

same conditions on glass, quartz and Si(100) substrates 

recorded over a 2.0 μm × 2.0 μm scanning area. It can be 

seen that TiO2 thin films exhibit a different surface 

topography with the agglomerates growing up along the 

surface, which seems to be strongly affected by the 

substrate type. From data analysis, one can deduce root 

mean square roughness (Rrms) values of 5.91, 4.12 and 8.80 

nm for TiO2 thin films grown on glass, quartz and Si(100) 

substrates, respectively. The TiO2 film prepared on 

Si(100) substrate possess a larger surface roughness, which 

is higher than the films grown on glass and quartz) 

substrates. The present results are consistent with those 

obtained by Cheng et al. [26]. They have reported that 
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TiO2 thin film deposited by DC sputtering method on 

Si(111) substrate is much rougher than films deposited on 

glass substrate, which was related to the higher density of 

anatase nuclei forming on crystalline surface during 

deposition. It should be noted that the TiO2 sample 

prepared on quartz substrate shows the smallest surface 

roughness value. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. 3D AFM images of TiO2 thin films grown at 

different types of substrates: (a) glass, (b) quartz, and (c) 

Si(100). 

3.4. Optical properties 

The optical transmittance is an essential parameter in 

determining the quality of transparent conducting oxides. 

It should be noted that since silicon is an opaque substrate, 

we will see almost nothing in transmittance below roughly 

1000 nm and transmittance spectra can be measured only 

for the transparent substrates. Thus, TiO2 thin films 

prepared on transparent substrates were studied at room 

temperature in the 200–1050 nm wavelength range in 

order to obtain optical constants such as transmission (T) 

and optical band gap energy (Eg).  Figure 7 illustrates the 

optical transmittance spectra of the TiO2 thin films grown 

on glass and quartz substrates and measured with respect 

to substrate. The data demonstrate a high transmission in 

the visible spectral region (400 - 800 nm). The average 

transmittance on glass substrate is about 81.94% and 

increases to about 83.64% for quartz substrate. The 

increase in average transmittance may be attributed to the 

morphological changes, structure with enhanced crystalline 

quality, as well as lower surface roughness as revealed by 

XRD data and AFM images. 

Figure 7. Optical transmittance spectra of TiO2 thin 

films grown on glass and quartz substrates. 

 

Optical band gap of semiconductor thin films is of great 

importance in several potential fields, in particular 

photovoltaic and optoelectronic applications To investigate 

the effect of substrate type on the direct optical band gap 

(Eg) of TiO2 thin films, we use the method based on the 

first derivative of transmittance (T) as a function of photon 

energy (E) whose detailed description can be found 

elsewhere [57]. The importance of such technique lies in 

its applicability to the determination of an accurate energy 

gap band value without knowing the film thickness. Based 

on the measured transmittance spectra, the dT/dE curves 

of the TiO2 samples deposited on glass and quartz 

substrates are displayed in Figure 8. Band gap values of 

3.615 and 3.512 eV are obtained for the samples grown on 

glass and quartz substrates, respectively. These values show 

a good agreement with previous reported direct optical 

band gap values of TiO2 thin films ranging from 3.50 to 

3.80 eV [58, 59]. The decrease in the band gap energy of 

the TiO2 film deposited on quartz substrate may be 

attributed to the improvement of crystallinity of anatase 

phase along with morphological changes. Indeed, it has 

been reported that red-shift of band gap in thin films may 

be attributed to different reasons such as enhancement in 

crystallinity, variation in crystallite dimension, increase of 

the grain size and quantum size effect [60, 61]. 
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Figure 8. dT/dE curves based on transmittance spectra of 

TiO2 thin films grown on glass and quartz substrates. 

 

Refractive index (n) of semiconductor thin films is an 

essential parameter to be determined in order to be used 

in the design and fabrication of desired optical elements 

and devices To do so, we adopted the methodology 

applied by Duffy [62, 63] to a number of simple oxides 

such as SiO2, MgO and TiO2. In fact, Duffy [62] proposed 

the following relation between the linear refractive index 

and the optical band gap: 

 

     (  
    

    
)
 

                                                      (2) 

We used this equation, applicable to various oxides 

[64], to estimate the refractive index of TiO2 thin films 

from the energy gap. Form Eq. (2) we deduce the 

following explicit expression of n:  

 

  (
   √

  
  ⁄

√  
  ⁄

)

 

 

                                 (3) 

The obtained data showed that the linear refractive 

index of the films is found to be 2.248 and 2.271 for TiO2 

films deposited on glass and quartz substrates, respectively. . 

The refractive index enhancement may be ascribed to 

the increase in packing density owing to the further particle 

agglomeration during deposition and after annealing. 

Moreover, this tendency for the refractive index to 

increase in the case of quartz substrate is in good 

agreement with the improvement in crystallinity and better 

densification of the TiO2 films as revealed by XRD spectra 

and SEM images. 

4. Conclusion 

TiO2 thin films have successfully been deposited on 

glass substrates by the RF magnetron sputtering technique. 

The dependencies of the structural, morphological and 

optical properties on the annealing temperature (350, 450 

and 550°C) have been systematically investigated. XRD 

spectra have shown that all the TiO2 thin films are 

polycrystalline having anatase phase only with a 

preferential orientation of (101). Moreover, increasing 

annealing temperature has been found to improve the 

crystallinity and crystallite growth. The Raman studies have 

confirmed that TiO2 films have crystallized in the 

tetragonal anatase phase and their crystal quality has been 

enhanced with annealing. SEM and AFM images have 

revealed that the as-deposited film demonstrated 

homogeneous and smooth surface consisting of small grain 

size particles, whereas increasing the annealing 

temperature resulted in more compact film with larger 

grain size and rougher surfaces. The UV–Vis. 

measurements have shown that the as-deposited TiO2 film 

is highly transparent with an average transmittance of 84 % 

in the visible region. With increasing annealing 

temperature a decrease in the average transmittance and a 

red shift in the direct optical band gap from 3.76 to 3.50 

eV have been observed. 
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