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The aim of this paper is to characterize TiO2/ ZnO multilayer thin films using Raman spectroscopy. The TiO2/ZnO films 
were prepared using the sol-gel spin coating method. Additionally the surface morphology and crystal structure of thin films 
were characterized by means of profilometry. The profilometer results showed that the surfaces of the samples are not 
uniform.  The thickness of the sample was identified in the µm range. Raman spectroscopy revealed a sharp and strong 
peak at 436.9 cm

−1
 due to ZnO. The observed peak is assigned as the optical phonon E2 mode which is a characteristic 

Raman-active peak for the wurtzite hexagonal phase of ZnO. The TiO2/ZnO substrate exhibited many peaks. The existence 
of the 436.9 cm

−1
 peak in the TiO2/ZnO thin film confirmed the E2 mode of ZnO. The appearance of three peaks, 395.6 

cm
−1

, 514.9 cm
-1

 and 629.7 cm
-1

, confirmed the anatase TiO2 phase, and the peak at 342.5 cm
−1

 confirmed the rutile TiO2 in 
the TiO2/ZnO. The presence of all corresponding ZnO and TiO2 peaks in the Raman scattering indicate that the TiO2/ZnO 
thin-film substrates exist as a mixed crystalline structure of both materials.  
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1. Introduction 
 

The present work aims to investigate the crystal 

quality, structural defects and disorders of mixed 

TiO2/ZnO and TiO2/ZnO/TiO2/ZnO oxide composite 

films fabricated using the sol-gel spin coating technique 

[1, 2].  It is well known that metal oxides are versatile 

materials commonly used in applications such as 

heterogeneous catalysts [3-5], gas sensors [6], light 

emitting diodes [7], antireflection coatings [8] and 

transparent electrodes in solar cells [9]. Thin films of 

metal oxides can be prepared using a variety of methods 

including the sol-gel spin coating route [10], vacuum arc 

plasma evaporation [11, 12], chemical vapor deposition 

(CVD) [13] and electrochemical methods [14-16]. 

Nevertheless the sol-gel spin coating route allows both for 

the convenient production [17] of thin films in any 

possible shape, but also for the preparation of porous 

materials whose pore-size distribution can be controlled 

both by the chemical composition of the starting material 

as well as the processing conditions. 

In general TiO2 and ZnO possess similar energy band 

gap values with both semiconductors finding different 

areas of application due to their physical and chemical 

properties. TiO2 is an excellent choice photocatalyst [18, 

19] due to its chemical stability, high quantum yield and 

non-toxicity or as a white pigment and optical reflective 

coating due to its high refraction index. On the other hand 

ZnO [20, 21] finds applications in optoelectronic devices 

[22-25] as a light emitter/detector or as a transparent 

conductive electrode due to its semiconductor large 

exciton binding energy, high transparency in the visible 

range and low electrical resistivity.  
ZnO is less common in photocatalysis, nevertheless 

when used in composite films, particularly in combination 

with TiO2, it can enhance the photocatalytic activity of the 

system [26-29]. It is well known that in photocatalytic 

applications TiO2 is active under the UV range and a 

number of techniques such as suitable doping [30, 31] or 

addition of another metal-oxide semiconductor can 

enhance its photocatalytic activity in the visible range. 

Photocatalytic process is based on the generation of 

electron hole pairs by means of band-gap radiation that 

can give rise to redox reactions [32] with the species 

adsorbed on the surface of the photocatalysts. In principle 

the coupling of different semiconductor oxides [33] seems 

useful in order to absorb a wide range of solar radiation 

(both UV and visible regions) and to achieve a more 

efficient electron-hole pair separation and consequently a 

higher photocatalytic activity. Various composites-double 

layers- formed by TiO2 and other oxides such as ZnO [34], 

SnO2 [35] SiO2 [36], CdS [37] Cu2O [38], MgO [39], 

WO3[40], MoO3[41] etc. have been reported. Additionally 

it has been shown in literature that the semiconductor 

multilayers, such as ZnO/TiO2/ZnO lead to improve the 

crystallinity of the ZnO fim by the TiO2 buffer layer [42] 

as well as affecting the luminescence of ZnO. 

Additionally, the residual stress and the particle size of the 

ZnO thin film can be affected by the TiO2 buffer layer. 

UV, green, yellow, and inconspicuous violet emissions 

were observed in PL measurements at room temperature. 

Nevertheless the preparation of such composite materials 

is always a challenge since the latter ones can combine the 



Characterization of multilayer TiO2 /ZnΟ nanostructured thin films using Raman spectroscopy                         783 

 
advantages of each constituent, and moreover, the 

enhancement of preferred properties can be achieved in the 

composites.  

The strongly interacting charge-spin and orbital 

ordering and the influence of the lattice in such materials 

yield unusual and useful properties [43]  Thus the 

characterization of such composite materials requires a 

thorough investigation of their structure, which can be 

partially assessed using Raman spectroscopy [44, 45]. It is 

one of the excellent analytical techniques to investigate the 

crystallographic properties of thin film materials providing 

useful information on the existence of secondary phases 

with a submicron spatial resolution. Purity, phase-

transition, lattice distortion and site occupancy are 

information that might be obtained under ambient or 

controlled atmosphere and temperature.  Despite the fact 

that structural analysis of such thin films commonly 

employees X-ray diffraction, Raman spectroscopy poses 

advantages due to its ability to allow spectra  to be 

collected from a very small volume, even below 1μm in 

diameter, which is simultaneously observed using a light 

microscope. Also, in Raman spectroscopy the amorphous 

phase does not contribute to a background of the spectrum 

[46], thus reducing the information noise and  providing a 

detailed tool for examining crystal structures and stresses 

as well as indicating temperature chances in the 

investigated materials. 

 

 

2. Materials and methods 
 

The following chemicals were used in sample 

preparation: titanium (IV) oxide, mixture of rutile and 

anatase nanopowder <100nm particle size (BET) (99.5% 

trace metal basis Sigma Aldrich, Germany), zinc acetate 

dihydrate [Zn(CH3COO)2·2H2O]( 99%, Baker), absolute 

ethanol (Merck, Germany), diethyleneglycole (DEG, 

ReagentPlus 99%, Sigma Aldich), diethylamine (DEA, 

>99,5%, Sigma Aldich. 

 

2.1. Preparation of TiO2 /ZnO composite films 

 
The TiO2/ ZnO composite films were prepared on 

glass substrates by sol-gel spin coating technique. The 

glass substrates were cleaned with ethanol in an ultrasonic 

bath for 20 min and kept in a drying oven. A TiO2 

crystalline homogeneous paste was prepared using 0.4 g of 

TiO2 nanopowder (<100nm particle size) with the addition 

of 5ml of ethanol and 10ml of diethyleneglycole (DEG) 

and stirred for 3 days at 60
o
 C. The procedure of preparing 

the ZnO layer involved 0.25M solution of zinc acetate 

dehydrate (Zn(CH3COO)2·2H2O) in ethanol under 

magnetic stirring for 20 minutes. After that 10 drops of 

diethylamine (DEA) were added as a stabilising agent and 

it was further stirred for 3 hours at 60
o
C. 

After that a first layer of TiO2 was deposited under 

spin coating at 3000rpm for 1 minute. Then the films were 

dried at 100
o
C for 5 minutes in order to evaporate the 

solvent and organic residues. The processes of spin 

coating and pre-heat treatment were repeated 10 times to 

obtain the desired thickness. Following that a first layer of 

ZnO was deposited in exactly the same fashion which was 

again repeated 10 times. Finally the films were annealed at 

450
o
C for 1 hour in air atmosphere.  

 

2.2. Preparation of TiO2/ZnO/ TiO2/ZnO   

       composite films 

 

The TiO2/ZnO/ TiO2/ZnO composite films were 

prepared on glass substrates by sol-gel spin coating 

technique in exactly the same manner as the TiO2/ ZnO 

layer composite films and finally annealed at 450
o
C for 1 

hour in air atmosphere.  

 

 

3. Results and discussion 
 

3.1. Characterization of TiO2/ZnO and  

       TiO2/ZnO/TiO2/ZnO composite films 

 

3.1.1. Profilometer measurements 

 
Surface studies of the composite films were made 

using an AMBIOS XP-2 stylus type profilometer. The 

layout of the profilometer is shown in Fig. 1 and the 

profile graph generated during the measurement of the 

thickness of samples 1, 2 and 3, can be seen in Figs. 2, 3 

and 4 respectively. We have noted that in AMBIOS XP-2 

stylus the step height repeatability is guaranteed to be 10Å 

or 0.1% of the nominal step value, whichever is greater.  

 

 
 

Fig. 1. The layout of the profilometer during the 

measurements. 

 

 

Table 1. Sample Width measured using profilometer. 

 

Sample  Layers Total width (μm) Material 

1 2 3.2 TiO2/ZnO 

2 4 4.8 TiO2/ZnO/ 

TiO2/ZnO 

3 4 5.2 TiO2/ZnO/ 

TiO2/ZnO 
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Figs. 2 to 4 of width profile of the three samples 

demonstrate the surface roughness of all the samples as a 

result of the fabrication using the sol gel technique. The 

total width of the samples was measured with an accuracy 

of 4-5% but we aim at a future stage to use an SEM 

technique in order to define the exact individual width of 

each layer as well as study the surface topology of the 

samples. Thus at this stage we present the average values 

of the measurements for the total width of the samples in 

m which is given in Table 1. 

 
Fig. 2. The profile of the double layer of TiO2/ZnO f 

ilm (Sample 1). 

 
Fig. 3. The profile of the multilayer of TiO2/ZnO/ TiO2/ZnO  

film (Sample 2). 

 

 
Fig. 4. The profile of the multilayer of TiO2/ZnO/ TiO2/ZnO 

 film (Sample 3). 

3.1.2 Raman spectroscopy experimental results 

 

DeltaNU 785 nm portable Raman Spectrometer is 

used for the analysis. It is equipped with a class IIIB laser 

source that operates at 785 nm and from 50 to 120 mW. It 

has 35micron spot size of laser, resolution of 5cm
-1

 and 

spectral range 200-2000cm
-1

. A digital microscope and a 

color video camera are used to define the best distance 

between substrate and the laser beam. The Raman Spectra 

of sample 1, 2 and 3 are depicted in fig 5, 6 and 7 

respectively. 

The chemical binding character of ZnO lies between 

covalent and ionic. Due to the large ionicity of the bonds 

between Zn and O atoms (about 0.62 on the Phillips scale), 

the two binding partners can be denoted as Zn2
+
 and O2

−
 

ions, respectively. In ambient conditions, the 

thermodynamically stable phase of ZnO is the hexagonal 

wurtzite structure. Under stress or upon growth on cubic 

substrates, ZnO can also exhibit rock-salt structure or zinc-

blende structure, respectively.  
Additionally titanium dioxide is known to exist in 

three crystalline modifications: rutile (tetragonal), brookite 

(orthorhombic) and anatase (tetragonal).  

We used the methods of Raman Spectroscopy which 

is proved to be particularly successful for identification of 

local surroundings and changes in molecular interactions 

and phase structure, being a powerful tool for 

understanding the processes of interactions between 

molecules and active centers located on the solid surface 

of TiO2 and ZnO. 
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Fig. 5. Raman spectra of the of the double layer TiO2/ZnO 

 film (Sample 1). 
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Fig. 6. Raman spectra of the multilayer TiO2/ZnO/ TiO2/ZnO  

film (Sample 2). 
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Fig. 7. Raman spectra of the multilayer TiO2/ZnO/ TiO2/ZnO 

 film (Sample 3). 

 
 

A sharp and strong peak at 436.9 cm
−1

 was observed 

in the ZnO and was assigned as the optical phonon E2 

mode, which is a characteristic Raman-active peak for the 

wurtzite hexagonal phase of ZnO [47]. Two small peaks, 

330 cm
−1

 and 377 cm
−1 

are also observed, and are 

attributed to be the E2H-E2L (multi phonon process) and the 

A1T respectively. The presence of these in the spectrum is 

due to impurities and structural defects (oxygen vacancies 

and Zn interstitials) in the as-synthesized products. The 

TiO2/ZnO substrate exhibited many peaks. The existence 

of the 436.9 cm
−1

 peak in the TiO2/ZnO thin film 

confirmed the E2 mode of ZnO. The appearance of three 

peaks, 395.6 cm
−1

, 514.9 cm
-1

 and 629.7 cm
-1

, confirmed 

the anatase TiO2 phase, and the peak at 342.5 cm
−1

 

confirmed the rutile TiO2 in the TiO2/ZnO [48-50]. (Fig. 

8-10). 
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Fig. 8. Details of Raman spectra of the double layer  

TiO2/ZnO film (Sample 1). 
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Fig. 9. Details of Raman of the multilayer  

TiO2/ZnO/ TiO2/ZnO film (Sample 2). 

 

Thus, the presence of all corresponding ZnO and TiO2 

peaks in the Raman scattering indicate that the TiO2/ZnO 

thin-film substrates exist as a mixed crystalline structure of 

both materials. 

We anticipate from the above measurements that the 

above samples will possess low resistivity, nevertheless 

this needs to be further investigated using electric property 

measurements.  
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Fig. 10. Details of Raman of the multilayer  

TiO2/ZnO/ TiO2/ZnO film (Sample 3). 

 

4.  Conclusions 
 

TiO2/ZnO and TiO2/ZnO/TiO2/ZnO composite films 

were prepared by the sol-gel spin coating method. The 

prepared films were characterized using profilometry and 

Raman spectroscopy. The profilometry measurements 

indicate that the surfaces of the fabricated samples are not 

uniform.  The total width of the samples was measured 

with an accuracy of 4-5% but we aim at a future stage to 

use an SEM technique in order to define the exact 

individual width of each layer as well as study the surface 
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topology of the samples. Additionally using Raman 

spectroscopy the presence of all corresponding ZnO and 

TiO2 peaks in the Raman scattering indicate that the 

TiO2/ZnO thin-film substrates exist as a mixed crystalline 

structure of both materials. We anticipate from the above 

measurements that the above samples will possess low 

resistivity, nevertheless this needs to be further 

investigated using electric property measurements. 
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