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Abstract
Nanocomposite CdO–TiO2 thin films have been successfully synthesized via sol–gel and spin coating techniques. The physi-
cal properties of the prepared thin films were studied by varying the Cd:Ti ratio (0, 25, 50, 75, and 100%). The structural 
characterization has been performed by X-ray diffraction (XRD), Raman spectroscopy, and scanning electron microscopy 
(SEM). Optical transmission and reflectivity of the obtained films have been studied by UV–Vis-NIR spectroscopy. The 
obtained results showed that the amount of Cd into the TiO2 matrix can significantly affect the properties of TiO2 thin films; 
the XRD analysis revealed the appearance of new diffraction planes by increasing the of Cd:Ti ratios, a fact that was also 
confirmed by the Raman spectra. Effects of incorporated Cd amounts on the crystal phase, crystallite size, surface morphol-
ogy were investigated. The results showed that most of Cd2+ substituted Ti4+ in the crystal lattice of TiO2 and led to the 
appearance of the CdTiO3 phase for thin films at a relatively low temperature, which inhibited the growth of crystallite size 
and suppressed the transformation from anatase to rutile of TiO2 at 450 °C. Moreover, formation of different binary and 
ternary nanocomposite films are justified by varying the Cd:Ti ratios. The optical analysis revealed a high transparency in 
the visible region, strongly affected by the different Cd:Ti ratios. Incorporated CdO initially increased the bandgap for low 
values of the Cd:Ti ratio, followed by a bandgap decrease for the highest one.

1  Introduction

A nanocomposite film consists of at least two phases, a bulk 
matrix and a nanodimensional phase(s), or a nanocrystal-
line phase with another nanocrystalline phase [1]. Recently, 
nanocomposite thin films attracted significant attention, due 
to their improved mechanical, electrical, optical, chemical, 
magnetic, and electronic properties [2–8]. Furthermore, due 
to these unique physicochemical properties, nanocomposite 
thin films are currently used for different technological appli-
cations, for photocatalysis [9–11], solar cells [12], removal 
of acid orange from wastewater [13], antibacterial treatment 
[14], in ferroelectricity [15–17], and chemo-resistive hydro-
gen sensing [18], and more.

A nanocomposite thin film can generally be obtained by 
a binary combination of semiconductors such as ZnO–CdO 
[11, 19], TiO2–CuO [20], ZnO–TiO2 [21, 22], CdO–NiO 
[14], TiO2–SiO2 [12], and TiO2–CdO [23–25]. The most 
promising techniques for preparation of such nanocomposite 
thin films are Pulsed Laser Deposition [26] and sol–gel, spin 
coating methods [10, 13, 24, 27].

The present investigation deals with the TiO2–CdO nano-
composites and their properties. CdO was selected because 
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of its high electrical conductivity which results from oxygen 
vacancies and/or Cd interstitial atoms and are related to the 
growth process. In addition, CdO thin films are character-
ized by their high optical transmission in the visible spectral 
range [14]. Cadmium itself is a rather cost-effective material 
with broad availability [9]. For all above reasons, CdO has 
found useful applications.

Titanium oxide (TiO2), on the other hand, is an n-type 
semiconducting ceramic material, and has been widely used 
in the nanocomposite thin film industry. In recent years, 
TiO2 attracted attention among researchers, due to the fol-
lowing properties: it has wide bandgap Eg, is environmental 
friendly, and is cost-effective for applications. TiO2 is known 
for its interesting properties (e.g., optical, physical, and elec-
tronic). Among the three natural crystallographic phases, 
anatase is the metastable phase, while rutile is thermody-
namically the most stable phase [28, 29]. Anatase-to-rutile 
phase conversion is a reversible process in which breaking 
and re-arranging of bonds occur [30]. Around 600–700 °C, 
this conversion is irreversible [24–32]. Transformation of 
the anatase-to-rutile phase in TiO2 nanocomposites could 
be also obtained by mixing TiO2 and CdO with different 
ratios at 700 °C, compared to pure TiO2 anatase phase [33].

Generally, nanocomposite thin film-based TiO2–CdO 
are not widely investigated in the literature. Furthermore, 
the combination of TiO2 and CdO revealed the spinal phase 
CdTiO3 which has been extensively studied [34–36], as well 
as its reversible phase transformation from rhombohedral to 
orthorhombic structure at around 1000 °C [35]. However, 
only few reported works focused their investigation to the 
ilmenite-type rhombohedral structure of CdTiO3, for thin 
films, at relatively low temperatures [23, 34, 35].

In this experiment, TiO2–CdO nanocomposite thin films 
were prepared by a sol–gel method, containing a rutile phase 
and orthorhombic CdTiO3 structure. They were synthesized 
with different Cd:Ti mass ratios and their effect on the struc-
tural, morphological, and optical properties of the obtained 
nanocomposite thin film was investigated.

2 � Experimental details

Sol–gel-derived TiO2–CdO thin films were prepared by 
mixing CdO into TiO2 sols in a particular ratio. The pre-
cursor solutions of TiO2 and CdO are prepared separately 
by the sol–gel method. To obtain the solutions, the precur-
sor cadmium acetate dehydrate [Cd (CH3COO)2 2H2O] 
(98%, Sigma Aldrich) and titanium (IV) isopropoxide 
(C12H28O4Ti) were separately dissolved in a mixture of 
2-methoxyethanol (C3H8O2) (99.8%, Sigma Aldrich) and 
monoethanolamine (MEA). The concentration of the TiO2 
and CdO was fixed at 0.5 M. The resultant solution of TiO2 
was stirred at 80 °C for 1 h, while the solution of CdO was 

stirred for 2 h at 80 °C to yield clear and homogeneous solu-
tions. The as-prepared solutions were aged for 24 h. There-
after, the prepared CdO solution was added to the TiO2 sol 
until the Cd:Ti ratio was adjusted (pure CdO and TiO2, 
Ti0.75 + Cd0.25 noted as TC25, Ti0.5 + Cd0.5 noted as TC50, 
and Ti0.25 + Cd0.75 noted as TC75). All mixed final sols were 
stirred and deposition was performed using the spin coat-
ing method on a glass substrate at a speed of 3000 rpm for 
30 s. The as-deposited films were pre-heated at 300 °C at 
10 min. The coating procedure was repeated four times with 
the same conditions. The films were annealed for one hour 
at 450 °C under atmospheric air.

Phase identification of the mixed oxide samples was car-
ried out by X-ray diffraction (XRD). The diffractometer was 
operated at 40 kV, 40 mA, and the 2θ values in the range of 
20–80°. The structural characteristics of the films were also 
investigated by a Raman spectroscopy using the 448 nm irra-
diation. The morphological properties were determined by 
a Scanning Electron Microscope (SEM). Finally, the optical 
reflectance and transmittance spectra were recorded with a 
Perkin Elmer UV–Vis-NIR Lambda 19 spectrophotometer in 
the range of 250–1200 nm. All measurements were carried 
out at room temperature.

3 � Results and discussion

3.1 � Structural analysis by X‑ray diffraction (XRD) 
and Raman spectroscopy

Figure 1 shows the XRD patterns of TiO2, CdO and three 
nanocomposite films containing different amounts of CdO. 
The TiO2 pattern exhibits prominent diffraction peaks attrib-
uted to the tetragonal anatase phase, located at 2θ = 25.32ο 
and 48.04° which are assigned to (101) and (200) plane 
reflections, respectively (JCPDS File Number 01–089-4921).

The diffractogram corresponding to TC25 samples indi-
cates that Cd was incorporated into the TiO2 matrix. For 
this low Cd:Ti ratio, various new peaks was attributed to the 
spinal CdTiO3 and rutile phase of TiO2 appear at 450 °C. 
Indeed, a strong decrease in the lines intensity correspond-
ing to the anatase phase was observed, accompanied by the 
appearance of the rutile phase of TiO2. These peaks of rutile 
phase of TiO2 were detected at 2θ = 27.45° and 36.08° and 
assigned to (110) and (101) planes, respectively (JCPDS 
Card No. 00–034-0180).

The increase of the Cd amount in the TiO2 matrix (i.e., 
Cd:Ti ≥ 50%) leads to a total disappearance of the anatase 
phase, whereas that of rutile persists. This observation sug-
gested that a gradual anatase-to-rutile transformation occurs 
by the addition of Cd in the TiO2 matrix thin films. Several 
works from the literature have shown that the parameters 
that affect this type of phase transformation are temperature 
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[31, 32] and pressure [37]. In this context, the current 
work indicated that the incorporation of Cd into the TiO2 
matrix introduces another parameter relevant for this phase 
transformation. In fact, the formation of the rutile phase in 
doped samples can be explained assuming that Cd2+ ions are 
substitutionally incorporated into the lattice of the anatase 
TiO2, promoting an increase of oxygen vacancies, similar to 
that reported by others [38, 39]. This increase presumably 
reduces the strain energy that must be overcome before a 
rearrangement of the structure can occur [38, 39]. Further-
more, the change of oxygen vacancies affects the second 
TinO2n−1 variation Magnéli-type precipitated variation. 
The association of this last phase with Cd2+ can cause an 
increase in the rate of transformation which could provide 
nucleation centers of rutile [38]. It is clear that only the rutile 
phase exists, by increasing the Cd:Ti ratio; this confirms that 
this phase is more stable than that of anatase [28].

The CdTiO3 spinal phase was detected for TC25, TC50, 
and TC75 spectra at 2θ = 20.4°, 22.9°, 34.2°, 38.9°, 40.2°, 
47.9°, 50.7°, 53.3°, 59.3°, 61.3°, and 66.1° assigned to 
(100), (110), (1

−

10), (210), (1
−

11), (220), (321), (310) and 
(1

−

2 1) planes, respectively (according to JCPDS Card No. 
01–085-0452). A notable intensity increase of CdTiO3 
peaks was observed with the increase of Cd:Ti ratio incor-
porated into TiO2 matrix. In fact, the intensity of (1

−

1 0) 
which is the preferential direction of the CdTiO3 attributed 

to the rhombohedral structure, increased with the increase 
in Cd content indicating good crystallinity. The rhombo-
hedral structure of CdTiO3 is observed for this work at 
450 °C for 1 h annealing at atmospheric pressure and for 
thin films with an improved structure compared to the 
results given in the literature [27]. Dhivya et al. showed 
that CdTiO3 crystallizes in the ilmenite rhombohedral 
phase when it is calcined above 800 °C [35], and Ber-
sani mentioned that the usual preparation of CdTiO3 takes 
place at high temperatures by heating the mixed solutions 
of CdO and TiO2 at around 1000 °C in order to obtain the 
ilmenite phase. Heating time ranged from 24 to 34 h at 
atmospheric pressure which could be reduced to 60 min at 
1.5 GPa [33, 40]. In the ilmenite structure, the TiO6 octa-
hedra are edge shared with the Cd2+ ion possessing a six-
fold coordination [41]. Therefore, the incorporation of Cd 
into TiO2 matrix is a major parameter, in addition to the 
temperature and pressure, causing structural modifications 
thin films, including both phase transformation (anatase to 
rutile) and causing the appearance of the CdTiO3 ilmenite 
rhombohedral phase at 450 °C.

In the XRD spectrum corresponding to the highest 
Cd:Ti ratio, some additional reflection peaks appeared at 
2θ = 33°, 38.4°, 55.3°, and 66° which were attributed to 
(110), (200), (220), and (311) planes, respectively, of the 

Fig. 1   XRD spectra of TiO2, CdO and nanocomposite thin films with different Cd:Ti ratios on glass
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CdO monteponite structure, according to JCPDS Card No. 
01–075-0592, and indicating cubic structure.

From the full width at half maximum of the Bragg peaks, 
the average crystallite size of the samples with different 
compositions was calculated using Debye Scherrer’s for-
mula [26]:

(1)D =
k�

� cos �

where k is a shape factor of the particle (0.9), λ is the 
source wavelength 1.5404 Ȧ , 2θ is the peak position, and 
β1/2 is the full width at half maximum of the Bragg peak.

The crystallite sizes of all samples with anatase, rutile, 
CdO, and CdTiO3 phases are summarized in Table 1, show-
ing differences in particle sizes. For the TiO2 anatase phase, 
we noticed a decrease in the crystallite size by adding CdO; 
the smaller crystallite size was attributed to a greater lattice 
distortion of the sample, caused by the larger incorporated 
amount of CdO. This could enhance the concentration of 
lattice defects and thus precipitate carrier recombination 
[42, 43]

These structural changes are due to differences in the 
ionic radii between Cd as the impurity ion and Ti as the 
host [44]. It is consistent with the Vegard’s law [44], which 
states that, if the ionic radius of a dopant atom is larger than 
the ionic radius of the host, it leads to an increase in crystal-
linity. In the present study, the nanoparticle Cd2+ ion has 
a larger substituting radius (1.07 Å) than the smaller ionic 
radius of the host Ti4+ ion (0.68 Å), and the increased ten-
dency for the agglomeration may lead to increased crystallite 
sizes for CdTiO3 and rutile phases. However, the decrease 
of crystallite size observed in the CdTiO3 and rutile phases 

Table 1   Crystallite size (nm) of the anatase, rutile, CdTiO3, and CdO 
phases, contained in prepared TiO2, CdO, and nanocomposites thin 
films with different Cd:Ti ratios estimated from XRD spectrum

TiO2 25TC 50TC 75TC CdO

TiO2 Anatase (nm) 27 10 – – –
TiO2 Rutile (nm) – 20 34 23 –
CdTiO3 (nm) – 49 82 45 –
CdO (nm) – – – 49 70
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Fig. 2   Raman spectrum of TiO2, CdO and nanocomposite thin films with different Cd:Ti ratios on glass
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in TC75 sample can be related to the crystalline segregation 
effect and the weak coalescence of nanograins [45].

Figure 2 presents the Raman spectra of pure TiO2, CdO, 
and nanocomposite thin films with different ratios of Cd 
incorporated into TiO2 matrix. In addition to the typical 
anatase TiO2 vibrational peaks that appear in the spectrum 
of TiO2, increased incorporation of Cd provokes new vibra-
tional peaks assigned to the rhombohedral CdTiO3 and rutile 
phase of TiO2. The Raman bands of the TiO2 thin films 
are indicated at 142 cm−1 (Eg), 391 cm−1(B1g), 517 cm−1 
(A1g + B1g), and 635 cm−1 (Eg) for four allowed modes of 
pure anatase [46]. As shown in Fig. 2, the Raman peaks 
have narrow FWHM, which reflect the high structural qual-
ity of TiO2.

The effect of Cd incorporation into TiO2 matrix becomes 
obvious by the appearance of new peaks attributed to the 
two rutile and rhombohedral ilmenite CdTiO3 phases, while 
bands corresponding to the TiO2 anatase phase disappear 
completely. By adding Cd into the TiO2 matrix for the two 
lower concentrations, the rutile phase appears in the Raman 
spectra, according to B1g band at 145 cm−1 [47]. On the 
other side, the characteristic peaks of rhombohedral CdTiO3 
are detected at around 210 cm−1 (Eg4: translation of TiO6 
octahedra with respect to Cd2+), 244 cm−1 (Ag4: translation 
of TiO6 octahedra with respect to Cd2+), 327 cm−1 (Ag3: 
O–Cd–O bending mode), 464 cm−1 (Ag2: O–Cd–O bending 
mode), 595 cm−1 (Eg1: Ti–O stretching mode), and 698 cm−1 
(Ag1: Ti–O stretching mode) [41]. Therefore, the rhombo-
hedral (ilmenite) symmetry of CdTiO3 is confirmed in this 
study by Raman spectra, in accordance with those reported 
in the literature [36, 48]. In fact, the absence of the charac-
teristic peak at 142 cm−1 of anatase and the appearance of 
new peaks attributed to new phases is an indication of the 
penetration of Cd2+ into the network of TiO2 [49].

A Raman signal resulting from the crystalline cubic CdO 
phase was first observed for TC75 samples. The existence of 
peaks associated to rutile phase of TiO2 and CdTiO3 showed 
that the formation of the binary TiO2–CdTiO3 nanocom-
posite thin films dominate for TC25 and TC50 films. Alto-
gether, the ternary composite TiO(rutile)–CdTiO3–CdO is 
confirmed for TC75 films again, indicating the formation 
of different nanocomposite materials for TC25, TC50, and 
TC75 samples. These results are in good agreement with 
those proposed by the X-ray diffraction spectra.

3.2 � Morphological analysis

The surface morphology of the films was investigated by 
Scanning Electron Microscopy (SEM). Figures 3(a, b, c) 
show the SEM images of pure and nanocomposites (TC25 
and TC75) films. It can be seen, for pure TiO2 (Fig. 3a), 
that the thin films have a homogenous granular and porous 
surface. It consists of a uniform distribution of nanograins 

with no significant differences in size and shape, giving a 
relatively smooth surface. The surface of the TC25 nano-
composite thin films shows a large number of nanopores 
and consists of leaf-like particles with irregular shapes and 
with different sizes (Fig. 3b). Additionally, an image with 
higher resolution (see figure inset) shows long grains with 
a rod-like morphology. The surface of the TC75 nanocom-
posite thin film shows an increase in the number and size 
of the observed pores with many differences in their shape, 
Fig. 3c. Moreover, an increase in grain size was observed. 
This could be due to the increase of the average sizes of the 
nanocrystallites according to the XRD results.

3.3 � Optical analysis

The optical transmittance and reflectivity of pure TiO2 and 
CdO and nanocomposite thin films with different Cd:Ti 
ratios, recorded in the wavelength range of 300–1200 nm, 
are shown in Fig. 4(a–b). For Ti:Cd ≥ 25%, a high average 
of transmission was observed in Fig. 4a, higher than 75%. 
The higher transparencies observed for the TC25 and TC50 
samples confirm the proper substitution of Cd into TiO2 
matrix and also reflect the quality of the fabricated materials 
[50]. After reaching a maximum average for Cd:Ti = 25%, 
the transparency decreases in particular for Cd:Ti = 75% and 
pure CdO thin films. The films become increasingly opaque, 
attributed to the fact that the film surface is rough and conse-
quently the average transmission is respectively low (≤ 40%, 
in the visible range). The presence of aggregates in SEM 
images proves the decrease of optical transmittance due to 
the dispersion effects [51].

This remarkable reduction of the transmission range is 
accompanied by the reduction of the number of the inter-
ference fringes. The presence of these interferences for 
Ti: Cd ≤ 50% indicates that for TiO2, TC25, and TC50, 
the obtained thin films are smooth and micro-structurally 
homogenous. But for TC75 the increase in nanograin size, 
as it has been demonstrated from the results of the XRD and 
SEM images above, leads to an increased surface rough-
ness and therefore to an increase in reflectivity, as Fig. 4b 
indicates. This in turn leads to a lowering of the average 
of transmittance and an almost interference disappearance 
was observed [52]. As a conclusion, the variations in the 
optical transmittance of the films in the visible region can 
be explained by the changes in both the crystalline quality 
and surface roughness of the films due to the different Cd:Ti 
ratios [53]. On the other hand, the observed reflectivity, in 
Fig. 4b, is less than 40% for all films.

The transmission spectra showed that Cd incorporation 
for Cd:Ti ≤ 50% caused a notable blue shift of the transmit-
tance edge.
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Fig. 3   a–c SEM images of a 
TiO2, b TC25, and c TC75 thin 
films on glass
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From the optical spectra, the direct energy bandgap of 
the deposited thin films was determined using Tauc’s rela-
tion [10].

where A is a constant, h Planck’s constant, ν is frequency, 
α is the absorption coefficient, and Eg is the bandgap. The 
bandgap can be obtained by plotting the expression (αhν)2 
versus hv (Fig. 5a). The bandgap values, as represented in 
Fig. 5b, are 3.2, 3.38, 3.53, 2.68, and 2.4 eV for TiO2, TC25, 
TC50, TC75, and CdO nanocomposites, respectively. The 
values found for TiO2 and CdO are in good agreement with 
those given in the literature [54, 55].

(2)(�h�)2 = A( h� −Eg)

The addition of Cd to TiO2 leads to a bandgap widening. 
This initial increase of the optical bandgap of the films (for 
Cd:Ti = 25 and 50%) may be explained by the fact that the 
Cd2+ ions are substitutionally occupying the Ti4+ ionic sites 
and provide additional free carriers to the film. This causes 
a shift of the Fermi level into the conduction band and as a 
result, the effective band gap becomes larger [52, 56], which 
corresponded to the blue shift of transmission edge as dis-
cussed above (Moss–Burstein effect).

On the contrary, a red shift of the transmission edge 
toward longer wavelengths has been detected for TC75 
samples indicating a bandgap of the TC75 nanocomposite 
narrower than that of TC25 and TC50 ones. Such a shift is 
due, on one hand, to the structural change, as it was proved 
by the presence of CdTiO3 phase as well as the phase trans-
formation of TiO2 (from anatase to rutile), both contributing 
to reorganization of the structure and to an increased number 
of impurities. On the other hand, the decrease of Eg can be 
correlated with grain size [57],as explained above, the grain 
size is due to aggregates of CdTiO3 and CdO crystalline 
grains, which are formed separately [53, 58].

4 � Conclusion

In the present work, the impact of three (25, 50 and 75%) 
Cd:Ti ratios on the structural, morphological, compositional, 
and optical properties of different binary TiO2–CdTiO3 and 
ternary composite TiO2 (rutile)–CdTiO3–CdO nanocompos-
ite thin films, grown by the spin coating technique, were 
studied and discussed. From XRD analysis, it was found that 
the structural properties of pure TiO2 were clearly modified 
by increasing the Cd:Ti ratios. This was attributed to the 
Cd2+ ions substitution into the TiO2 lattice in all nanocom-
posite thin films that led to a phase transformation (anatase 
to rutile), accompanied by formation of the spinal phase 
CdTiO3 (ilmenite rhombohedral) at T = 450 °C annealing 
temperature. The Raman analysis revealed the appearance 
of the rutile phase of TiO2 and the spinal CdTiO3. Raman 
spectra also proved this phase transformation by varying the 
Cd:Ti ratio in accordance with the XRD results. The SEM 
images showed that the surface grains of the TiO2–CdO 
nanocomposite thin films were strongly affected in shape 
and size with the increase of the Cd:Ti ratio. Optical spec-
tra revealed high optical transmission of the films with val-
ues that were also affected by the Cd:Ti ratios. Film energy 
bandgaps have been estimated from the optical spectra, 
resulting to an increased Eg value for the TC25 and TC50 
nanocomposite films, while a decreased value for the TC75 
one, in respect to the pure TiO2 thin film. This behavior 
could be interpreted with the aid of the structural and mor-
phological results. It has been shown therefore that the 
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applied method is suitable to grow samples with specific 
physical properties that can fulfill demands of various elec-
tronic device applications.
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