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ARTICLE INFO ABSTRACT

We examine how the structural, morphological and optical properties of TiO, thin films are changed with
heavily copper (Cu) content. Variations in characteristic properties of the films with 0, 12.5, 25 and 50 wt% Cu
contents, grown by sol-gel dip coating method, are observed by using X-ray diffraction (XRD), Raman scattering,
atomic force microscopy, energy dispersive X-ray analysis and optical spectroscopy measurements. The XRD and
Raman spectra indicate that pure TiO, film forms in the anatase structure. At high Cu concentrations, XRD
results also reveal the substitution of Ti with Cu and formation of extra compound Copper-Titanium oxide.
Raman measurements also show that Cu is incorporated homogeneously into TiO, matrix up to 12.5 wt%
concentration and this uniformity is distorted at higher Cu contents. In addition, optical spectroscopy mea-
surements show that the optical band gap energy decreases from 3.26 eV to 2.05 eV with increasing Cu con-
centration. Furthermore, it is observed that the refractive index values obtained by means of transmittance
spectra at 550 nm wavelength; increases from 2.47 to 3.39 when the Cu concentration increases from 0 to 50 wt
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1. Introduction

In recent years, titanium oxide (TiO,) has been one of the widely
examined metal oxides due to its notable properties such as good dur-
ability, high dielectric constant and high refractive index. TiO, films are
used for their potential applications in optical components including
dye sensitized solar cells, optical filters, photocatalysts, humidity and
gas sensors [1-5]. The optoelectronic applications of TiO, are limited in
the visible region of the spectrum due to the wide band gap of TiO,
(3.3 eV). Also, the high recombination rate of photogenerated electron-
hole pairs are one of the factors affecting the optical and electrical
properties of TiO,.

In order to enhance the characteristic properties of wide band gap
semiconductor, the doping is an efficient method. Therefore, many
studies have focused on doping with the transition metals (Mn, Ni, Cu,
Fe) to improve and control the characteristic properties of TiO, films
[6-8]. Among the transition metal atoms, Cu is the most remarkable
one since the radius of Cu?* (0.72 Z\) is close to the radius of Ti**
(0.68 10\), C can easily be added to the TiO, lattice [9]. Zhang et al.
reported that the substitution of Ti** by Cu?*/Cu'* in the TiO lattice
causes to the creation of oxygen vacancies and additional impurity
band, which leads to reduce band gap and lower recombination rate of
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photo electron-hole pairs [10]. Thus, photocatalytic performance and
the ability of visible light absorption of TiO, have been improved.
Furthermore, Bensouici et al. investigated the effect of Cu doping on
optical and photocatalysis properties of TiO, [1]. They showed that the
optical band gap decreases while photocatalytic activity remains un-
changed. Maeda et al. examined the photocatalytic activity of Cu, Fe
and Al doped TiO, films grown by sol-gel process [11]. They observed
that the Cu addition causes an effective increase in visible-light pho-
tocatalytic activity; unlike Fe- and Al-doped films. Moreover, Wang
et al. demonstrated that Cu incorporated TiO, film deposited by RF
magnetron sputtering has partial rutile phase [12]. In addition, the
structural, electrical properties and surface morphology of 20% Cu-
doped TiO, films grown by sol-gel process were investigated by Khan
et al. [13]. They showed that new titanium copper oxide compounds
formed when these films are exposed to laser beam. So far, in the stu-
dies that have been done to investigate the effect of Cu on TiO, film
properties, the highest amount of Cu in the films is 27.25% [14]. In this
study, the effect of Cu incorporation at a high concentration (up to
50 wt%) on the characteristic properties of TiO, films is investigated.
Pure TiO, and Copper-Titanium oxide films at 12.5, 25 and 50 wt% Cu
content are deposited on glass substrates by means of the solution ob-
tained by adding copper (II) acetate to the titanium tetraisopropoxide
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solution. The sol-gel method is used in the deposition of the films, due
to the homogeneous distribution of the added atoms in the coating
solution. Moreover, the relationships between the optical, structural
and morphological properties of the films are studied.

2. Experimental

Pure TiO, and Copper-Titanium oxide thin films are deposited on
clean glass substrates by sol-gel dip coating method using titanium
tetraisopropoxide and copper (II) acetate as starting precursors. The
amount of Cu in the solution is adjusted to be 0, 12.5 wt%, 25 wt% and
50 wt%. As a first step, the initial solution is obtained by dissolving
copper (II) acetate [Cu(CH3COO),.H>O] in 50ml ethanol [C,H¢O,
Merck]. During the solution is mixed on the magnetic stirrer, 3 drops of
lactic acid is incorporated into it. Afterwards, 1.2ml titanium tetra-
isopropoxide [Ti(OCsH;)4, Merck] is incorporated into the solution. In
the final step, 1 ml trietilamine [(C,Hs)sN, Merck] is incorporated into
the solution and the final solution is mixed for 2h on the magnetic
stirrer. After the preparation process, homogenous coating solution in
blue-color is kept at room temperature in air for 24 h. The sol-gel dip-
ping process is performed using a micro controller motorized system at
a fixed speed of 0.4 mm/s for the deposition of films. After each dip-
ping, films are put into the furnace at 300 °C for 5min for the drying
process. After ten dipping, the films are annealed at 500 °C temperature
for 1h in air. In order to investigate the microstructure of the deposited
films, X-ray diffraction (XRD) measurements are performed by Rigaku
Miniflex 600 Table Top Powder X-ray diffractometer using CuK, ra-
diation source with a wavelength of 0.154 nm in the 20 scanning range
of 10-70°. Elemental composition of the films is investigated by using
Zeiss scanning electron microscope equipped with energy dispersive X-
ray (EDX) analysis. Raman measurements are implemented by means of
Horiba XploRA Raman spectrometer. In order to collect Raman-scat-
tered light, an Olympus Bx41 transmission and reflection illumination
microscope (Olympus, France) is employed by a 100 X objective mag-
nification (NA = 0.90). Raman signals are recorded using the green
laser excitation of 532 nm with grating 1200 grooves/mm in a spectral
range of 50-800 cm ™ 1. The optical transmittance measurements in the
UV-Vis-NIR range are performed by a Shimadzu 3600 spectro-
photometer in the wavelength range of 300-1800 nm. Atomic force
microscopy (AFM) measurements are obtained by means of a SPM
Solver-PRO (NT-MDT) in semi-contact mode. To observe the effects of
Cu incorporation on the morphological properties of the films, the root
mean square (RMS) values of surface roughness and the average grain
size are also determined.

3. Results and discussion

In order to determine the influence of Cu content on the structural
properties of Copper-Titanium oxide films, the crystal structure and
orientation of the films are investigated by using XRD patterns (Fig. 1).
The XRD measurements show that all films have diffraction peaks at
20 = 25.28°, 20 = 37.84° and 20 = 48.03° which corresponds to the
(101), (004) and (200) planes of TiO, in the anatase structure, re-
spectively [15]. It is also seen that for the preferred orientation along
(101) plane. Wang et al. have pointed out that the addition of high
concentration Cu to TiO, causes to phase transformation from anatase
to rutile at low temperature [14]. However, in our measurements, the
XRD peaks of rutile TiO, are absent since we use the different starting
precursors and deposition method. The crystallite size of (101) plane is
calculated by means of Debye Scherrer's formula and given in Table 1.
Furthermore, the diffraction peak of CuO and Cu,O species which is
attributed to the interstitial of Cu ions is not observed [14].

Fig. 2 (a) demonstrates Raman spectra of Copper-Titanium Oxide
films. The prominent Raman peaks observed for all samples at 143, 197,
397, 517 and 639 cm ! are related to typical anatase phase of TiOs.
These peaks correspond to following Raman vibration modes: E; modes
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Fig. 1. XRD patterns of pure and Copper-Titanium oxide thin films.
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at 143, 197 and 639 cm ™', By, mode at 397 cm ™' and overlapped A;,
and B;; modes at 517 em L Fig. 2 (b) exhibits zoomed view of the
strong E, phonon mode which is existed at 143 cm ™ '. Such modes occur
due to symmetric stretching vibrations of oxygen atoms in O-Ti-O bond
[16-18]. The high frequency modes are also presented in Fig. 2 (c). The
By and A,z modes exist with symmetric and antisymmetric bending
vibration of O-Ti-O, respectively [19]. According to Raman spectra, all
of the peaks shift and broaden with Cu incorporation. The E; mode
observed at 142.6cm™ ! in pure TiO, shifts towards 149.0cm™?! in
50 wt% Cu-incorporated films (Table 2). The frequency of E; mode
slightly shifts (A = 1.6 cm ™ ') for 12.5 wt% Cu-incorporated films while
the shifting of frequency increases (A = 6.4 cm™') for 50 wt% Cu-in-
corporated films. The incorporation of Cu distorts the lattice structure
of TiO, since the ionic radius of Cu™? (0.72 A) is slightly larger than
that of Ti** (0.68 [o\). Furthermore, because of the charge difference
between Cu*? and Ti™*, the addition of Cu*? into the TiO, matrix
creates the oxygen vacancies to protect the charge neutrality in the
lattice [20,21] and the higher concentration of Cu*? compose more
oxygen vacancies in the TiO, lattice. Since these oxygen vacancies are
formed, the lattice distorts and the all Raman peaks shift and broaden,
with increasing Cu content. However, the extra peak is observed at
297 cm ™! for 25wt% and 50 wt% Cu-incorporated films while it is
invisible for 12.5wt% Cu concentration. This extra peak existed with
high Cu concentration is related to A; mode of CuO [22]. Cu is in-
corporated homogeneously into the TiO, matrix until 12.5wt% con-
centration and higher Cu content breaks down this uniformity.

In order to reveal the elemental composition of Copper-Titanium
Oxide films, EDX analysis is also carried out (Fig. 3). The EDX spectra is
shown in Fig. 3 and proves the successful incorporation of Cu into the
films. The values of weight percentage are presented in the inset table
of Fig. 3. The film with 50 wt% Cu is found as 45 wt% by means of EDX
measurement. Only this value is smaller than the percentage of Cu
placed in the solution.

The 2D AFM images of Copper-Titanium Oxide films are shown in
Fig. 4. AFM images reveal the existence of nanograins. These results
also show that the surface morphology changes with Cu incorporation
and transforms into larger nanoparticle as a result of aggregation, as
can be seen from Fig. 4 (c and d). The values of surface roughness and
grain size determined by Gwyddion software for all films are given in
Table 1. It is observed that surface roughness and grain size of the films
increase with the increasing of Cu content. The grain size values of Cu-
incorporated films obtained from the AFM images are bigger than the
crystallite size found from XRD, because grain composes of a few
crystallites. However, it is seen that both of the grain size and crystallite
size increase with the addition of Cu.
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Table 1
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XRD, AFM and UV-Vis spectra results of pure and Copper-Titanium oxide thin films.

Films XRD results AFM results UV-Vis spectra results
26(") d(&) Crystallite size (nm) RMS Grain size(nm) Thickness Eg n
(nm) (nm) (eV) (550 nm)
TiO, 25.28 3.518 19.11 0.55 31.78 497 3.26 2.47
12.5wt% Cu 25.23 3.525 21.27 2.09 38.38 378 3.10 2.85
25.0 wt% Cu 25.29 3.521 26.87 2.33 42.89 274 2.75 3.19
50.0 wt% Cu 25.23 3.525 27.49 2.46 48.32 290 2.05 3.34
The obtained transmittance spectra to explore optical properties of Table 2

Copper-Titanium oxide thin films are shown in Fig. 5. It is seen that for
pure TiO, film as being colorless and transparent, the absorption starts
at 390 nm in the UV-region. As the Cu atom is incorporated into the
films, the color becomes darker, transmittance decreases and the ab-
sorption edge shifts to visible region. The absorption edge of Copper-
Titanium Oxide shifts to the visible region due to presence of Cu™ 2 sub-
band state in the middle of band gap for indirect transition of the ex-
cited electrons from valence band to conduction band [14,23]. The
interference fringes observed in the transmission spectra indicate that
the film thickness has uniform distribution. The appearance of these
fringes is due to the difference between reactive index of the film and
glass substrate. Therefore, Swanepoel's envelope method is applied to
derive the refractive index and thickness of the films [24]. Refractive
index (n), thickness (d) and absorption coefficient (a) of the deposited
films are calculated by the following equations:
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Fig. 2. (a) Raman spectra of pure and Copper-Titanium oxide thin films, (b) zoomed view of the E; phonon mode at around 143 cm ™! in Raman spectra, (c) zoomed

view of high frequency modes in Raman spectra.
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Fig. 3. EDX spectrums of (a) 12.5 wt% Cu (b) 25.0 wt% Cu and (c¢) 50.0 wt% Cu-incorporated films.
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Fig. 4. 2D AFM images of (a) TiO, (b) 12.5wt% Cu (c) 25.0 wt% Cu and (d) 50.0 wt% Cu-incorporated films.
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Fig. 5. The transmittance spectra of pure and Copper-Titanium oxide thin films.
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Fig. 7. Tauc plot of pure and Copper-Titanium oxide thin films.

where n;, A;, Ty and Ty, are the refractive index values and the wave-
length at two adjacent extremes, the transmission maximum and the
corresponding minimum of the spectra, respectively. The values of film
thickness found by Eq.2 are listed in Table 1. A significant decrease in
film thickness is observed with the addition of copper. This is probably
due to the increase in crystallinity and grain size of the film, as can be

Thin Solid Films 685 (2019) 293-298

also seen from the XRD and AFM results [25,26].

In order to find the refractive index in the region of strong ab-
sorption where the interferences disappear; we can fit the experimental
values of n to a reasonable function such as a two-term Cauchy dis-
persion relation n = A + B/A% Fig. 6 shows the variation of n with
wavelength for Copper-Titanium oxide thin films. In this figure, the
dispersion of n shows a decrease versus A and an increase in the
magnitude of n as the doping increases. Such behavior is analogous to
that reported for amorphous TiO, films grown by different method [27]
and polycrystalline TiO, films grown by the same method [28]. The
refractive index values of Copper-Titanium oxide thin films at 550 nm
reference wavelength are given in Table 1. The refractive index value of
TiO, obtained as 2.47 is consistent with other results in the literature
[29]. In addition, it is seen that the refractive index at 550 nm increases
as Cu content in the film increases.

a= éln(%)The optical band gap value, Eg, of the films are de-
termined using the Tauc relation [30].

ahv = ag(hv — Eg)"* @

where hv is the photon energy, a, is a constant and n depends on
electronic transitions in k space. Since TiO, is an indirect semi-
conductor, the value of exponent is chosen as n = 2. Fig. 7 shows (ahv)
172 ys. hy plots of Copper-Titanium oxide thin films. The optical band
gap values found by extrapolating the linear portion of the graphs to
a = 0, on energy axis, are given in Table 1. The optical band gap value
of pure TiO, is obtained as 3.26 eV which is in agreement with the
values reported previously [14,31,32]. After the high Cu addition, the
absorption of visible light increases and the optical band gap decreases
to 2.05 eV for 50 wt% Cu-incorporated films. The decrease in E; value
with increasing Cu content is due to the creation of impurity levels of
Cu-3d states on the top of valence band in TiO, [14,23].

4. Conclusions

In this study, the effect of high Cu incorporation on the optical and
structural properties of TiO, films is investigated. The presence of Cu,
Ti and O atoms in the films is seen in XRD patterns, Raman and EDX
spectra. Since the ionic radius of the Cu atom is close to that of titanium
atom, the Cu atoms are replaced by titanium atoms and tita-
nium-copper compound forms. As a result, the optical band gap de-
creases from 3.26 eV to 2.05eV and refractive index at 550 nm wave-
length increases from 2.47 to 3.34 in pure and 50 wt% Cu-incorporated
TiO,, respectively. Our results show that structural properties and op-
tical characteristics such as refractive index and band gap values can be
modified with heavily Cu incorporation.
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