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S.S. Fouad a, Eszter Baradács b,c, M. Nabil d,*, Bence Parditka b, S. Negm d, Zoltán Erdélyi b 
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A B S T R A C T   

In this research, we report a comparative study of trilayer TiO2(60 nm)/Cu/TiO2(60 nm) thin film as a function 
of different Cu interlayer thickness (20, 40 and 60 nm), fabricated by atomic layer deposition (ALD) and DC 
magnetron sputtering. The surface morphology, elemental information and optical properties, were tested as a 
function of Cu interlayer thickness by scanning electron microscopy (SEM), energy dispersive X-ray spectrometer 
(EDX) and double beam spectrophotometer (UV–vis) respectively.The growth mechanism and the microstruc-
tural conversion were investigated. The absorption spectrum was mesured and used to calculate the energy band 
gap (Eg). The obtained results show that the increase of the Cu interlayer enhance the activity of photocatalysis 
by employing distinct modification strategies to decrease the indirect optical band gap energy from 2.85 to 1.86 
eV, and conventionally making the photocatalyst efficient to absorb visible light range. The role of the optical 
energy band gap Eg as well as the average electronegativity (χ) as basic parameters of optical basicity (Å) and 
refractive index (n) has been emphasized. Values of electronegativity (χ), phase velocity (V) and transmission 
coefficient (TC) decreased, while the refractive index, optical basicity, electronic polarizability (αe), and 
reflection loss (RL) increased with increasing Cu interlayer thickness. A good agreement is observed among the 
selected parameters. The results demonstrate that the ALD and the DC magnetron sputtering are promising 
techniques for preparing TiO2/Cu/TiO2 thin films, with different thickness of copper (Cu), that can be used in 
low-cost mid-IR detection and can enhanced the properties of optoelectronic devices.   

1. Introduction 

Transparent conductive oxides (TCO) are truly remarkable materials 
for optoelectronic devices, such as solar cell and light–emitting diodes, 
because of their unique characteristics of low electrical resistivity and 
high optical transmittance [1–3]. Titanium dioxide is a photosensitive 
semiconductor, which can only absorb ultraviolet light, because it has 
wide band gap energy of 3.0 to 3.2 eV that limits its absorption of solar 
radiation to the UV light range. The photocatalytic activity of TiO2 is 
very limited by the rapid recombination of the electron-hole pairs. TiO2 
is a relatively cheap, photochemical, stable, non-toxic material, theses 
properties make it suitable for multilayer thin film. Several studies have 
been carried out to reduce the band gap energy and modify the elec-
tronic structure of TiO2 by the insertion or doping non-metal ions, rare 
earth elements or the addition of transition metals [4–7]. Transitional 

metal doping had been an effective alternative, in reducing the band gap 
of TiO2 and extending its activity to make better use of solar energy. To 
manipulate the optical and other related parameters of TiO2 and make it 
of high interest for applications, the addition of Cu as an Ib group 
element has been found to be one of the most suitable additives for 
achieving excellent optical results of TiO2 films. Recently, multilayer 
thin films doped with transparent conductive oxide, have received 
considerable attention because of their potential applications in 
different devices, some of which are in spintronics and optical filters 
[8–10]. Theoretical investigations have shown that Cu doping can 
reduce the band gap of TiO2 because it creates impurity levels that allow 
the electronic transition within the conduction and valence band to be 
reduced [11]. The knowledge of the optical basicity and the polariz-
ability is necessary as it affects the conductivity, refractive index and 
optical properties that are basic parameters for any application in the 
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development of communication and information technology [12,13]. 
Only few papers focused on TiO2/Cu/TiO2 films by ALD and Magnetron 
Sputtering have been performed [5–7].The atomic layer deposition 
(ALD) is more powerful in preparing such multilayers than any other 
techniques In the present study a high-quality TiO2/Cu/TiO2 films, with 
different Cu interlayer thickness are fabricated by (ALD) and magnetron 
sputtering. The influence of the Cu interlayer on the structural and op-
tical properties and optical basicity were analyzed. 

2. Experimental procedure 

Trilayer films of TiO2/Cu/TiO2 with a variety of Cu interlayer 
thickness were deposited on glass and silicon substrates, The TiO2 layers 
were deposited by atomic layer deposition (ALD), whereas the Cu 
interlayer by magnetron sputtering in a three-step deposition procedure: 
ALD-Sputtering-ALD. The number of ALD cycles were chosen to obtain 
an estimated thickness for TiO2 of 60 nm based on previous tests and 
profilometer measurements, while Cu interlayers of 20, 40 and 60 nm 
thickness were grown by magnetron sputtering based upon deposition 
rate measurements performed under the same conditions as the depo-
sition. The trilayer deposition were performed as follows: 

The TiO2 films were grown on the substrates by atomic layer depo-
sition (ALD) using BeneqTFS-200 type ALD reactor. The pressure was 
stabilized at 1 and 9 mbar in the reactor and the main chamber, 
respectively. Titanium tetrachloride (TiCl4) and H2O precursors (pur-
chased from Epivalence, Cleveland, UK and Sigma-Aldrich/Merc, 
Hungary respectively) were used for the deposition of the films. The 
samples were prepared in thermal mode at 108 ◦C. 700 cycles of TiO2 
were deposited with pulse time of 300 ms for both TiCl4 and H2O and 
purge times of 3 s, respectively. The Cu layers were grown by DC 
magnetron sputtering at room temperature. The base pressure of the 
sputtering chamber was lower than 5× 10− 7mbar. During deposition the 

Ar (99.999 %) (purchased from Linde-Hungary) pressure (under dy-
namic flow) was 7 × 10− 3 mbar. The purity of Cu was 99.99 %.was 
purchased from Kurt.J.Lesker (EU). The deposition rate was calibrated 
using Ambios XP-1 profilometer.The research chart schematic of the 
sample deposition process can be seen in details in Fig. 1 (a). 

The resulting trilayers are denoted by S1, S2 and S3 as shown in 
Fig. 1 (b). The microstructure and the compositions of the samples were 
determined by energy dispersive X-ray spectrometer (EDX) connected to 
the field emission scanning electron microscope (FE-SEM) (QUANTA 
FEG 250 model). The optical absorption was measured using a V-670 
Jasco double-beam spectrophotometer, which utilizes a unique, single 
monochromator design covering a wavelength range from 190 to 2700 
nm. 

3. Results and Discussion 

3.1. Structure Analysis 

A high resolution SEM was used to determine the morphology of the 
Cu interlayers in TiO2/Cu/TiO2. The SEM images for S1, S2, and S3 
presented in Fig. 2 (a) Considering that the three individual FESEM 
image of Fig. 2(a) share the same magnification,It is clearly visible,even 
without a detailed image analysis,that Cu interlayer characteristic dis-
tribution,or morphology changes significantly from S1 to S3..However 
SEM images subjected to image processing further supported the idea 
that the thicker the Cu interlayer is, the large the interconnected gran-
ular clusters. FESEM images were subjected to image analysis to clear up 
morphological differences, from S1to S3 in parallel with an increase 
amount of Cu on the surface. Clustering is one of the most common 
exploratory data analysis technique used to get an intuition about the 
structure ot the data. Therefore, the size of the Cu clusters grains grow in 
size,and the agglomeration of this interlayer is more pronounced with 

Fig. 1. (a) Schematic chart of the depositon process of the samples. (b)Schematic of physical models of S1,S2 and S3 trilayer films.  
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each sample. Since our data type is an image so we can use either pixel 
values or structure in image. As can be seen in Table1, the number of 
clusters decreases about a factor of 3 and in the same time the aversge 
size increases accordingly. 

As it can be seen, when the thickness of the Cu interlayer increases, 
the size of the Cu clusters, nanoparticles and their agglomeration in-
creases. This change can be attributed to the change in growth mode, as 
the Cu surface coverage increases. This is due to the fact that when the 
number of coating layers increases then the lattice mismatching among 
the layers were reduced, their for the grain size increases. The obtained 
results are consistent with those obtained previously [14]. 

Fig. 2. (a) SEM images for TiO2/Cu/TiO2 samples S1, S2 and S3. (b)EDX spectra of TiO2/Cu/TiO2 sample S3. (c) The elemental mapping of TiO2/Cu/TiO2 sam-
ples S3. 

Table 1 
The number of clusters and the average size of clusters for the studied TiO2/Cu/ 
TiO2 films with different Cu thickness.  

Samples No of clusters Avg. size of clusters (pixels) 

S1 273 3728.4 
S2 171 6034.5 
S3 102 10647.5  
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Next, the clustered Cu layer was coated with TiO2. Thus the final Cu- 
“doped” TiO2 structure was formed. This structure was also analyzed by 
energy-dispersive X-ray spectroscopy (EDX). The results for sample S3, 
as a representative example, are shown in Fig. 2(b). The analysis shows 
insignificant variation in the composition of the as-prepared sample. The 
elemental mapping of S3 is also presented in Fig. 2(c). As observed in the 
SEM images, the elemental maps also clearly show that Cu was suc-
cessfully deposited on the entire surface of the TiO2 films. For the S3 
sample, the nominal Cu thickness is one third of the total sample 
thickness, which is consistent with the proportion of components found 
in the EDX analysis. 

3.2. Absorption coefficient (α) and optical energy gap (Eg) 

According to [15,16] Cu enhance the visible absorption of Cu-TiO2 in 
the range of 400–100 nm. In this part of the spectrum,metal free elec-
trons reflectivity is very small and is affected by light absorption from 
interband electron transition. Fig. 3 shows the optical absorption spectra 
of S1, S2 and S3 versus the incident wavelength (λ) in the domain 
(300–800 nm). All the samples have a peak around ≈ 350 nm, which 

may be attributed to the original band structure of TiO2. The increase in 
absorbance seen for S1, S2 and S3 at wavelengths longer than ≈ 400 nm 
may be attributed to the increase in the thickness of the Cu interlayer 
that enhance the activity of photocatalytic efficient employing distinct 
modifications to absorb visible light range. Also as Cu interlayer in-
creases,more bound electrons are available for excitation producing a 
decrease in the optical absorption spectra. An absorpion decrease with 
increasing metal interlayer thickness was also observed by [17]. As the 
thickness of the Cu tinterlayer increases, the valence band can be excited 
with photons of lower energy than for pure TiO2 resulting in a decrease 
in transmission. 

Based on the recorded absorption spectra for the three samples, the 
absorption coefficient (α) and the optical energy gap (Eg) were deter-
mined. The value of (α) can be obtained by using the following 
expression [18]: 

α =
2.303A

t
(1)  

where t is the film thickness, and A is the value of the corresponding 
optical absorbance. 

The Eg optical energy gap could be determined by using the well- 
known equation as follows [19–21]: 

αhν = B(hν − Eg)
r (2)  

where B is a constant denoting the band tail parameter and r is the 
power factor that determines the type of the optical transition that may 
equal to ½ or 2 for direct or indirect allowed transition respectively. The 
best fit was obtained for indirect optical energy gap were r = 2. Fig. 4 
implies the alteration of (αhν) 0.5 versus (hν) for S1, S2 and S3. The 
optical energy band gap values were evaluated by extrapolating the 
linear portion to photon energy axis (αhν = 0), as shown in Fig. 4, and 
presented in Table 2 in comparison with the band gap of pure TiO2 given 
in [22]. Thus, the obtained Eg values decreased from 2.85 eV to 1.86 eV 
with the increase of Cu interlayer thickness from 20 nm to 60 nm.The 
total bandgap shift was approximately 0.99 eV. These results suggest 

Fig. 3. Absorption band for TiO2/Cu/TiO2 samples S1, S2 and S3.  

Fig. 4. (αhν)0.5 versus (hν) plot for TiO2/Cu/TiO2 for samples S1, S2 and S3.  

Table 2 
The direct optical energy gap (Eg), Average optical electronegativity (Δχ), Linear reflection index (n), Electronic polarizability (αe), Optical basicity (A0), Phase 
velocity (v).The transmission coefficient (TC) and Reflection loss (RL), for the studied TiO2/Cu/TiO2 films with different thickness prepared by the ALD technique.   

Samples Eg Δχ n αe A0 v × 10− 8 T RL  

Equation (5) Equation (6)  

TiO2 3.1 0.833 2.466 2.373 3.994 1.40 1.264 0.715 0.165  
S1 2.85 0.766 2.549 2.440 4.044 1.415 1.229 0.701 0.174  
S2 2.63 0.706 2.630 2.504 4.089 1.429 1.198 0.688 0.184  
S3 1.86 0.499 2.978 2.804 4.246 1.476 1.069 0.632 0.224  

Fig. 5. Optical density versus (hν) plot for TiO2/Cu/TiO2 samples S1, S2 
and S3. 
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that the increase of the thickness of Cu interlayer extend the absorption 
edge of TiO2 to visible light and thus enhance the visible absorption in 
the range 400–1000 nm. The decrease in the band gap is also due to the 
increase in grain size from (3726.4 to 10647.5 pixels) as seen in Fig. 2 
and Table1. This behavior was also observed by [23], were they sug-
gested that some sub- bands can be formed due to defect levels in the 
forbidden band of TiO2 thereby reducing the band-gap energy. 

On the other hand, optical density (OD) or absorbance is propor-
tional to the thickness of the samples and their composition. The optical 
density (OD) can be calculated by OD = αt, as given in [18]. Fig. 5 
depicts the variation of the obtained OD for S1, S2 and S3 with the 
incident photon energy hν (eV). As seen the optical density decreases 
with the increase of the thickness of Cu interlayer. 

The skin depth (δ) is defined as the depth where the current density 
is just about 37 % of the value at the surface. It depends on the con-
ductivity of the metals: higher the conductivity smaller the skin depth 
and vice versa. Skin depth matters for lower frequency regimes, such as 
microwaves. The skin depth or the penetration depth is related to the 
absorption coefficient by the following simple relation: δ = 1/α [16]. 
Fig. 6 shows the dependence of skin depth on the incident photon energy 
(hν). 

It is clear that the skin depth increases with increasing Cu content 
and decreases with increasing photon energy. 

3.3. Optical basicity. 

Optical basicity is related to optical properties. The optical basicity 
expresses the ability of oxide ions to donate electrons [22]. Optical ba-
sicity expresses the basicity of any material in terms of electron density. 
The theoretical optical basicity of multi-component oxides can be esti-
mated through the average optical electronegativity (Δχ). The correla-
tion between electronegativity and ionicity is well established in the 
literature and can be estimated using the relation given by [24]. 

Δχ = 0.2688Eg (3) 

The correlation proposed by Duffy to calculate the value of optical 
basicity for oxides based on the optical electronegativity was [25]: 

A0 = 1.59 − 0.2279Δχ (4) 

Table 2 presents the calculated values of the electronegativity and 
the oxide optical basicity of S1, S2 and S3. As seen the values of the 
electronegativity decreases from 0.766 to 0.499, while the values of the 
optical basicity increase from 1.415 to 1.476 with the increase of Cu 
interlayer thickness from 20 to 60 nm. A good correspondence exists 
between the optical basicity estimated by the above method and the 
average electronegativity that can give insight into the nature of the 
existing bonding. 

3.4. Refractive index 

The linear refractive index (n) is a fundamental physical quantity of 
materials that represents electromagnetic wave propagation and plays 
an important role in designing optical devices [26]. The linear refractive 
index of S1, S2 and S3 was calculated from the optical energy band gap 
(Eg) values by using the equation [27]: 

n =

(

6

̅̅̅̅̅̅
5

Eg

√

− 2

)1
2

(5) 

The values of n are presented in Table 2. An expression given by 
Duffy is adopted for the evaluation of the refractive index by using the 
relation [24]: 

n = − ln(0.102Δχ) (6) 

The estimated values of n are also given in Table 2. As can be seen 
there is good agreement between the estimated values of n obtained 
from Eq (5) and Eq (6). It is also observed that the refractive index in-
creases as the thickness of the Cu interlayers increases. The increase in 
refractive index is related to the increase in density. Moreover, the 
decrease in optical energy gap with increasing refractive index values is 
supported by literature data [28]. In the present study, we are interested 
in intensities and not in the amplitudes, thus for our system,we obtained 
the phase velocity (v) as v ¼ c/n, where c is the speed of light and the 
reflectivity or reflection loss (RL), defined as the ratio of the intensity of 
the beam reflected from the glass surface to the intensity of the beam 
incident on the glass surface, and is derived from the following 
expression [19,29]: 

RL =

(
n − 1
n + 1

)2

(7) 

Table 2 presents the values of v and RL for S1, S2 and S3. As can be 
seen the phase velocity decreases while the reflection loss increases with 
the increase of Cu interlayer thickness. The transmission coefficient (TC) 
can be estimated by using the following equation [30]. 

Tc =
2n

n2 + 1
(8) 

The decrease in the transmission coefficient Tc with the increase of 
Cu interlayer thickness presented in Table 2, is in a good agreement with 
the experimentally obtained values of the optical density given in Fig. 5. 
The relationship between the reflection loss and the transmission coef-
ficient shows a partial inverse proportionality between the two quanti-
ties, which is in a good agreement with [16,31]. Another important 
optical property is the electronic polarizability (αe). The electronic 
polarizability is closely related to numerous properties of the materials, 
such as conductivity, optical basicity along with the refractive index. 
The electronic polarizability can be calculated from the refractive index 
by the relation [19,24,32]. 

αe = 4.624 − 0.7569Δχ (9) 

The values of the electronic polarizability for S1, S2 and S3 are given 
in Table 2. An increase in the value of electronic polarizability with the 
increase of Cu interlayer is observed. In the present study a good 
agreement can be observed between the optical basicity, linear refrac-
tive index and the electronic polarizability values. 

3.5. Optical and electrical conductivity 

The optical conductivity (σopt), and the electrical conductivity (σe), 
depend upon several parameters, such as the absorption coefficient, the 
optical band gap and the refractive index. The optical and electrical 
conductivities of the TiO2/Cu/TiO2 of different Cu interlayer thick-
nesses, were determined via the following expressions [18,31–34]. 

Fig. 6. Skin depth versus the photon energy plot for TiO2/Cu/TiO2 samples S1, 
S2 and S3. 

S.S. Fouad et al.                                                                                                                                                                                                                                 



Inorganic Chemistry Communications 145 (2022) 110017

6

σopt =
αnc
4π (10)  

σe =
2λσopt

α (11) 

The subordination of the optical conductivity and electrical con-
ductivity on the variation in photon energy for S1, S2 and S3 are 
depicted in Fig. 7 and Fig. 8. 

The optical conductivity values first decrease and then increase with 
the increase of the photon energy. This increase is due to the high 
absorbent nature of the films under study and it also might be due to the 
photon induced excitation of electrons. On the other hand, the optical 
and electrical conductivities increase while the optical energy gap (Eg) 
decreases, with the increasing of the Cu interlayer thickness. Generally 
the optical energy gap (Eg) is directly linked to the conductivity were the 
electrical conductivity is inversely proportional to the optical energy 
gap.The above relation is confirmed when comparing the values of the 
optical energy gap given in Table 2 with the behaviour of the optical and 
electrical conductivity given in Fig. 7 and Fig. 8. 

4. Conclusion 

The proposed methodology of TiO2/Cu/TiO2 trilayer film synthesis 
with different Cu interlayer thickness using ALD and magnetron sput-
tering proved to be very effective. We studied how the thickness of the 

Cu interlayer affects the structure and optical properties. A precise study 
has been performed to verify that the introduction of Cu decreases the 
optical band gap (Eg), the electronegativity, the phase velocity and the 
transmission coefficient, while the refractive index, the electronic 
polarizability, the optical basicity and the reflection loss increase. With 
increasing Cu content, the bandgap of 2.85 eV decreased down to 1.86 
eV, which led to a shift of the absorption edge towards lower energy 
regions. This may provide significantly more favorable optical applica-
tions than pure TiO2 alone. 
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[20] H. Zaka, B. Parditka, Z. Erdélyi, H.E. Atyia, P. Sharma, S.S. Fouad, Investigation of 
dispersion parameters, dielectric properties and opto–electrical parameters of ZnO 
thin film grown by ALD, Optik 203 (2020), 163933. 

[21] I.M. El Radaf, S.S. Fouad, A.M. Ismail, G.B. Sakr, Influence of Spray time on the 
optical and electrical properties of CoNi2S4 thin films, Mater. Res. Express5, 4 
(2018), 046406. 
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