Journal of Science: Advanced Materials and Devices 9 (2024) 100642

Contents lists available at ScienceDirect

Journal of Science: Advanced Materials and Devices

journal homepage: www.elsevier.com/locate/jsamd

Check for

Improvement of photocatalytic performance and sensitive ultraviolet ol
photodetectors using AC-ZnO/ZC-Ag>0/AZ-CuO multilayers
nanocomposite prepared by spin coating method

Bouras Dikra *", Mamoun Fellah """, Regis Barille °, Sabine WeiB f Mohammed Abdul Samad ®,
Alhanouf Alburaikan ", Hamiden Abd El-Wahed khalifa ™', Aleksei Obrosov "

& Laboratory of Active Components and Materials (LCAM), University of Larbi Ben M hidi, 04000, Oum El Bouaghi, Algeria

b Faculty of Science and Technology, University of Souk-Ahras, Algeria

¢ Mechanical Engineering Department, ABBES Laghrour- Khenchela University, PO 1252, CP, 40004, Algeria

9 Research Team, Biomaterial, Synthesis and Tribology, ABBES Laghrour-University, Khenchela, P.O 1252, 40004, Algeria

¢ MOLTECH-Anjou, Universitéd’Angers/UMR CNRS 6200, 2 Bd Lavoisier, 49045, Angers, France

f Department of Physical Metallurgy and Materials Technology, Brandenburg Technical University, 03046, Cottbus, Germany

8 Mechanical Engineering Department & IRC-AM, King Fhad University of Petroleum and Minerals, Dhahran, 31261, Saudi Arabia

" Department of Mathematics, College of Science and Arts, Qassim University, Al- Badaya, 51951, Saudi Arabia

! Department of Operations and Management Research, Faculty of Graduate Studies of Statistical Research, Cairo University, Giza, 12613, Egypt

ARTICLE INFO ABSTRACT

Keywords:
Multilayer CAZO/CZAO/ZACO
Spin-coating

Morphological and optical properties of a multilayer film (CAZO/CZAO/ZACO) prepared by spin-coating method
and deposited on a glass substrate were evaluated. The study was initially carried out for each layer, individually
and then as a multilayer subsequently. Structural properties using X-ray diffraction (XRD), energy-dispersive X-

iﬁz:gzagt:ﬂ, sis ray spectroscopy (EDS), infrared spectra (IR) and X-ray photoelectron Spectroscopy (XPS) showed the presence of
Photodetector three phases of zinc, copper and silver oxides at different levels. The CZAO sample observed with a scanning
Nanostructures electron microscope (SEM) showed an excellent porous surface with a large deformation in the multilayer
Nanocomposites configuration. Doping with zinc and copper in the silver crystal lattice improved the crystal structure and

reduced the optical energy gap, thus increasing the optical absorbance and refractive index. The dielectric
constants ¢ and & showed an increase in the optical polarization values for lower photonic energies. The
maximum degradation rate for photocatalysts of methylene blue was 89 % for a 5-h exposure period with CAZO/
CZAO/ZACO while it reached 71 % for the CZAO sample during the same time period. The sensitivity of samples
to light proved that the presence of ultraviolet radiation increases the number of holes trapped by oxygen ions
and causes more free electrons and contribute to a better production of photocurrent than in darkness.

1. Introduction

Dyes are considered one of the most important pollutants in aquatic
systems [1]. The quantity of dyes produced in 1996 reached 4.5 million
tons, and most of these quantities are used in industries and in textile
industries [2]. Most dyes are either inert or non-toxic [3], but some of
them have significant toxic effects on human health and the living
environment [4].

The high percentage of organic pollutants in river water as a result of
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the polluted water being dumped without treatment processes is very
dangerous for living organisms in general. Among these pollutants, dyes
such as methylene blue (MB) are considered as a low toxic agent and can
cause various harmful effects [5,6]. Doses or concentrations more than
7 mg/kg may cause harm to humans by giving rise to health problems
such as nausea, abdominal pain and confusion [7,8].

Furthermore, these pigments release nitrates and phosphates in na-
ture [9]. These abundantly released metal ions can become toxic to fish
life due to the poisoning of the water [10]. Its consumption by aquatic
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plants accelerates its spread and leads to the depletion of oxygen
through the process of photosynthesis in the deepest layers of rivers and
stagnant water [11]. Moreover, the accumulation of organic matter in
waterways leads to the emergence of bad tastes, the spread of bacteria,
unpleasant odors and abnormal colors [12].

The semiconductor research is always in search of materials with
good electronic properties [13]. The study of deposited materials in thin
layers is one of the best ways to learn about many of their physical and
chemical properties, which are difficult to obtain naturally [14].
Transparent carrier oxides are materials used in many electronic appli-
cations, such as solar cells, gas sensors, and LEDs.

From previous studies, zinc oxide (ZnO) [15], when bound to
metallic copper, has been found to give remarkable results in catalysis
[16]. In the quest to achieve better results in this field of research, thin
films were prepared based on ZnO (zinc oxide), Ag>0 (silver oxide), and
CuO (copper oxide) [17]. The structural, electronic, and optical prop-
erties of the surface were studied and compared to other materials
[18-21].

For photocatalytic applications, there are several properties that give
ZnO advantages over other catalysts [22]. ZnO has much less charge
recombination which results in longer lifetimes of charge carriers [23].
The charge transport of ZnO is also very high, at least in crystalline ZnO
materials. For particle-based materials, charge transfer is reduced by
grain boundaries [24]. In synthesis, solution-based methods are some-
times preferred because they can provide good control over sample
shape and crystal growth [25].

A proper bandgap for visible light absorption is a parameter these
three oxides have in common. Visible light absorption is also the driver
of many studies of these compounds ZnO-CuO-AgO. There are several
promising results for the use of CuO as photocatalysts [26,27]. Previous
studies based on plasmatic silver nanostructures [28] or in a mixture of
silver-copper alloys have already demonstrated their potential not only
for visible broadband NIR photocatalysis, but also for solar harvesting,
electrocatalysis, bacteria purification, field emission enhancement or for
the formation of new superconducting structures [29].

However, there are also some drawbacks of these compounds such as
the formation of electron-hole pairs with very low energy at low band
gaps, which could decay some stable compounds, or a high charge
recombination resulting in its transfer by lower charge carriers [30,31].
Therefore, the synthesis of a heterogeneous hybrid catalyst combining
the plasmonic properties of Ag and the semiconducting capabilities of
n-type ZnO and p-type CuO to reduce these defects by simultaneously
incorporating the three elements reveal strong potential for large-scale
photocatalytic applications, since these materials are abundant and
affordable [32].

The aim of the present study is to investigate and compare single thin
films with multilayer films consisting of three oxides of zinc, silver, and
copper to study the effect of doping on the structural, optical properties
[33], photodetector performances and photocatalysis and the corre-
sponding change of properties depending on the type and percentage of
doping [34]. Cheap, easy, and simple sol-gel fabrication allows us to
prepare high-quality oxide thin films that are comparable to those pre-
pared using the most advanced and expensive equipment [35].

The main objective of this work is to know the most influential
element among zinc oxide [36], copper [37] and silver [38] and their
addition ratios on the structural and morphological properties of the
crystal lattice (the occurrence of deformation) and the nanomaterials
formed. A comparison was performed between them from the perspec-
tive of photocatalytic applications to identify the most effective of them,
and to highlight its ability to remove impurities of the toxic organic dye
such as methylene blue [39]. The results showed that the multiple layers
(CAZO/CZAO/ZACO) are very positive and faster than the thin layers
individually in the solution gradation process in the presence of visible
light [40]. This improvement is due to the effective surface area of the
multilayers sample and the size of its nanoparticles, as increasing the
surface temperature led to an acceleration of the process, polarization,
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and greater absorption of impurities [41]. Samples are prepared in an
easy and inexpensive way, with strong layers placed on glass substrates,
which is very positive in the application of photocatalysts, as they are
easy to withdraw after the filtration process is completed.

Thin layers have brought about a tremendous revolution in the field
of nanotechnology, due to the size of their nanoparticles, which play an
important role in several other applications beneficial to humans and the
environment. It is used as a material in the electronics industry [42],
energy fields [43], solar cells [44], sensors [45], and information stor-
age. Instead of traditional three-dimensional materials, which are
expensive to produce compared to thin layers, which provide us with
ease of preparation and economy of materials.

2. Experimental
2.1. Materials

Zinc acetate [(Zn(CH3COO)y; 99.5 % purity], copper acetate [(Cu
(CH3COO0)2; 99.0 % purity], silver nitrate [AgNO3; 99.9 % purity] along
with Absolute ethanol (CoHsOH; purity 99.9 %) and monoethanolamine
(C2H7NO; purity 90.0 %) were used. The photocatalytic test was carried
out on an aqueous solution of MB (C;cH;gCIN3S; MB with concentration
of 4 mg/1). Glass slides with an area of 25.4 x 76.2 mm and a thickness
of 1-1.2 mm were used as substrates for depositing the films.

2.1.1. Thin layers deposition

Three solutions were prepared:

Solution 1: Cu-Ag co-doped with ZnO (CAZO). Zinc oxide was cho-
sen as a substrate doped with silver (25 %) and copper (25 %). A 0.4 M
concentrated zinc acetate, copper acetate and silver nitrate were added
to absolute ethanol solvent, along with MEA catalyst in a molar ratio of
1:1. The solution was then placed on a magnetic stirrer at 70 °C for an
hour. The same process was done when preparing the other solutions by
changing the base element and maintaining the same doping
percentage.

Solution 2: Cu-Zn co-doped AgO (CZAO).

Solution 3: Zn-Ag co-doped CuO (ZACO).

The sol-gel process involves the mixing of liquid precursors which
are transformed into a solid by a chemical reaction of polymerization at
a low temperature. The most commonly used technique for sol-gel
preparation is “spin-coating” [46]. The prepared solution was depos-
ited on a glass substrate at room temperature with a rotational speed of
3000 rpm for 30 s. After sedimentation of each layer, the sample was
removed from the apparatus and placed in a drying oven at 250 °C for
10 min. The process was repeated three times for obtaining the CAZO,
CZAO and ZACO layers.

The CAZO/CZAO/ZACO sample is multi-layered. The first layer was
spin-coated with the solution of CAZO, followed by deposition of the
second layer with the solution of CZAO, and then the last layer was
deposited with the solution of ZACO, while maintaining the same
rotational speed and time (Fig. 1).

2.2. Characterization techniques

The crystal structure of the samples was determined by X-ray
diffraction (Bruker AXS-D8) using a Cu Ko radiation (A = 1.5406 [D\). The
scanning parameters were set as follows: voltage = 40 kV, current = 30
mA, goniometer angle 26 = 30°-60°, step size = 0.02°, scan speed = 0.5
s/step and divergence slit = 0.6 mm.

A scanning electron microscope (JSM-6301F) was used to study the
morphology of the samples. The infrared spectroscopy (Bruker II-RAM)
was used to differentiate between the various chemical bonds of the
prepared powders.

The absorbance spectra of the MB solutions were measured by a
UV-vis spectrophotometer (V- 630, JASCO) in the wavelength range
[500-800 nm]. In order to apply the photodetector, a UV lamp (A = 250
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Fig. 1. Schematic presents the stages of preparation of thin layers by the spin-coating method.

nm, 6 W, VL-6C, Vilber Lourmat), was used for illumination. A microam
parameter (MS406) was used for measuring the current through the
samples associated with a generator (changing the bias voltage from 0 to
12V) with direct and indirect polarization.

3. Results and discussion
3.1. X-ray diffraction (XRD)

The results of the X-ray diffraction for the samples prepared using the
spin-coating technique (Fig. 2) showed that they have a polycrystalline
structure according to the diversity of the phases. The effect of the
percentage of doping with the used elements (Zn, Ag and Cu) is visible in
the nature of the crystal structure, as a significant change is observed in
the intensity of the diffraction peaks after doping. When the crystal
structure was changed (ZnO, Ag,0, and CuO), the intensity of the peaks
decreased at the main lattice orientations and increased in other
orientations.

The intensity decreased for all peaks of the multilayer sample
(CAZO/CZAO/ZACO). This result confirms that the addition in specific
proportions led to an increase in the crystallization of the membrane, i.
e., it led to an improvement in the crystal structure. On the other hand, it
was noticed a shift in the angles in each diffraction spectrum, which
confirms the alternative incorporation of silver, zinc, and copper doped
elements (with ionic radii Ag™? =1.26, Zn"2 =0.74, and Cu™? = 0.73 A)
in the corresponding crystal structure.

The peaks of the three phases dominant in all samples can be clearly
distinguished in the diffraction spectra of the ZnO wurtzite phase
(JCPDS 00-036-1451), which corresponds to the (100), (002) peaks,
while peaks (110), (002), (200), (—112), (—202) and (020) belong to the
monoclinic phase CuO (JCPDS 00-041-0254) [47]. The appearance of
atomic growth with the dominant and characteristic crystalline di-
rections of the Ag,O monoclinic phase and the most characteristic trend
was (200) and (002) (JCPDS 00-051-0945) [20]. We also noticed the
appearance of a prominent peak at an angle of 38.5° corresponding to
the Cuy0 phase (JCPDS 0.5-0.667).

Khan et al. [48] deposited zinc oxide (ZnO) multilayer thin films on a
glass substrate using a spin-coating technique. X-ray diffraction confirms
that ZnO has a hexagonal wurtzite structure. It is also noted that these
multilayer films have a significant effect on the properties of ZnO [48].
The XRD data prepared by Mostafa et al. showed the presence of hex-
agonal Ag on ZnO in the formation of ZnO thin films and ZnO/Ag thin
films.

It is also showed that the crystal size decreases with an increase of the
Ag concentration due to the difference in atomic radii between Zn and
Ag atoms in the crystal structure composition of Ag-coated ZnO [49].
ZnO/CuO multilayer thin films have also been deposited on amorphous
SiO4/Si substrates using pulsed laser technique by Allabergenov et al.
[31]. XRD analysis of the annealed ZnO/CuO films reveal the formation
of multiple crystalline defects and modulation of the dominant growth
plane, which indicates effective doping for copper atoms in the ZnO
lattice. Thus, the near-band emission in ZnO can be controlled by the
number of CuO layers [50].

Table 1 presents the results from the structural analysis with the
different compounds contained in the prepared samples. Based on the
results, the average particle size was approximately obtained. It was
found that the sample based on zinc oxide (CAZO) contained a smaller
particle size, of about ~31 nm, compared to the samples based on
copper oxide (ZACO) and silver oxide (CZAO), which were estimated at
about ~37 and ~38 nm, respectively. While for the sample containing
multiple layers (CAZO/CZAO/ZACO) an increase in the particle size,
reaching about ~43 nm was observed.

Changing the proportions of each of the oxides leads to a distortion of
the crystal lattice with a slight shift in the angles and a decrease in the
intensity of the peaks. This can be attributed to the merging of defective
atoms in the structure due to their different ionic diameters, as they
occupy the interstitial sites as well as to the stresses. The grain particle
size was determined by the Debye-Scherer and micro-stress equations as
follows [40]:

09
~ PcosH
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Fig. 2. X-ray diffraction spectra of the prepared layers, ZO:ZnO, CO:CuO and
AO:Ag-0. (a) range (15-70°), (b) range (30-60°).

B

e =
4 tan 0

(2)

where A is the wavelength of the anticathode (A¢y = 1.541 /o\), B is the
FWHM (half-value width), 0 is the diffraction angle and D is the diam-
eter of the particle size.

The calculated values of the network parameter are displayed in
Table 2. It is noted that cell parameters (a, b and c) and the size of a cell
change with the added ratios (ZnO/CuO/Ag>0). Where the radius value
of Zn*2 (0.74 &) and Cu*? (0.73 A) ions smaller than Ag*? (1.26 A).

Table 1
Crystallite size and micro-stress rate of samples.
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The experimental network parameters are not consistent with the
theoretical parameter, which is in the JCPDS file of software instructions
(00-036-1451) for zinc oxide, (00-041-0254) Silver oxide and (00-041-
0254) copper oxide. Based on calculation, the dimension of the cell
changes from one sample to another, and this is due to the contraction
and expansion that occurs to the crystal network while adding the ele-
ments. While it was confirmed, that cell volume of silver is the largest,
ranging between 112 and 175 AS.

The lattice parameters of the monoclinic structure of CuO and Ag;0
(@#b#c a=1v =090 # B) were calculated using the following
equations [40,41]:

1
i = 3

B2y B 20 1 I
\/(a2 +rz ac C()Sﬁ) sin® /1—"_b2

The mesh parameter of hexagonal structure materials (a=b #c, a =
¥ =90° # B) is connected to the indices (h, k, 1) and to the position of the
dpi by the following relation [50]:

1
A = = ()]
= (R + K+ hk) + 5

As for the volume’s cells, it was calculated according to the following
relationship [41]:

ol

(5)

V=abc [1 — cos® a — cos® p — cos® y+2cos a cos f§ cos y]

3.2. Scanning electron microscopy (SEM)

Fig. 3a-d shows the morphological aspects of the CZAO, CAZO,
ZACO, and CAZO/CZAO/ZACO multilayer films on the upper surface as
observed by scanning electron microscopy. The difference in the doping
and the deposition method of the same type or multilayer significantly
affects the shape of the upper surface and the size of the grains that make
it up. The results are given in Table 3 for the average grain size of the
four samples. Following the deposition of the three layers of CAZO, a
rough surface was obtained with particles that tended to agglomerate in
the form of spherical islands that spread across the entire surface and
had a size of less than 505 nm (see Fig. 4).

These fine structures can be explained by the silver grains that are
not located within the zinc oxide crystal lattice as they have a larger
grain size than the grains, voids, and atomization’s present in the ZnO
crystal network. Moreover, all the samples clearly show silver granules
of large size and a distinctive luminous color [48,49].

When silver doping is used for zinc and copper (Fig. 3b), a porous
surface was noticed along the sample with an average pore size of 308
nm, making it more effective and active in the photocatalytic process,

Sample Phases (hkD) 26 (°) e(°) FHWS () B (rad) D(nm) ¢ (%) microstrain
CZAO Zno (101) 36.61 18.30 0.47 0.00817 17.88 0.35528
Ag,0 (200) 32.94 16.47 0.16 0.00278 52.03 0.13529
CuO (002) 35.87 17.93 0.283 0.00492 29.63 0.21865
(200) 38.41 19.20 0.31 0.00539 27.25 0.22254
CAZO Zno (101) 36.701 18.35 0.308 0.00536 27.26 0.23215
Agy0 (200) 32.95 16.47 0.12 0.00209 69.20 0.10147
CuO (002) 36.04 18.02 0.349 0.00607 24.03 0.26821
(200) 38.45 19.22 0.253 0.0044 33.38 0.18142
AZCO ZnoO (101) 36.70 18.35 0.283 0.00492 29.70 0.21330
Ag0 (200) 32.94 16.47 0.121 0.0021 68.87 0.10232
CuO (002) 36.028 18.01 0.335 0.00583 25.19 0.25760
(200) 38.449 19.22 0.3 0.00522 27.98 0.21513
Multi-layer ZnO (101) 36.58 18.29 0.335 0.00583 25.06 0.25338
Ag,0 (200) 32.938 16.47 0.09 0.00157 92.12 0.07610
CuO (002) 35.96 17.98 0.326 0.00567 25.72 0.25113
(200) 38.51 19.25 0.257 0.00447 32.87 0.34921
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Table 2
The lattice parameters (a, b, ¢) and volumes cells.
Samples Phases 20 (°) hkl dpq = nh/2sind (A) a(A) bA) c(A) Volume of cell (A%)
CZAO Zn0O 32.08 (100) 2.78782718 3.219105 3.219105 5.178279 55.686
34.661 (002) 2.58591395
CuO 53.201 (020) 1.72031478 4.6837328 3.440629 5.072957 89.0269718
35.869 (002) 2.50154618
38.965 (200) 2.30961403
Ag,0 32.803 (200) 2.72801414 5.721119 5.1432129 5.393105 175.114434
34.86 (002) 2.57160645
54.941 (020) 1.66987557
CAZO ZnO 32.09 (100) 2.78698124 3.218128 3.218128 5.160140 55.4576009
34.742 (002) 2.58007019
CuO 53.465 (020) 1.71244116 4.663721 3.424882 5.056192 87.9492611
35.992 (002) 2.49327888
39.139 (200) 2.29974595
Ag,0 32.925 (200) 2.71818395 5.700504 3.341826 5.375179 112.994578
34.98 (002) 2.5630588
54.904 (020) 1.67091336
AZCO ZnO 32.08 (100) 2.78782718 3.2191053 3.2191053 5.154820 55.434079
34.779 (002) 2.57741002
CuO 53.507 (020) 1.71119601 4.663721 3.422392 5.051037 87.7957164
36.03 (002) 2.49073637
39.139 (200) 2.29974595
Ag,0 32.925 (200) 2.71818395 5.7005038 3.340368 5.3811408 113.070548
34.94 (002) 2.56590138
54.93 (020) 1.67018395
Multilayer ZnO 32.08 (100) 2.78782718 3.2188055 3.2188055 5.171828 55.6066213
34.661 (002) 2.58591395
CuO 53.554 (020) 1.70980505 4.673474 3.419610 5.072957 88.289296
35.869 (002) 2.50154618
39.054 (200) 2.30455534
Ag,0 32.802 (200) 2.72809502 5.721289 3.335217 5.363002 112.925891
35.062 (002) 2.55725212
55.022 (020) 1.66760876

Fig. 3. SEM images of (a) CAZO, (b) CZAO, (c) ZACO and (d) (CAZO/CZAO/ZACO) multilayer surfaces.
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and it was less rough than the first CAZO (Fig. 3a), due to the implan-
Table 3

Grain size of all samples calculated from MEB.

tation of grains of both zinc and copper within the crystal lattice of

silver. This observation was not found in the ZACO sample, which has a
surface free of pores with the presence of unique grains of silver on its

The multilayered CAZO/CZAO/ZACO showed a completely different

shape from single coatings. It was observed a big change in its lattice,
with divisions and the formation of tracks that reached the length of the
space between them approximately 3 nm. This is due to the deposition

—_—
[N
o

Zn (2p)

Cu (2p)

Samples CZAO CAZO ZACO CAZO/ CZAO/ ZACO
Average grain size (nm) 367 98 173 104 surface.
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Fig. 5. The XPS spectra of the CZAO/CAZO/ZACO multilayer’s.
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method, where each layer contains a different type and the presence of
the largest number of oxides, which makes it more catalytic and effective
than the previous ones (CAZO, CZAO, ZACO).

The results obtained are in accordance to some of the other re-
searcher’s works. Khan et al. [48] showed that films were crack-free and
had uniformly distributed granular structures. Both micro and nano-
particles of ZnO are present in thin films [48]. SEM images of the ZnO
and ZnO/Ag multilayer thin films prepared by Mostafa et al. [49] were
clearly the result of a thin layer of ZnO coated with an Ag film, indicating
that Ag can modify the morphology of ZnO films [49]. The ZnO/Ag
multilayer thin film shows an exceptional potential enhancement
compared to that of ZnO thin film [49].

3.3. X-ray photoelectron spectroscopy

The chemical composition of the multilayer sample was additionally
analyzed using XPS and shown in Fig. 5. The full scanning spectrum
revealed confirmation of the presence of elements C, O, Zn, Ag and Cu
within the CZAO/CAZO/ ZACO multilayer sample. Zn 2p consists of two
peaks positioned at 984.53 and 1007.31 eV for Zn 2p3,5 and Zn 2p; 2
[51]. While the peaks with energies of 464.36 and 571.77 eV correspond
to Ag 3ds,» and Ag 3ds/,, respectively, and belong to Ag+ in the Ag;0
phase. In addition, the Cu 2p binding energy was found at 906.58 eV
[52]. The binding energy peaks for Ols were at 487.15 eV, while the
carbon peak came from adventitious carbon present on the surface of the
sample [51]. Based on this study, it can be concluded that the compound
is composed of three oxides CuO-AgO-ZnO.

3.4. IR spectra

It was noted from the infrared spectra of the four samples shown in
Fig. 6 in the range of (400-4000) cm ™}, that there is a wide absorption
band in the range of 3753 cm lcorresponding to the O-H stretch-
vibration bond caused by water molecules [51]. While the band is in
the (1653-1556) cm ™ range, it corresponds to the O-H bond curvature
vibration generated by the atmosphere [52]. As for the absorption band
located in the range of (404, 411.79, and 495.54 cm ™) corresponding to
Zn-0, there are vibration bonds present in the ZnO lattice [53,54].

There is an offset in the value of the CuO vibration lines that appear
in the range of (429, 491, 462, and 483 cm’l), corresponding to the
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spectra of the four samples CAZO, CZAO, ZACO, and CAZO/CZAO/
ZACO, respectively. The observed shift of the band is due to the doping
ratio with Zn*2, Cu™?, and Ag*? ions occupying the corresponding main
lattice sites. While the absorption bands of the Ag-O vibration bond
appear at (665 and 881) cm L. In the case of the CZAO/CAZO,/ ZACO
multilayer sample, it is significantly different from the other samples,
and the clear manifestation of vibrational lines of zinc, copper and silver
oxides made it the most efficient sample in photocatalysis.

3.5. Optical properties

3.5.1. Absorbance spectrum

All the measurements of the absorbance spectrum are in the wave-
length range (200-900e.V) nm for all the four types of prepared films.
Figure (7a) shows that the absorbance increases significantly in samples
CZAO and CZAO/CAZO/ZACO (multilayer), with the same behavior.
The absorbance decreases in samples CAZO and CZAO (70%-80 %).
Figure (7b) shows that the absorbance of the prepared films generally
begins to increase gradually with increasing energy of incident photons.
This growth occurs rapidly when the incident photon energy equals or
exceeds the value of the optical energy gap of all the prepared films,
indicating the occurrence of direct electron transmissions.

One reason is the increase in the density of the levels formed by the
impurity atoms in the similar material between the valence and con-
duction bands that act as a ladder for the transfer of electrons absorbing
photons with energies less than the value of the optical energy gap of the
prepared films and thus the transition occurs, which indicates that the
doping and change in the type of layers for the same sample improved
the crystal structure and reduced the optical energy gap, thus reducing
the optical transmittance and increasing the absorbance [54].

When compared to the absorbance of the prepared films (CZAO,
CAZO and ZACO), the prepared multilayer films achieved the highest
absorbance, followed by the prepared silver doped copper and zinc films
with a percentage of doping of 50 %, as the absorbance of these two
samples reached more than 80 % for the range of wavelengths located
within the visible region of the electromagnetic spectrum (400-800)
nm.

Optical absorption spectra were measured using UV-Vis. In other
study [48] it was shown that the average transmittance in the visible
region for all ZnO films is 80 % which is good for the solar spectra. It was
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Fig. 6. Infrared spectrum of samples CAZO, CZAO, ZACO and multilayer (CZAO/CAZO/ ZACO) treated at 500 °C.
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Fig. 7. Absorbance values change with (a) the energy of the incident photons and (b) the wavelength as a function of the prepared films.

found that the performance of the multi-layer as a transparent conduc-
tive material is better than the single layer of ZnO [48].

When analyzing the optical properties of the grown thin films in the
case of ZnO thin films and ZnO/Ag thin films by Chen et al. [55], it was
observed that all the prepared films had excellent transmittance in the
visible spectrum. The transmittance of the Ag-coated ZnO film is close to
79 % for 430-700 nm, which is lower than that of the uncoated ZnO thin
film. This may be attributed to the fact that ZnO films contain more
voids than ZnO/Ag films. In addition, the significant decrease in UV
transparency of the multilayer film may be due to scattering from pores
and other defects that are abundant in the films [55]. Thus, this work
provides a low-cost, environmentally friendly, and well-drained mate-
rial for solar cell applications.

3.5.1.1. Refractive index (n). The refractive index was calculated from
the relationship [10]:

(i f}’g)z _(1+#)

©

where R is the reflectivity and K represents the damping factor.

The refractive index (Fig. 8a) is high in samples CZAO/CAZO/ZACO,
followed by sample CZAO, compared with samples CAZO and CZAO.
The reason for this high value of n is that the process of doping with zinc
and copper led to the addition of impurity atoms within the crystal
structure of the silver films.

The increase in the refractive index is due to an increase in densifi-
cation resulting from an improvement in the crystal structure of the
films prepared for the two samples. This increases the intensity of the
reflected rays, thereby increasing the refractive index (Fig. 8b). Then, at
longer wavelengths, the refractive index values of the same two samples
begin to slowly decrease. This means that the reflectivity of the film
decreases.

51a) ——CAZO
—czA0
20 —ZACO

== CAZO/CZAO/ZACO

[ [
(] 9]

Refractive index, n, (%)
(7]

Refractive index, n, (%)
=

3.5.2. Dielectric constant (¢)

It is defined as the amount of absorption in the energy of the incident
photons due to the polarization of the charges of the membrane material
due to the electric field complex of electromagnetic radiation as a result
of passing through it, and it is of two types: the real part dielectric
constant (¢,) and the imaginary part dielectric constant (g;).

The values of the real and imaginary dielectric constants were
calculated from the two equations [50-52].

& =n"—k* )

&= 2nk (8)

It can be seen from Figure (9a) that high values in samples CZAO/
CAZO/ZACO and CZAO are similar to and affected by the behavior of the
refractive index. The reason for this is the high density of the dipoles
generated by the difference in impurities of the pure film material,
which increases the values of optical polarization and refractive index of
the low photon energies, respectively, and produces an increase in the
value of the dielectric constant in its real part.

The imaginary part of the dielectric constant Figure (9b) represents
how much the material absorbs from the electromagnetic radiation
falling on it as a result of the interaction of the electric vehicle’s radia-
tion with the charges of the material. Its polarization ¢; is high in regions
with high wavelengths and is most evident in the behavior of a multi-
layer sample, after which its higher values move lower as the curve’s
crests creep towards lower photonic energies (short wavelengths).

This is because unclean atoms have gotten into the crystal structure
of the pure membrane material. This effect has induced new levels to
form within the forbidden energy gap.

3.5.3. Optical energy gap
The direct optical energy gap was calculated by plotting the graph
between photon energy hv and (ahv)?® for all the prepared films using
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Fig. 8. Refractive index values change with (a) the energy of the incident photons and (b) the wavelength as a function of the prepared films.
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Fig. 9. Variation of the real and imaginary dielectric constant values as a function of the energy of the incident photons of the prepared films.

following relationship [49-52]:
hv = (ahv)? ©

where o is the order of the optical transmission, (hx) energy of the
incident photon.

Fig. 10 compares the energy gaps of the three samples, CAZO, CZAO,
and ZACO, and enabled us to know the lowest value between them and
also the best membrane that can be used as a basic catalyst among the
three oxides (zinc oxide, copper oxide, or silver oxide). The photocatalys
is a process with the smallest value of 3.76 eV for Zn—Cu co-doped silver
(CZAO), 3.81 eV and 3.85 eV for CAZO and ZACO samples, respectively.
This discrepancy in the energy gap of the samples can be attributed to
the difference in the values of the absorption coefficient, as its increase
corresponds to a decrease in Eg.

The CZAO/CAZO/ZACO multilayer process reduced the value of the
energy gap further to 3.73 eV. The reason for this reduction is that the
position of the three layers led to the addition of new donor levels near
the valence band inside the energy gap, which led to the creation of
bridges for electrons moving between the valence band and the con-
duction band, so the number of electronic transitions increased. A
change occurred in the location of the Fermi level and its movement
towards the valence band in the semiconductor material. Thus, this
process improved the structural properties of (CZAO/CAZO/ ZACO)
films, and led to obtain a more effective surface.

3.6. Photocatalytic performance

In this work methylene blue was used. A continuous exposure to this
dye causes many health problems, so treating water contaminated with

4
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Fig. 10. Energy gap values of the prepared samples.

this dye is very important [53-59]. For the photocatalysis demonstra-
tion, this solution was prepared at a concentration of 4 mg/l. Four
beakers with a capacity of 25 ml were prepared. Each sample was
immersed in a beaker with a good sealing (to avoid evaporation and
increase the concentration of the solution). The solutions were exposed
to visible light (Fig. 11).

The photocatalytic activity of the different samples was monitored
by a UV-visible spectrophotometer using absorption mode. Absorption
spectra measurements are performed hourly on 2.2 ml of solution using
distilled water as a reference, and the degradation rate is calculated
using the following relationship [60-66]:

G —-C

0

D(%) = %100 (10)

where Cy and C are the concentrations, before and after illumination,
respectively.

Fig. 12 shows how the degradation rate of methylene blue varies as a
function of time exposure to UV light. For CAZO and ZACO samples, it is
observed that the absorption spectra do not change significantly (Fig. 12
a and c) and the dissolution rate does not exceed 60 % during exposure
to normal light for as much as 5 h (Fig. 13). While it was observed for the
CZAO sample (Fig. 12b), the rate of decomposition increased to 71.61 %
for the same exposure time (Fig. 13).

The photocatalytic effect is clearly shown (Fig. 12 d), during which
the dissolution rate reached 88.96 % for a multilayer sample within 5 h
(Fig. 13). From the above, one can observe that the type of sample with
three active layers has a significant effect on MB degradation, allowing
the development of photocatalysts in an easy, fast, and inexpensive way
of preparation.

The use of semiconductors during photocatalysis had a great effec-
tiveness in removing pollutants and partially removing the products of
the dissolution of pigments. This process results in hydroxyl radicals
when irradiating the catalyst in the presence of water and air, and since
it is a process conjugated with oxygen, it is able to accomplish the
decomposition process of organic pollutants and convert them into
carbon dioxide, water, and some other non-toxic compounds.

Moreover, the adsorption process involves both the outer surface
area and the inner pores compared with the samples ZACO and CAZO
(Fig. 12 a-c). Oxidation reactions appeared more in the sample (CZAO/
CAZO/ZACO) (Fig. 12 d), which was decomposed in a shorter period of
time (Fig. 13). This is due to the more effective surface. Its shape was
previously shown in the SEM images, as the catalysis did not only
contribute to the surface, but the existing cracks contributed to an in-
crease in the support of the three layers, starting from the brightening of
the thin films until reaching the glass substrate which made it possible to
create the largest number of pairs and thus faster degradation.

The process depends on the generation of radicals (¢ OH) from the
production of the largest number of pairs (e /hM) leading to the
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deposition of active layers based on low-gap materials (ZnO: 3.4 eV,
CuO: 1.2 eV) in the network. Crystalline AgO (the sample CZAO) in-
creases the number of generated electrons involved in reducing O,
giving the solution a white color. H*, H,0, and OH™ react to form a
larger number of e¢OH, which acts as the main oxidant that leads to the
deterioration of the dye in MB solution due to the high surface area of
the sample (Fig. 12b) [65,66].

Among these materials, CZAO/CAZO/ZACO is a better choice
because it provides a large surface to adsorb pollutants. It has a better
ability to respond to several external stimuli such as ionic strength of the
medium, temperature, and pH. Thin layers can be reused by recycling
readily by burning it at the same processing temperature, which is
500 °C. CZAO/CAZO/ZACO particles during repeated recycling remain
stable due to the interconnected network and are not degraded. Multi-
layers proved competent adsorbents for the elimination of toxic dyes
from aqueous medium. The sample has been successfully applied for the
removal of toxic metal ions from MB solution but less effective than
using it the first time. The gradient of the solution reached 55.23 % in a
time of 5 h (Fig. 14 d.e), while the decomposition in the first time was
approximately 89 % in a time of 5 h.

3.7. Ultraviolet photodetection application

The manufacture of the optical detection based on the heterogeneous
structure is an effective way to enhance the sensitivity and speed of the
device. This type of structure does not only provide excellent electrical
properties, but also gives mechanical stability required for flexible
electronics applications [68]. The specifications of the current voltage in
the dark and under UV rays were obtained at 254 nm and 0-10 V to
examine the UV detectors based on the thin and multilayers layers
(Fig. 15).

Through the shape it is noted that the dark current of the samples
was relatively low and that is when applying 12 voltages 11.416,
12.333, 12.874 and 14.215 A for all ZACO, CAZO, CZAO and CZAO/
CAZO/ZACO compared to the increase in all samples under UV light, as
it reached 12.5 and 13.123, 16.897 and 20.549 A, respectively. These
results clearly show that the UV detection device based on the multiple
layers display the maximum value of the image stream, which means
that the optical conductivity of this sample is higher than layers sepa-
rately [67].

To evaluate the performance of the photodetector, the ratio between
the current measured under illumination I, and that measured in the
dark Idark was calculated which represents the responsivity R(1) [68]. It
is possible to compare the quality of a device’s response to incident light.
The higher this value, the more the detector generates charge carrier by
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absorbing photons. Another property that makes it possible to evaluate
is the performance of the detectivity (D).

It is a method for measuring the sensitivity of the photodetector [69].
This property is derived from the quantum efficiency and is directly
related to the generated photocurrent by the photodetector with the
optical power of the incident light. The value of sensitivity, responsivity
and detectivity are given by the following relations [69,70]:

S = Tpn/Taank an
R = Ipy/Pise 12)
D=R / (2eli) ' 13)

where I is the photo-current generated by the photodetector as a result
of optical excitation and Py, is the optical power of the incident light.

Through Table 4, the discovery, responsivity and the highest sensi-
tivity that was observed in the sample with multilayers can be explained
by the increase in the lighting stream in samples in the presence of ul-
traviolet radiation. The latter increases with increase in the number of
free electrons and thus the number of holes in which oxygen ions are
held [71].

Excellent photoresponsivity and sensitivity were obtained for the
CZAO/CAZO/ZACO sample based on the multilayer photodetectors,
where the photocurrent increased to its maximum with increasing
levels, which were under ultraviolet irradiation compared with the other
samples ZACO, CAZO, CZAO. The superiority of the illumination current
over the dark current indicates that the UV sensitivity of the structures in
the current study could be used for UV detectors. The overall perfor-
mance of the device also ensured a wide potential in optoelectronics
applications [72].

3.8. Mechanism of UV photodetection

Its basic structure for photodetectors consists of semiconductor ma-
terials which are connected to an electrical circuit by means of two
electrodes and allow the application of a voltage on the terminals of the
material for the production of an electric current.

In the dark, when an external electric field is applied, the oxygen
molecules in the atmospheric air Oz (gas) are adsorbed on the surface of
the layers as negatively charged ions by capturing the free electrons in
the conduction band of the sample [72,73]. The formation of a large
number of ionized oxygen on the surface of the thin films leads to the
formation of charge depletion region near the surface, which leads to
separation of charge carriers and reduced recombination [74].

Whereas, under the influence of the light beam, each incoming
photon transfers its energy hv to an electron from the active material
located in the valence band, so it absorbs it and moves to the conduction
band so that its energy is greater than or equal to the width of the band
gap Eg for semiconductors (hv > Eg). This process results in the gener-
ation of electron-hole pairs that modulate the conductivity of the
absorbent layer and thus the conductivity of the semiconductor [74].

This effect results in an increase in the current (I) in the circuit, due
to the generation of photo current I n,. Adsorbed oxygen ions (O2) are
also discharged through surface electron hole recombination on the
nanosurface. To improve the speed and sensitivity of the photodetector,
silver, copper and zinc oxides are very suitable materials due to their fast
charging ability and high dynamic stability.

These materials also possess a suitable forbidden bandwidth when
combined which enhances electron transfer. In addition, the sample
response rate and carrier concentration in the multilayer structure can
be significantly improved by contributing to an increased number of
oxygen vacancies generated, which improves the photocurrent of the
photodetectors significantly over the rest of the samples.

The three ions are replaced by Zn?", Cu>*, Ag?" in the lattice easily,
which results in the release of electrons to maintain its electrical
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rate for the samples.

neutrality. Thus increases the response of the sample and the concen-
tration of free electrons and reduces the resistance of a substance
(Fig. 16). Then, the adsorbed oxygen ions Oy (ad) combine with the
photo-generated holes (h™) and produce oxygen molecules O, (gas),
which are then adsorbed from the surface of the nanostructure [75].
Since the photo-generated electrons (e™) adhere to any electrode electric
current, this leads to the formation of a photocurrent I,4. The reaction
that takes place can be summarized according to the following equations
[73-76]:

0, (gas) + e~ = O3 a4
AZCO/CAZO/CZAO + hv — ¢~ + ht (15)
07+ ht > 0, (gas)(16)

4. Conclusion

Active thin films of multilayers CZAO/CAZO/ZACO, CAZO, CZAO,
and ZACO prepared by the spin-coating method were deposited on glass
substrates. The results of XRD proved that the samples are poly-
crystalline, and the effect of doping was evident through the intensity of
the phases and the alternative incorporation of the doped elements in
the crystal structure. Its topography analysis by SEM shows that samples
CAZO0, CZAO, ZACO, and CZAO are more porous than CAZO and ZACO.
The material also has a lower grain size of (98 and 104) nm for CZAO
and CZAO/CAZO/ZACO, respectively, the latter having an improved
effect on the structural properties and providing a wider active area. The
resulting phases were confirmed after layer deposition and identified as
Zn0O-Ag>0-CuO composites based on the results of EDS and XPS mea-
surements. The highest absorbance was recorded by the multilayer
films, followed by CZAO, as it reached more than 80 % for the wave-
lengths located in the visible region (400-800) nm. This study also
showed that grafting the silver film with zinc and copper leads to a
change in the optical properties of the film, and this was evident through



B. Dikra et al.

Journal of Science: Advanced Materials and Devices 9 (2024) 100642

22
a) —a— ZACO; Dark 22 b) —a— CAZO; Dark
20f —e— ZACO; UV light]  20f —e— CAZO; UV light
18| 18
16} 16[
<uf ~14]
‘5 12 S}
N
E 10 E 10
&} 8 E st
o O 6f
4F 4T
2F 2t
0012345678910111213 001 3 4 5 6 7 8 9 10 11 12 13
Voltage (V) Voltage (V)
22 22 F
c) —&— CZAO; Dark d) —a— CAZO/CZAO/ZACO; Dark
20 —e— CZAO: UV light 20 | —e— CAZO/CZAO/ZACO; UV light
18 18
A16 3 16
s} S
=12} T2
L1} €10
= b
= 8} = 8
O 6l © 6
4f 4
2t 2
o6 T s o0tz Y01 2 3 4 5 6 7 8 9 1011213
Voltage (V) Voltage (V)

Fig. 15. Current measured as a function of voltage in darkness and under UV light for (a) CAZO, (b) ACZO, (c) CZAO, (d) CZAO/CAZO/ZACO.

Table 4

The characteristics photodetectors of ZACO, CAZO, CZAO and CZAO/CAZO/

ZACO measured at 12 V.

Samples Sensitivity Responsivity (A/W) Detectivity
ZACO 1.09495 2.08333 0.436
CAZO 1.06403 2.18717 0.44038
CZAO 1.31249 2.81617 0.55499
CZAO/CAZO/ZACO 1.4456 3.42497 0.64234
S
q\\‘?o
Vg™ .
e e g
\

the optical constants, where the value of the optical energy gap
decreased compared with CAZO and ZACO. On the other hand, we ob-
tained a lower value for the energy gap for the multilayer sample. It also
takes the higher values of the refractive index and the values of the real
and imaginary dielectric constants, and the preparation with multiple
layers leads to an increase in the crystal defects of the film. The results of
the photocatalytic activity indicate that the CZAO/CAZO/ZACO multi-
layer sample is the best and most effective with a photolysis rate of
88.96 %, followed by the CZAO sample with a degradation rate of 71.61
% within a time of 5 h. Sensitivity, responsivity and detectivity of light
during photodetection application have proven that the presence of UV
light increases the number of holes besieged by oxygen ions and causes

Fig. 16. Mechanism of UV photo-detection of multi-layers based on CZAO/CAZO/ZACO.
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more free electrons to contribute to optical current production, partic-
ularly for the multilayer film.
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