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Abstract
This paper has reported the fabrication and characterization of pristine, and silver (Ag)-doped nanostructured ZnO/CuO 
composite thin films that have not been previously reported. The thin films were synthesized by the successive ionic layer 
adsorption and reaction (SILAR) technique. The morphological, crystalline structure, optical and electrical characterizations 
of the films have been achieved utilizing scanning electron microscopy (SEM), energy-dispersive spectrometry (EDS), atomic 
force microscopy (AFM), X-ray diffraction (XRD) analysis, Fourier transform ınfrared spectrum (FTIR) analysis, ultraviolet–
visible (UV–Vis) spectrophotometry and the four-point probe measurements. Particle sizes of pristine and Ag-doped ZnO/
CuO thin films were found to vary from 32 to 58 nm. Crystallite size was changed from 16.40 to 18.90 nm with changing 
Ag dopant in the ZnO/CuO composite film. FTIR spectra that have the absorption peaks at ~ 725 and ~ 510 cm−1 referred to 
the stretching vibration of Zn–O and Cu–O bonds during the synthesis of ZnO/CuO nanofilms. The bandgap values of ZnO/
CuO composite films increased from 2.05 to 2.36 eV as Ag content increased from 0 to 2 M%. The activation energies of 
the samples were obtained from the Arrhenius plots of � versus 1/T. The multiple activation process was observed. It was 
noteworthy that Ag-doping results in a significant difference in conductivity at all temperature values.

1  Introduction

Nowadays, many researchers focus on the synthesis and 
examination of composite multicomponent nanostructured 
metal-oxide materials. Nanostructured metal-oxide based 
heterostructures are more prepossessing because of the easy 
availability, non-toxic character, likelihood of integrating the 
main chemical and physical properties and chemical and 

biological stability [1, 2]. Diverse nanostructured compos-
ite materials have been presented, including Graphene/ZnO 
[3], TiO2/CdS [4], ZnO/CuO [5], ZnO/CdO [6], SnO2/ZnO 
[7], ZnO/Co3O4 [8], ZnO/Fe2O3 [9], NiO/ZnO [10], and 
Gd2ZnMnO6/ZnO [11].

Among these nanostructured composite materials, ZnO/
CuO thin films much attractive owing to their unique and 
superior properties such as environmental friendly and low 
price [12]. Zinc oxide (ZnO) is a II–VI compound and an 
n-type semiconductor with a wide bandgap of about 3.4 eV. 
Additionally, ZnO is a metal oxide with high exciton bind-
ing energy of 60 meV at room temperature and hexagonal 
wurtzite crystal structure. Also, ZnO has unique attributes 
like high thermal and chemical stabilities, perfect substrate 
devotion, not containing poisonous substances, semicon-
ductor features with doping and abundance in nature [13, 
14]. Meanwhile, nanocomposite ZnO has attracted attention 
due to its optical properties. It has been presented that ZnO 
could absorb photons with energy higher than the optical 
bandgap energy of metal-oxide semiconductor and execute 
hole and electrons [15, 16]. Copper oxide (CuO) is a p-type 
semiconductor having a narrow energy gap of about 1.5 eV 
[17, 18]. CuO is also a nontoxic, inexpensive contains 

 *	 A. Akkaya 
	 abdullah.akkaya@ahievran.edu.tr

1	 Mucur Technical Vocational Schools, Tech.Prog. 
Department, Ahi Evran University, Kırşehir, Turkey

2	 Laboratory of Nanostructured Materials and Applications, 
Faculty of Arts and Sciences, Mustafa Kemal University, 
Antakya, Hatay, Turkey

3	 Department of Physics, Faculty of Sciences, Selçuk 
University, Konya, Turkey

4	 Department of Physics, Faculty of Arts and Sciences, Bozok 
University, Yozgat, Turkey

5	 Department of Physics, Faculty of Sciences, Erciyes 
University, Kayseri, Turkey

http://orcid.org/0000-0002-4086-6365
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-020-03999-z&domain=pdf


14401Journal of Materials Science: Materials in Electronics (2020) 31:14400–14410	

1 3

exceptional morphologic versatility, chemically stable and 
abundant material [19]. Therefore, heterostructures of these 
two metal-oxides into a structure could be an influential way 
to adjustment of main physical properties, such as solar cell, 
sensor, optoelectronic device, photocatalysis and antibacte-
rial activity efficiencies [11, 20, 21].

Doping is one of the potent ways to improve the primary 
physical and chemical properties of nanostructured metal 
oxide composite films. The physical characteristics of com-
posite films can be enhanced by adding various elements 
such as Mn [22], Ce [23], La [24], Er [25] and Ag [26] to the 
films. Amongst different doping elements, Ag is preferable 
as a dopant source because Ag has high metal reflectivity, 
the highest electrical conductivity of 6.3 × 107 S/m, and per-
fect thermal conductivity [27, 28]. The impact of Ag dopant 
material on the thin film features have been investigated by 
some researchers [29, 30]. The nature of silver ions is simple 
link matrices. Thus, doping of Ag in ZnO/CuO nanocom-
posite could result in varied structural and morphological 
properties and hence could affect its physical performance. 
Surface morphological and crystalline structural modifica-
tions were made to enable these materials as efficient opto-
electronic devices.

It is significant to examine the system of multicomponent 
nanostructured metal-oxide, such as how the optoelectroni-
cal properties and electrical conductivity are modified when 
the composition varies. Hence, this research aimed to work 
out the main physical properties of the nanostructured ZnO/
CuO composite films and the contingency of implementa-
tions in electronically and optoelectronic materials.

As far as we know, there has been no recorded research 
where silver-doping on nanostructured ZnO/CuO composite 
samples were researched for their surface morphological, 
structural, optical, and electrical properties. We have used 
the SILAR technique to growth pristine and silver doped 
ZnO/CuO composite films. It has been reported that dop-
ing of silver ions vigorously impresses the main physical 
properties of nanostructured ZnO/CuO composite thin films.

2 � Experimental procedure

2.1 � Synthesis of nanostructured ZnO/CuO 
composite thin films

In this research, nanostructured ZnO/CuO composite thin 
films were grown by the SILAR method on silica glass 
substrates at room conditions. To prepare the film growth 
solution, analytical zinc acetate dihydrate and copper(II) 
chloride dehydrate reagents were used. 2.19 g zinc ace-
tate dehydrate (Formula: Zn(CH3COO)2 2H2O, Molecu-
lar Weight: 219.51 g/mol and Assay: 99.9%) and 1.70 
copper(II) chloride dehydrate (Formula: CuCl2·2H2O, 

Molecular Weight: 170.48 g/mol and Assay: 99%) were 
weighted and mixed with 200 ml double distilled water 
to obtain 0.1 M zinc acetate and 0.1 M copper(II) chlo-
ride solution respectively. Then they were mixed at room 
condition for 5 min for the obtain a transparent and well-
dissolved solution. Double distilled water and ammonium 
hydroxide (NH4OH) were used as solvents. After stirring, 
the pH value of the growth solution was then increased 
to 10.0 ± 0.02 by adding NH4OH while the solution was 
heated up and kept at 85 °C. Soda–lime glass substrates 
were precleaned using three steps which were cleaning in 
dilute sulfuric acid solution(H2SO4:H2O, 1:5 by volume), 
in acetone, and in double-distilled water for 10 min, each 
in an ultrasonic bath. The substrates were rinsed in the 
mixed growth solution for 20 s and then into the deionized 
hot water (85 °C) for 20 s to remove loosely bound species 
from the substrate. This process was repeated for 25 times 
to obtain nanostructured ZnO/CuO composite thin film. 
Figure 1 presents the schematic diagram of SILAR method 
for deposition of nanostructured ZnO/CuO cmposite thin 
films.

To examine the effect of varying percentages of silver 
(Ag) as a dopant on ZnO/CuO composite thin films, three 
series of (the ratio of Ag are 0%, 1 M%, and 2 M%, respec-
tively) samples were produced. Silver nitrate (Formula: 
AgNO3, Molecular Weight: 169.873 g/mol and Assay: 
99%) was used as source precursors for Ag. The reaction 
bath for the first one was pristine solution (i.e. contains 
only zinc acetate, copper(II) chloride, water and ammo-
nia), the sechend baths were containing 1 and 2.0 M% 
(Molar percent) Ag ions, respectively. Then, pristine and 
silver-doped nanostructured ZnO/CuO composite  thin 
films were annealed at 523 K (250 °C) for 45 min. in a 
PROTHERM PTF 12/50/450 tube furnace in air ambient.

Fig. 1   The schematic diagram of SILAR method for deposition of 
nanostructured ZnO/CuO composite thin films
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2.2 � Characterizations of nanostructured ZnO/CuO 
composite thin films

The surface morphology of samples was observed using 
the FE-SEM (The Zeiss SUPRA 55-VP) with EDS and 
AFM (Solaris Atomic Force Microscope). XRD patterns 
were recorded by Bruker D8 advance high-resolution dif-
fractometer (Cu Kα radiation, λ = 1.540056 A°). The thick-
ness of samples was measured via Nanomap - 500LS 3D 
Surface Profilometer. The optical absorbance and trans-
mittance properties of samples were examined by Thermo 
Scientific Genesys 10 s UV–Vis. Spectrophotometer in the 
400–1100 nm wavelength range. The presence of chemical 
bonding in nanostructured ZnO/CuO composite thin films 
was studied by Thermo Scientific Nicolet 6700 FTIR spec-
trometer in the range of 4000–400 cm−1 with a resolution 
of 1 cm−1.

The four-point probe measurements were used to obtain 
resistivity values. The measurements were performed with a 
software equipped probe station in which distance between 
probe centers of the axis is 1.5 mm. All the measurements 
were taken in a stainless steel vacuum chamber to avoid 
samples react with the atmospheric gases. The chamber 
was equipped with feedthrough to ensure electrical con-
nection, and its pressure was kept at 2.5 × 10–3 mTorr dur-
ing the measurements. The measurements were performed 
in the range of 1 × 10–6—1 × 10–4 A constant current with 
1 × 10–6 A steps to reach more accuracy. The software of the 
measurement system, which includes a statistical analysis 
program, reported that all the measurement quality was high.

The resistivity of samples were measured in the range 
of 293–403 °K in a vacuum chamber. Lakeshore 332 S was 
used to control substrate heating and a calibrated diode fixed 
onto the samples to measure the temperature.

3 � Results and discussions

3.1 � Surface morphological studies 
of nanostructured ZnO/CuO composite thin 
films

Surface morphological features of the thin films have 
remarkable importance on their main physical features. Such 
as, a change in particle size, distribution or surface rough-
ness result a difference in electronic properties of materials. 
In order to be intensified the influence of the doping meth-
odology on morphology at both the micro and nanoscale, 
in this research, two microscopic methods, SEM and AFM 
have been used.

The SEM images of the ZnO/CuO composite films are 
shown in Fig. 2. From the SEM images, it can be under-
stand that all the substrates are fully covered by ZnO/

CuO nanocomposite, and all images show dense surfaces. 
According to Fig. 2, nearly homogeneous particle deploy-
ment has been expressly seen, and the almost smooth sur-
face has also been observed. After the doping of silver, the 
particle sizes changing about between 32 and 58 nm and 
smoothly distributed are executed on the surface. Similar 
homogeneus distributed SEM results have been observed 
by other researchers [31, 32]. Since main physical properties 
of the nanostructured metal-oxide structures are dependent 
to particle size and morphology of them, it is significant to 
be able to prepare the product with a controlled structure, 
particle size and distribution [33].

Figure 3 presents extended SEM pictures of pristine and 
2 M% silver-doped ZnO/CuO composite films. The average 
particle sizes of the samples have been predicted from the 
images. The estimated values of the particle sizes for pristine 
and 2 M% silver-doped samples are 31,79 nm and 57.60 nm, 
respectively. The SEM pictures indeed characterize that the 
particle statures for all the silver doped samples are dissimi-
lar than that for pristine ZnO/CuO composite.

EDX was investigated for the determining of the elemen-
tal compositions of grown composite films. Figure 4 pre-
sents the EDX spectra of the pristine and silver doped films, 
which demonstrate the existence of Copper (Cu), Zinc (Zn), 
Silver (Ag), and Oxygen (O) elements. The atomic percent-
ages of these elements are also tabulated in Table 1.

SEM micrographs have exhibited in the evaluation of the 
particle distributions. At the same time, AFM was crucial in 
supplying further knowledge on nanoscale surface proper-
ties such as Sa (Average surface roughness), Sq (Root mean 
square), and Sz (Ten point height). The recorded two and 
three-dimensional (2D and 3D) AFM micrographs are given 
in Fig. 5 is with respect to the silver doping content. The 
changes in the Sa, Sz, and Sq values of grown materials can 
be related to the differences in the surface structure. Hence, 
the changes in the particle size influence the surface rough-
ness. The same behavior also observed in earlier reports in 
the literatüre [34–36]. The values of the surface roughness 
parameters like Sa, Sq, and Sz provided from the AFM 
results are presented as a function of the silver content in 
Table 2. It can be seen from Table 2, a vigorous decrement in 
the Sa, Sq, and Sz values appears when the silver percentage 
is increased from 0 to 2 M%. These findings obtained from 
the AFM studies are in good agreement with the results of 
the SEM analysis.

3.2 � Structural studies of nanostructured ZnO/CuO 
composite thin films

Crystallographic examinations of ZnO/CuO composite 
films were conducted using the XRD technique. Figure 6 
presents the X-ray spectra of all the ZnO/CuO films at dif-
ferent dopant concentrations. The X-ray diffraction spectrum 
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Fig. 2   SEM pictures at × 20,000 
and × 50,000 magnifications of 
the nanostructured ZnO/CuO 
composite thin films SILAR 
fabricated at different silver 
doping concentration

Fig. 3   Extended SEM pic-
tures × 200,000 magnifications 
of the nanostructured ZnO/CuO 
composite thin films SILAR 
fabricated at different silver 
doping concentration
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showed that all the grown films were polycrystalline in 
nature. The diffraction peaks were good oriented and well 
accord with JCPDS card numbers 01-073-8765 and 00-041-
0254 for ZnO (hexagonal) and CuO (monoclinic), respec-
tively. The intensities of peaks have detected to be changed 
with doping percentages. The sharp peak signifies that the 
obtained thin-film materials have high crystalline quality 
[37, 38].

There is additionally a shift of 2θ in (C (002)) diffractions 
towards lower Bragg angle from 34.49 (for pristine ZnO/
CuO) to 34.41 (for 1 M% Ag-doped ZnO/CuO film). This 
demonstrative change of peak position appears due to the 
occurred structural strain. The like peak position change was 
also observed in rare earth element-doped CdO films [39].

Scherrer’s equation was used to estimate the crystallite 
size [40, 41],

where K is the Scherrer constant (shape factor) having value 
0.94, λ is the wavelength of X-ray, β is the half-height width 
of the of the diffraction peaks, θ is the Braggs diffraction 
angle.

The obtained structural parameters are presented in 
Table 3. The estimated values of the crystallite sizes of 
the samples were in the range of 16–19 nm as a function 
of silver content. The slight increase of the crystallite size 

(1)D =
K�

� cos �

Fig. 4   Elemental analyses of the nanostructured ZnO/CuO composite thin films SILAR fabricated at different silver doping concentration

Table 1   Elemental composition 
of nanostructured ZnO/CuO 
composite thin films

Sample name Cu Zn O Ag

(at%) (wt%) (at%) (wt%) (at%) (wt%) (at%) (wt%)

Pristine ZnO/CuO 19.95 32.20 28.12 46.70 51.93 21.10 –
1 M% Ag-doped ZnO/CuO 13.74 20.65 38.34 59.27 47.02 17.79 0.90 2.29
2 M% Ag-doped ZnO/CuO 45.34 68.69 6.24 9.73 47.00 17.93 1.42 3.66
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for ZnO/CuO film may be described by the substitution 
of Ag2+ ions into sites in the ZnO and CuO lattice, which 
results in distortion of the lattice parameter as reported 

in previous studies [42, 43]. This increase in the particle 
magnitude with silver doping is additionally obtained in 
the SEM results.

Fig. 5   2D and 3D AFM images of the nanostructured ZnO/CuO composite thin films SILAR fabricated at different silver doping concentra-
tion over a scan area of 10 μm × 10 μm

Table 2   Main surface roughness 
parameters of nanostructured 
ZnO/CuO composite thin films

Sample name Average surface 
roughness (Sa) (nm)

RMS (Sq) (nm) Ten point 
height (Sz)
(nm)

Film thickness
(µm)

Pristine ZnO/CuO 133.82 175.19 852.47 1.79
1 M% Ag-doped ZnO/CuO 103.99 133.00 434.98 1.66
2 M% Ag-doped ZnO/CuO 99.40 123.01 408.78 1.54
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3.3 � FTIR analysis of nanostructured ZnO/CuO 
composite thin films

FTIR spectroscopy was used to investigate the various vibra-
tional modes in synthesized particles and the effect of Ag 
doping. Due to the addition Ag on ZnO/CuO composite, 
no intense changes were observed in the FTIR spectrum 
compared to the pristine ZnO/CuO composite sample. 
This confirmed the conclusion that there is no chemical 
bond between ZnO/CuO and Ag-based on XRD analysis. 
Figure 7 shows the FTIR spectrum of the Ag-doped and 
pristine ZnO/CuO nanocomposite thin films achieved in 
the range of 500–4000 cm−1. A few vibration modes were 
determined in diverse regions of the FTIR spectrum. The 
absorption peaks at ~ 3535–3810 cm−1 attributed to O–H 
stretching modes of surface adsorbed water molecules or 

hydroxyl groups in M–OH (M = Zn, Cu) [44]. These absorp-
tion bands of the composite (OH group) shifted to a higher 
frequency when Ag content was added to ZnO/CuO nano-
composite thin films, because of the strong hydrogen bond 
interaction between the composite and metal oxide particles. 
Also, peaks between the 2000 cm−1 and 2930 cm−1 can be 
attributed to C=O and –CH2 vibrations from the residual 
precursors and organic contaminations [45].

The absorption peak located at 880 cm−1 was appointed 
to the characteristic stretching mode of the Zn–O bond [46]. 
As metal-oxide materials in general exhibit absorption bands 
in the fingerprint region (i.e., below 1000 cm−1), which arise 
from inter-atomic vibrations and peaks appearing at ~ 725 
to ~ 510 cm−1 can be assigned to the metal–oxygen (M–O) 
(M = Zn, Cu) stretching modes [47].

3.4 � Optical properties of nanostructured ZnO/CuO 
composite thin films

The energy bandgap properties of pristine and silver-doped 
nanostructured ZnO/CuO composite films were determined 
from the absorbance measurement. The optical bandgap 
energy (Eg) of samples was determined by using the Tauch 
method [48–50]

where C is a constant, hν is the photon energy, and α is the 
absorption coefficient. The optical bandgap energy of pris-
tine and silver-doped ZnO/CuO composite films was then 
estimated by extrapolating the linear regions on the energy 
axis (Fig. 8).

The optical bandgap energy of pristine ZnO/CuO com-
posite film is 2.05 eV. The calculated energy gaps have an 
excellent accord with the reported from other researcher 
groups for ZnO/CuO composite films prepared with different 
techniques [51, 52]. The bandgap energy was increased from 
2.05 to 2.36 eV as the Ag content in the growth solution was 
increased from 0 to 2 M%. These values are also tabulated in 
Table 3. This result evidently exhibits that the change of the 
visible-light transmittion is based on the presence of silver 
elements that contributes to the broadening of the bandgap 
of nanostructured ZnO/CuO composite materials. This is 
predicated to the influence of the entity of silver ions in the 

(2)(�h�) = C
(

h� − Eg

)1∕2

Fig. 6   X-ray diffraction patterns of the nanostructured ZnO/CuO 
composite thin films SILAR fabricated at different silver doping con-
centration

Table 3   Relative peak intensity, 
crystallite size and band gap 
values of nanostructured ZnO/
CuO composite thin films

Sample name Relative peak intensity 
(cps)

Crystallite size
(nm)

Bandgap
(eV)

C (002)

Pristine ZnO/CuO 8184 16 2.05 ± 0.05
1 M% Ag-doped ZnO/CuO ZnO/CuO 15942 19 2.19 ± 0.05
2 M% Ag-doped ZnO/CuO 12320 17 2.36 ± 0.05
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ZnO/CuO structure to bridge the bandgap energy of pristine 
ZnO/CuO composite [53].

Meanwhile, the increment in the bandgap with Ag con-
centration may be related to the change in the form of the 
surface morphology, particle size and crystallinity quality 
of the nanostructured metal-oxide materials [54, 55], which 
was existent with the previous researches [56].

Accordingly, this is because the 3d orbital of the Zinc 
atom is overly deep than the 3d orbital of Copper. Hence, 
robust coupling arises between the d orbital of the Cu atom 
and the p orbital of the O atom, which effects the direct 
bandgap [57]. This judgment was supported via SEM, AFM, 
and XRD results.

Figure 9 presents optical transmittance spectra of the 
nanostructured ZnO/CuO composite samples as a result of 
Ag percentage in the wavelength range of 400–1100 nm. 
Pristine ZnO/CuO composite thin film has weak transmit-
tance of less than nearly 3%. At the same time, compared 
with the pristine ZnO/CuO composite film, the transmit-
tance is obviously enhanced by the doping of silver with 
the modulation of film properties. The increase in optical 
transmittance owing to silver doping may be because of alert 
surface topography, particle size, film thickness, and free 
carrier concentrations [58]. In addition, it is clearly seen 
that transmittance values of the samples are increased with 
the decreasing of film thickness. The thickness could influ-
ence the optical absorption and transmission. The similar 
increasement with deccreasing film thickness was further 
observed for hausmannite (Mn3O4) thin films [59].

3.5 � Electrical properties of nanostructured ZnO/
CuO composite thin films

Figure 10 shows the resistivity of the pristine, 1 M%, and 
2  M% Ag-doped ZnO/CuO composite samples. When 
Fig. 10 is viewed, an apparent change can be seen in elec-
trical resistivity with Ag-doping. The resistivity was firstly 
decreased from 397 to 385 Ω cm by the addition of 1 M% 

Fig. 7   FTIR spectroscopy of the nanostructured ZnO/CuO composite 
thin films SILAR fabricated at different silver doping concentration

Fig. 8   Comparison of (αhν)2 versus hν plots of the nanostructured 
ZnO/CuO composite thin films SILAR fabricated at different silver 
doping concentration

Fig. 9   Optical transmittance spectra of the nanostructured ZnO/CuO 
composite thin films SILAR fabricated at different silver doping con-
centration
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Ag doping and then from 385 to 342 by 2 M% Ag-doping. 
As the doping level increased, more dopant atoms reduced 
resistivity. The decrease in resistivity could be attributed to 
the doping of new charge carriers to the structure. Afaah 
et al. prepared Ag-doped ZnO. They observed that a suit-
able concentration Ag-doping caused an improvement for 
conductivity [60]. On the other hand, Chiang et al. investi-
gated various metal doping to CuO, including Ag-doping. 
They reported that Ag-doping decreased resistivity [61]. As 
can be shown in the literature Ag-doping to both ZnO and 
CuO reduced resistivity. A similar result was observed in our 
work that we used ZnO/CuO mixed oxides. The substitution 
of Ag2+ ions into sites in the ZnO and CuO lattice leading to 
an increase of free charge carriers.

Figure 11 shows the Arrhenius plot of In(σ) versus 1/T 
for the pristine, 1 M%, and 2 M% Ag-doped ZnO/CuO com-
posite samples. The electrical conductivity of the samples 
is described as [62]

where ρ is a resistivity and Arrhenius equation is defined as

where, �o is a pre-exponential factor, T is the absolute tem-
perature, k is the Boltzmann constant, and Ea is the mate-
rial’s activation energy.

When Fig. 11 is viewed, it is seen that the pristine ZnO/
CuO mixed oxide has the lowest conductivity at all the 
temperature region. It is noteworthy that adding 1 M% and 
2 M% Ag results in a significant difference in conductivity 
at all temperature values. This behavior showed us that the 
doping process was successfully applied due to increasing 
charge carriers in the samples. In addition, all conductivity 

(3)� =
1

�

(4)� = �oe
Ea

kT

curves showed the two-linear regions. This indicates that 
there is multiple activation process in different temperature 
regions. A similar attitude can be attributed to a system 
consisting of an intrinsic semiconductor at high tempera-
ture and an extrinsic semiconductor at low temperature 
[62]. The addition of dopants generates the new mobile 
carriers at low temperatures in the extrinsic region. Thus, 
it can be mentioned that there is two activation energy for 
each sample. The calculated activation energy and pre-
exponential factors were tabulated in Table 4. In the table, 
Ea1 and �o1 indicate the activation energy and pre-exponen-
tial factor calculated from the high-temperature region of 
the curves in Fig. 11, while Ea2 and �o2 derived from the 
low-temperature area of the graph. The pre-exponential 
factor increased with increasing Ag-doping content at the 
high-temperature region, while no regular change in the 
other parameters was being observed. 1 M% Ag-doped 
sample showed different characteristics opposite from the 
observed doping trend. It can be attributed to crystallite 
size effects on conductivity [63]. As can be mentioned in 
Table 3 1 M% Ag-doped sample has the biggest crystallite 
size parameter.

Fig. 10   Resistivity characteristics of the nanostructured ZnO/CuO 
composite thin films SILAR fabricated at different silver doping con-
centration Fig. 11   Arrhenius plot of In(σ) versus 1/T for the nanostructured 

ZnO/CuO composite thin films SILAR fabricated at different silver 
doping concentration

Table 4   The calculated activation energy and pre-exponential factor 
values of nanostructured ZnO/CuO composite thin films

Sample name Ea1
(meV)

Ea2
(meV)

�o1

(S/cm)
�o2

(S/cm)

Pristine ZnO/CuO 6.66 1.34 3.19 × 10–3 2.66 × 10–3

1 M% Ag-doped ZnO/CuO 4.01 8.79 3.25 × 10–3 3.71 × 10–3

2 M% Ag-doped ZnO/CuO 15.17 1.16 4.97 × 10–3 3.01 × 10–3
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4 � Conclusion

ZnO/CuO composite thin films formed from n-type ZnO 
and p-type CuO materials were grown by the SILAR tech-
nique, and they were analyzed as a function of the Ag 
doping concentrations. If the analysis results were sorted 
as structural, surface, optical and electrical; ZnO/CuO 
composite thin film had a polycrystalline nature with hex-
agonal-ZnO and monoclinic-CuO structures according to 
the XRD analysis. FTIR spectra confirmed the Zn–O and 
Cu–O vibration bands. SEM and AFM results showed that 
increased Ag doping reduces thin-film porosity. Also, the 
crystallite size was found to increase from 16 to 19 nm 
with Ag doping. The bandgap measurements revealed that 
the bandgap of ZnO/CuO thin film was increased with an 
increasing Ag doping amount. Also, it was observed that 
a successful adjustment in the electrical conductivity with 
Ag doping was possible. Increasing Ag doping caused a 
decrease in resistivity of ZnO/CuO thin films.
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