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Abstract The copper element (Cu) substituted ZnO 
with the common formula  ZnO70/Cux/ZnO70 (x = 20, 
50, and 70 nm) was manufactured using ALD and 
Dc magnetron sputtering techniques, as a function 
of the concentration of Cu as interlayer. The effect 
of the amount of Cu doped in ZnO on the character 
and dielectric and impedance properties was evalu-
ated. Scanning electron microscopy (SEM) and graz-
ing incident X-ray diffraction (GIXRD) were used to 

assess the microstructure of the prepared thin films 
and to obtain grain size measurements. The dielec-
tric properties (ε′, ε″) and the real part of the complex 
electric modulus (M) were studied as a function of 
frequency and temperature. A strong dependence and 
correlation between the dielectric properties and the 
thickness of the Cu interlayer were investigated. The 
electrical impedance at different temperatures exhib-
ited a single semicircle, indicating that the response 
arose from a single capacitive element correspond-
ing to the grains. The conduction of grains and grain 
boundaries is detected from a complex impedance 
spectrum by fitting the Nyquist plot with an appropri-
ate electrical circuit. It was revealed that the increase 
of the thickness of the Cu interlayer of the ZnO/Cu/
ZnO system leads to a high dielectric constant and 
a low value of the real part of the complex electric 
modulus, which are very good candidates for micro-
wave semiconductor devices and various microelec-
tronic applications.

Keywords ZnO/Cu/ZnO · Dielectric constants · 
Complex real electric modulus · Impedance 
spectroscopy studies · Multilayer nanostructures

Introduction

The complex electrical properties of any mate-
rial define its characteristic role in nanotechnology 
applications. In recent years, interest in the use of 
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dielectric materials and their applications in electrical 
insulation and integrated circuits has increased. The 
dielectric properties (dielectric constants and dielec-
tric loss) are a valuable source of information on the 
electrical properties of ions, atoms, and molecules, 
and, above all, their behavior in materials [1–4].

There are different nanostructures, such as metal, 
metal oxide, and multilayer nanostructures. Among 
these oxides, zinc oxide (ZnO) exhibits a high dielec-
tric constant, thermal and chemical stability, and low 
electrical resistivity; therefore, ZnO can be used in an 
enormous area of applications [5–8].

Dielectric spectroscopy is a standard technique 
for the characterization of dissipation properties and 
energy storage. This application can be achieved by 
doping ZnO (with, e.g., Ag, Fe, Mn, Cu). For the 
realization of dielectric spectroscopy measurements 
(dielectric constant and loss factor), the host material 
must have one of the following phenomena, such as 
ferroelectricity, hopping charge transport, metal-insu-
lator transition, the surface barrier layer capacitance, 
or interface effects [9–11].

Recently, defect engineering approaches have been 
used to achieve high dielectric constants in oxide-
based materials [12–15]. The major concern of the 
current approach is to identify the relaxation pro-
cesses and hopping dynamics of the multilayer ZnO/
Cu/ZnO sample at different frequencies and tempera-
tures. The complex impedance spectrum is a concept 
that applies right across the electromagnetic spectrum 
to resolve the contribution of different processes in 
the frequency domain, for example, electronic effects, 
bulk effects, and the interface, viz., grain boundaries.

In the present article, we continue to evaluate the 
effect of Cu interlayer thickness on ZnO/Cu/ZnO 
by means of morphological properties using scan-
ning electron microscopy, grazing incident X-ray 
diffraction and dielectric measurements, electrical 
modulus analysis, impedance spectroscopy, and other 
related parameters as a function of temperature and 
frequency.

Experimental procedures

Polycrystalline samples with ZnO/Cu/ZnO sandwich 
structure were synthesized by DC magnetron sputter-
ing and atomic layer deposition (ALD) [9]. The pre-
pared samples were S1 for ZnO (70 nm)/Cu (20 nm)/

ZnO (70 nm), S2 for ZnO (70 nm)/Cu (50 nm)/ZnO 
(70 nm), and S3 for ZnO (70 nm)/Cu (70 nm)/ZnO 
(70 nm). Experimental illustration of preparation 
steps is as follows: (i) growth of 70 nm thick ZnO by 
ALD on Si substrate; (ii) growth of 20 (sample S1), 
50 (sample S2), and 70 nm (sample S3) Cu by mag-
netron sputtering on ZnO layer; (iii) growth of 70 nm 
thick ZnO by ALD on Cu layer as seen in Fig. 1. The 
ZnO thin film was used as sandwich structure, with a 
top and bottom layers, and was deposited with con-
stant thickness via atomic layer deposition (ALD), 
while the Cu layer was inserted between the top and 
bottom of ZnO layers and was deposited via Dc mag-
netron sputtering at 200 °C, with a base pressure 
of ~ 5 ×  10−7 mbar. The film thickness of the three 
samples was precisely controlled through the number 
of ALD cycles and checked by a profilometer and a 
spectroscopic ellipsometer. More details concerning 
the deposition and the overall process of the prepara-
tion of the thin films were reported in our previous 
paper [10].

The structure of S1, S2, and S3 was studied by 
grazing incident X-ray diffraction (GIXRD, Rigaku 
SmartLab). Film morphology was investigated with 
the aid of a scanning electron microscope (SEM, 
Thermo Scientific Scios 2). From the AC conductiv-
ity measurements for the three samples under inves-
tigation, we were able to determine the maximum 
barrier height, activation energy, sheet resistance, 
and average hardness. In the present study, dielectric 
measurements including the dielectric loss factor ε″, 
the permittivity (dielectric constant) ε′, the electric 
impedance (Z) of the samples, and the real part of the 
complex electric modulus (M) were carried out over 
the frequency range from 1 Hz to 100 kHz at differ-
ent temperatures (293–423 K) using a programmable 
automatic LCR bridge Keysight E4991B impedance 
analyzer (NOVOCONTROL). The spectra of the 
parameters (ε′, ε″, M, and Z) of samples S1–S3 were 
determined using the equations described in detail 
elsewhere [16].

Results and discussion

Structure

GIXRD patterns of samples S1–S3 grown on a 
Si(100) substrate are presented in Fig.  2. As can 



J Nanopart Res          (2024) 26:150  

1 3

Page 3 of 10   150 

Vol.: (0123456789)

be seen for sample S1, Cu and ZnO are crystalline. 
Some CuO is also seen. This can be connected to the 
high affinity of Cu to O and considering that Cu layer 
is thin (20 nm only).

Figure 2 presents the GIXRD patterns of samples 
S1–S3. The sharp peak at 33° for samples S1 and S3 
is known as the forbidden reflection of Si (substrate). 
Although we were able to make the main peak of Si 
invisible by tilting the substrate, the forbidden peak 

can be visible at certain rotation angles [15]. The 
graph above shows the main benefits of ALD over its 
competitors, that is, chemical co-precipitation [16], 
co-sputtering [17], and simultaneous RF magnetron 
sputtering [18]. The effect of the preferential growth 
of Cu is indicated by the increase in the intensity of 
the peak belonging to Cu(111). Our results agree 
well with that of [19]. The crystallite sizes were 
determined from the GIXRD patterns and are listed 
in Table  1. To deduce the average value of surface 
roughness (±3 nm), we used spectroscopic ellipsom-
eter and profilometer data seen in Table 1.

As can be seen, the roughness decreased from 3.0 
± 0.04 to 1.8 ± 0.02 nm with increasing thickness of 

Fig. 1  Schematic drawing of S1, S2, and S3 sandwich structures

Fig. 2  GIXRD patterns of samples S1, S2, and S3

Table 1  Roughness and crystallite size of the Cu interlayer for 
samples S1–S3

Samples Crystallite size (D) 
(nm)

Roughness (nm)

S1 8.64 3.0 ± 0.04
S2 11.60 2.2 ± 0.09
S3 12.05 1.8 ± 0.02
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the Cu interlayer. Consequently, the surface is more 
uniform. The crystallite size increased from 8.64 to 
12.05 nm. Figure 3 shows the surface morphology of 
the thin film samples under investigation. One can see 
a clear increase in the agglomeration of the nanopar-
ticles accompanied by an increase in crystallite size, 
as seen in Table 1. Coverage with subsequent increase 
in Cu interlayer thickness (SEM) shows that the sur-
face roughness is effectively reduced, with a more 
uniform surface. The grain growth of the crystal size 
due to the agglomeration, coalescence and aggrega-
tion events during the deposition process, causes the 
improvement, as illustrated in Table 1.

Dielectric constants (ε′ and ε″)

The dielectric properties of any system define its 
characteristic role in electronics, which plays an 
important role in the performance of devices. The 
behavior of ε′ and ε″ for S1, S2, and S3 samples as a 

function of frequency in the range 0 Hz – 6 ×  104 Hz 
at T = 363 k is illustrated in Fig. 4a, b.

As seen at a constant temperature, the behavior of 
the dielectric constants ε′ and ε″ for S1–S3 samples is 
similar, all of them rapidly decrease at initial frequen-
cies and slow at upper frequencies and are almost 
constant in the higher frequency regions. This behav-
ior can be assigned to the fact that at low frequencies, 
several types of polarization contribute to the value 
of the dielectric constant due to the localized Guion 
motion within the ZnO network [17, 18], increasing 
the frequency with which the electric dipoles can no 
longer be affected by the variation of the electric field 
[19]. At higher frequencies, the observed dielectric 
constants ε′ and ε″ are almost frequency-independent 
due to interfacial polarization [19]. It is also observed 
that the dielectric constants ε′ and ε″ depend on the 
Cu concentration throughout the frequency range. 
The increase in the Cu interlayer content within 
the ZnO nanoparticles increases the permittivity 

Fig. 3  SEM images for S1, S2, and S3

Fig. 4  a, b Dielectric 
constants (ε′ and ε″) versus 
frequency at constant tem-
perature for S1–S3
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and improves its stability at high frequencies. The 
observed results are very encouraging for microwave 
applications [20, 21]. The ε′ and ε″ of the investigated 
S1, S2, and S3 as a function of temperature at a con-
stant frequency f = 3KHz are shown in Fig. 5a, b.

As seen, the two graphs of ε′ and ε″ have relatively 
similar behavior to each other, and the values of the 
real and imaginary parts of the dielectric constants 
increased with increasing Cu interlayer thickness. As 
we know, ZnO is one of the materials that can pro-
vide greater dielectric constants after doping it with 
some other metals, in our case Cu, so it can meet the 
need for energy storage devices. In addition to tem-
perature and frequency dependence, the values of the 
dielectric constants (ε′ and ε″) are also affected by 
the microstructural properties. Therefore, increasing 
the crystallite size increases the value of the dielec-
tric constants because large particles contain a larger 
number of dipoles that are aligned under the influ-
ence of the electric field, leading to a larger permit-
tivity. The variation in the crystallite sizes that had 
been calculated from GIXRD for samples S1–S3 that 
is accessible in our previous studies [9, 10] confirms 
the above suggestion that the crystallite size increased 
with increasing interlayer thickness of Cu.

Real part of the complex electric modulus (M)

The real part of the complex electric modulus (M) 
emphasizes the grain boundary conduction process 
and is suitable for determining the conductivity relax-
ation times (Fig. 6).

The observations show that the real part of the 
complex electric modulus for the three samples is 
close to zero in the low-frequency range. At low 
frequencies, M goes close to zero because the elec-
trode effect has an influence on the total impedance. 
However, the magnitude of M increases with increas-
ing frequency and reaches a constant value at a spe-
cific frequency, depending on the thickness of the Cu 
layer in the ZnO/Cu/ZnO system. The real part of the 
complex electric modulus shows that the film quality 
improved with increasing Cu concentration. Changes 

(1)M =
�
�

�
�2 + �

��2

Fig. 5  a, b Dielectric 
constants (ε′ and ε″) versus 
temperature for S1, S2, and 
S3 at constant frequency

Fig. 6  Real part of the complex electric modulus (M) versus 
frequency at constant temperature for S1–S3
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in the lattice constants affect the bond length of ZnO 
by increasing the crystal size with increasing Cu 
interlayer thickness [22]. In our data, the low values 
of M in low-frequency areas indicate the transition 
from long range to short range hopping with increas-
ing frequency. The increase in M with increasing fre-
quency proves that the conduction mechanism cor-
responds to a transition of the short-range movement 
of charge carriers in the grains and grain boundaries 
of the ZnO/Cu/ZnO samples. From the above dis-
cussion, the shift from long range to short range is 
responsible for the observed movement of the charge 
carriers at different frequencies and temperatures.

Complex impedance analysis

The analysis of the complex impedance is one of 
the most effective techniques, which can be used to 
resolve the contributions of electrode effects and 
bulk effects, viz., grain boundaries, in the frequency 
domain and to analyze the electrical transport phe-
nomenon and the relaxation mechanism in the mate-
rial. In multilayer films with sufficiently large differ-
ences between the conductivity values of the layers, 
the impedance can vary considerably at relatively 
low frequencies. The complex impedance  Z* can be 
described by the following expression in the series 
case: (Z* = Z′ + Z″), where 𝑍′ and 𝑍″ are the real and 
imaginary parts of the complex impedance, respec-
tively. The complex impedance (Z*) is related to the 
real (ε′) and imaginary (ε″) parts of the complex die-
lectric constant by the following relations [23]:

where Co is the capacitance of the vacuum and the 
angular frequency ω = 2πf. Figure  7 shows the vari-
ation in the real and imaginary parts of the complex 
impedance in relation to (log f) in the temperature 
range (293–423 K) for S1–S3, respectively.

With increasing frequency, Z′ decreases, while Z″ 
increases for the three samples under investigation; 
this trend persists up to a certain frequency in which 
Z″ reaches a maximum value, and above “log f = 4,” 
both values merge on the x-axis. This tendency of 

(2)Z�
=

1

2�fCo

[

�
�
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]
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impedance with frequency provides an indication of 
an increase in conductivity with temperature and fre-
quency. The fast decrease in Z′ at lower frequencies is 
due to the significant effect of polarization (interfacial 
polarization and orientational polarization of dipoles) 
[24, 25] of the sample, while the dispersion in Z′ 
exhibits a saturation tendency at higher frequencies, 
which is likely related to the rotational displacement 
of the dipoles. On the other hand, Z″ slowly decreases 
to a minimum value that corresponds to some relaxa-
tion phenomena in the sample, then increases dramat-
ically with increasing frequency to reach a maximum 
value named a relaxation frequency fr or fmax, where 
(fr = 2π τ)−1 and τ is called relaxation time [26]. In 
the higher frequency region, the imaginary part Z″ 
decreases rapidly and exhibits a saturation tendency. 
This behavior of (Z″) with a broad peak indicates a 
relaxation process in the films under study. Figure 8a, 
b shows the frequency dependence of Z′ and Z″ for 
the three samples at constant temperature T = 363 K.

It appears that both Z′ and Z″ decrease with 
increasing Cu interlayer thickness and that the val-
ues of the relaxation frequency or the maximum fre-
quency “fmax” indicate a monotonous decrease with 
increasing thickness of the Cu interlayer, which is a 
typical behavior of semiconductor materials. The pre-
viously provided behavior of the optical energy gap 
and the electronegativity for the same samples under 
study supports the above explanation, where they 
were found to decrease with increasing thickness of 
the Cu interlayer [9]. The shift and broadening of the 
peak can be explained in terms of grain boundaries 
[27]. Any results obtained for the difference in elec-
tronegativity between layers are expected to play a 
fundamental role in the variation of optical properties 
and complex impedance as well [9]. The variation of 
fr and τ compared to the direct optical energy gap and 
Eg and the average optical electronegativity Δχ are 
shown in Table 2.

Nyquist plot analysis

To evaluate complex impedance measurements, we 
used the Nyquist plot, also called the Cole–Cole 
plot [15], which is a fundamental tool in the inves-
tigation of the stability of control systems. The 
Nyquist plot can provide several information on 
the difference in the number of zeros of the trans-
fer function for each angle at which the curve 
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approaches the origin. The Nyquist plot is presented 
by the frequency dependence of Z′ and Z″ at 363 K. 
Figure 9 shows the Nyquist plots of the impedances 

Fig. 7  (a,a1)(b,b1) and 
(c,c1) Representation of 
Z′ and Z″ versus (log f) at 
different temperatures for 
S1–S3

Fig. 8  a, b The variation of 
Z′ and Z″ versus frequency 
at temperature 363 K for 
S1–S3



 J Nanopart Res          (2024) 26:150 

1 3

  150  Page 8 of 10

Vol:. (1234567890)

at constant temperature (T = 363 K) for the three 
samples under investigation.

As seen, the frequency increases from the low 
frequency (f) on the right to the high frequency on 
the left; also, the semicircle starts from low and 
decreases in diameter and becomes more skewed as 
the thickness of the Cu interlayer increases [28, 29], 
indicating the influence of the thickness of Cu on 
the relaxation mechanisms. Calculated values of the 
resistance (R) and AC conductivity, microhardness, 

and grain size of the investigated samples are listed 
in Table 3.

It is evident from Table  3 that R decreases with 
increasing thickness of the Cu interlayer. Our previ-
ous results for the same three samples of thin films of 
ZnO/Cu/ZnO given in [9] also confirm the decrease 
in R with the decrease in Vickers microhardness and 
the increase in grain size of S1–S3. Comparing the 
parameters determined with those previously deter-
mined, recorded in Tables  1, 2, and 3, we can con-
clude that with increasing Cu content in the ZnO/
Cu/ZnO system, the average crystallite size of the 
prepared samples increased, the relaxation time was 
found to be inversely proportional to the resistance, 
and the conductivity was inversely proportional to 
the optical energy band gap. The observed improve-
ment of the significant relations by Cu dopants can 
be used as excellent performance for photodiodes or 
detectors.

Conclusion

We reported a thorough study of how the thickness of 
the Cu interlayer affects the surface morphology and 
dielectric constants, the complex real electrical modu-
lus, and the electrical impedance of three polycrystal-
line sandwich-structure-type samples of ZnO/Cu/ZnO 
with constant thickness of ZnO (70 nm) and variable 
thickness of Cu (20, 50, 70 nm). Multilayer thin film 
samples were synthesized by magnetron sputtering 
and atomic layer deposition. The GIXRD and SEM 
measurements confirmed that the crystallization of 
three sample specimens improved as the thickness of 
the Cu layer increased. Analysis of the dielectric con-
stants (ε′ and ε″) tendencies shows a decrease with 
increasing frequency and an increase with increasing 
thickness of the Cu interlayer thickness. The complex 
real electrical modulus (M) shows a gradual increase 
with frequency and a reduction in M with the increase 
in Cu. These results show an enhancement of the 
quality of the samples with increasing thickness of 
the Cu interlayer. The complex impedance spectra 
show the contribution of grain and grain boundary 
effects to electrical properties, which is endorsed by 
the Nyquist plots. A correlation has been observed 
and explained between the calculation results and 
the previously relevant experimental results for the 
“optical energy gap, electronegativity, grain size, and 

Table 2  Values of relaxation frequency (fr), relaxation time 
(τ), band gap (Eg), and electronegativity (Δχ) for S1, S2, and 
S3

Sample fr (KHz) τ (μs) Eg (eV)
Ref [10]

Δχ
Ref [10]

S1 1.288 123 2.75 0.739
S2 1.23 129 2.63 0.706
S3 1.202 132 2.43 0.653

Fig. 9  Nyquist plot between Z′ and Z″ for S1, S2, and S3 at 
temperature T = 363 K

Table 3  The resistance (R), AC conductivity (σac), and micro-
hardness used for samples S1–S3

Sample R (KΩ) σac (Ω.cm)−1 Microhard-
ness Ref 
[9]

S1 60 3.63 ×  10−08 643.6
S2 24 1.04 ×  10−07 556
S3 17 1.33 ×  10−07 524.3
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microhardness” for the same samples under investiga-
tion. These comprehensive results show that the com-
bination of ZnO/Cu/ZnO thin film systems provides 
optimum results in all electrical and optical proper-
ties, which can be used as a high performance in sev-
eral applications.
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