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beam (FIB) and energy-dispersive X-ray spectroscopy (EDX), while optical
properties were evaluated through transmittance and reflectance measurements.
The prepared lamellae confirmed well-defined thickness of each individual
layer, and (EDX) confirmed the absence of other elements present in the thin-
film samples under study. According to the results presented in the obtained
figures, the increase of the Fe thickness in ZnO/Fe/ZnO system leads to a decrease
in transmittance and an increase in reflectance, refractive index (n), extinction
coefficient (k), and reflectivity (R,,). Both the real and imaginary parts of the
dielectric constant (¢; & ¢,), as well as the dielectric loss (fand) increases with
Fe content, while the optical quality factor (Q) decreases. Moreover, the carrier
concentration to effective mass ratio (N/m") and both optical and electrical
conductivity (0,,; & 0, increases, whereas the electrical modulus (M") decreases
with increasing Fe thickness. The Wemple-DiDomenico single-oscillator (WDD)
model was employed to determine the dispersion parameters, from which the
nonlinear refractive index (1,) and third-order nonlinear susceptibility (X®) was
estimated. These results highlight the significant role of Fe in tailoring the optical
and dielectric properties of ZnO-based” opto-electronics applications.
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1 Introduction

Among various oxide semiconductors zinc oxide
(Zn0O) has emerged as one of the most promising
materials because of its outstanding optical
transparency, electrical conductivity and chemical
stability. It is now considered as a commercially active
channel material in a wide range of applications,
such as nanotechnology, light emitting diode, optical
switches, and photonic devices, because, it has a
wide direct bandgap (= 3.3 eV) and high exciton
binding energy (60 meV) and high chemical stability,
low toxicity, and high transparency in the visible
wavelength [1, 2]. Modification of ZnO by various
metal or metal oxide is multifaceted, influencing its
structural, optical and electrical characterization,
affecting its surface area and reactivity, can also
influence the morphology of ZnO nanostructure.
Metallic layers can develop and optimize the thin-film
process for controlling and improving the efficiencies
of optoelectronic devices by reducing their band gap
leading to shift of the luminescence that can impact
on the crystallinity of ZnQO, alter the grain size, and
can increase their conductivity [3, 4]. Transparent
conductive ZnO films with high visible transmittance
could be realized by the addition of metals, such as
Cu, Ni, Mn, In, and Ti [5-8]. The introduction of Fe as
an interlayer in the ZnO-based system is motivated
by the unique physical and chemical characteristics.
Iron, as a transition metal, possesses partially filled
d-orbitals that can strongly interact with the ZnO
matrix, leading to modifications in electronic structure,
defect density, and carrier concentration. Moreover,
Fe incorporation influenced the refractive index,
absorption, and reflectance, as well as enhanced the
electrical conductivity due to the possible formation of
Fe?'/Fe** mixed states. These combined effects make Fe
a promising candidate for improving the performance
of ZnO-based multilayer structure in optoelectronic
and photonic applications [9-12]. Several methods
are used for the synthesis of ZnO thin films using
spray pyrolysis, roll-to-roll, printing sol-gel, laser
ablation, and sputter deposition [13-16]. Recently,
atomic layer deposition ALD and DC magnetron
sputtering have attracted significant interest as an
attractive method for preparing layer-by-layer thin
film. The ALD enables the deposition of uniform and
conformal thin films, allows for precise control over
film thickness and can be performed at relatively low
temperature, reducing thermal stress and damage
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to the substrate, while the DC magnetron sputtering
offers high deposition rates, good film uniformity,
control over film property such as thickness and
microstructure and can also be performed at low
substrate temperature as well. That's why they appear
to be the perfect techniques to grow our ZnO/Fe/
ZnO thin-film samples, in order to overcome the new
technological challenges [17-20]. The present work
is devoted to understanding how Fe incorporation
can effectively modulate the structural arrangement,
optical response, and dielectric functionality of
ZnO, providing valuable insight into optimizing its
performance for potential optoelectronic applications
[21, 22]. To achieve this optical characteristic of ZnO/
Fe/ZnO thin films, including their dielectric behavior,
optical conductivities, and refractive indices (both
linear and nonlinear) were evaluated using the
Wemple-DiDomenico model. This investigation is
motivated by the desire to elucidate how varying
Fe thickness influences and improved the overall
performance of ZnO.

2 Thin film preparation

The ZnO/Fe/ZnO thin films with varying Fe contents
in the form of (80 nm/(20, 40, 60, 80 nm)/80 nm) were
prepared using a combination of ALD and magnetron
sputtering equipment. First, 80-nm ZnO was grown on
the substrates by ALD (Beneq TFS-200). Subsequently,
Fe layers of different thicknesses (20, 40, 60, 80 nm
nominal thickness) were grown on the ZnO layer
by magnetron sputtering. Then, 80-nm ZnO layer
was deposited again on top of the Fe layers by ALD
method. ZnO layers were prepared at 200 -C using
water (H,O) and diethylzinc (DEZ) precursors. The
H,O and DEZ pulses were 300 ms long, while the
purge time was 3 s in all cases. In total, 444 cycles were
used to grow 80-nm ZnO. During the deposition of
the Fe layers by magnetron sputtering, the chamber
pressure was 6.3 x 10> mbar and the sputtering
power used was 24 W. A detailed description of the
preparation process of the ZnO/Fe/ZnO samples with
different thickness of Fe, covering all aspects, can be
found in the following references [22, 23] and is further
illustrated by Fig. 1, and providing a clear guide for
reproducibility. The thin film samples in this study
will be labeled as ZF,yZ, ZF,Z, ZF,Z, and ZFg4,Z. The
transmittance and reflectance spectra were recorded
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Fig. 1 The steps involved in preparing the sample are as follows:
a 80-nm ZnO is grown on a substrate using ALD, b layer
structure after ZnO growth, ¢ Fe layer is grown on the ZnO layer
in different thicknesses (20, 40, 60, and 80 nm) by magnetron

using a double-beam spectrophotometer (UV-3101PC
Shimadzu).

3 Results and discussion

3.1 Morphological analysis and elemental
mapping

The Focused Ion Beam (FIB), of the samples under
study previously reported in our earlier publication
[22] is briefly presented here to support the current
study and to establish comparison and discussion
with the present work. As has been clarified in our
earlier study, thickness data of ZF,,Z, ZF,,Z, ZZ,
and ZFg)Z seen in Fig. 2a—d, are in excellent agreement
with what we wanted to produce. Furthermore, the

Zn0 growth on Fe layer by ALD

sputtering, d layer structure after magnetron sputtering, e 80-nm
ZnO is grown on top of the magnetron-sputtered Fe layer again
by ALD, and f layer structure of the prepared samples

energy-dispersive X-ray spectroscopy (EDX) results
are re-published here to reaffirm the elemental
mapping of the prepared thin-film samples as
seen in Fig. 2(a;-d;). The combination of the above
mentioned two techniques, although their results had
been previously published in [22, 23], were revisited
in the present study to ensure a comprehensive
understanding of both the structural integrity and
the chemical composition, thereby strengthening the
reliability of the obtained results.

3.2 Optical analysis
The optical properties of ZF,,Z, ZF,,Z, ZFZ, and

ZFg,Z were analyzed using UV spectrophotometer
with a wavelength range of 200 to 800 nm. Figure 3a,
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Fig. 2 a-d Cross-section electron micrograph and a;-d; EDX spectra of (ZF,,Z, ZF,,Z, ZF4\Z, and ZFg,Z) thin films, respectively
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Fig. 2 continued

b displays transmittance and reflectance spectra of the
four thin film samples under study.

The transmittance measurement seen in Fig. 3a
showed that at wavelength around 390 nm, the four thin
films under study have a maximum transmittance of
roughly 98%, 92%, 78% and 72% for ZF,,, ZF,,Z, ZFZ,
and ZFg,Z, respectively, indicating the decrease of the
transmittance with the increase of the thickness of Fe
in ZnO/Fe/ZnO thin-film system, while the observed
behavior of the reflectance seen in Fig. 3b of the four
thin-film samples of the ZnO/Fe/ZnO system increases
at A> 390nm, with the increase of Fe content. The
detected behavior means that light cannot go through
the thin-film sample in a significant way, which is in
good agreement with the above given results of the
transmittance as well. This trend confirms the role of
the presence of iron on the optical properties of ZnO

thin film. The refractive index (n) and the extinction
coefficient (k), play an important role in selecting the
appropriate materials that are suitable for the fabrication
of particular optoelectronic applications. The values of
the refractive index (1), and the extinction index or the
absorption index (k) of ZF,Z, ZF,, Z, ZF 4 Z and ZFg4,Z
thin films, can be calculated using Murmann’s exact
equations for reflectance (R) and transmittance (T) using
the given relations [24, 25]:

_ Aef + Be? +2Ccosa +4Dsina
Eef + Fe=$ +2Gcosa + 4H sina

)

16ngn, (n% + K2
T= 0 g( ) )

Eef + Fe=# +2Gcosa +4H sina

where
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Fig.3 a, b Variation of the transmittance and reflectance of
the spectral for (ZF,,Z, ZF4Z, ZF¢,Z, and Z Fg, Z) thin films,
respectively, as a function of wavelength

A= [(n=n)* + | [(n+n)* + 2]
B=[(n—n)*+ || (n+ )+ K|

C = (n2+K2) (n2 +n2) — (n2 + K2)” = n2n2 — dngn k2
D = K(1g — ng)(n® + k* + ngn)

E= [(n + n0)2 + kz] [(n + ns)2 + kz]
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F= [(n - n0)2 +k2] [(n - ns)2 +k2]

G=(n*+k*)(nj+nl) - (n*+ k2)2 — ngn? — 4ngngk?

H = K(ng + ng)(n* + k* — ngny)

Here, (n,) is the refractive index of substrate and
(n,) is the refractive index of air. Murmann’s exact
Egs. (1) and (2) are solved simultaneously to obtain
the accurate values of (n) and (k) using a special
iterative computer program.

The results disclose that the induced Fe thickness
changes both (1) & (k) of the four thin-film samples.
The higher the Fe content, the greater the number of
charge carriers that are introduced into ZnO, which
will lead to an increase in the index of refraction as
observed in Fig. 4a, b. Furthermore, the observed
trend is further supported by bang gap narrowing
as seen in [22], and the interface polarization effects
at the ZnO/Fe boundaries that also play minor role.
Therefore, the increase in (1)&(k) in the ZnO/Fe/ZnO
system with the increase of Fe interlayer thickness
demonstrates its suitability for various optical
applications such as optical coatings with tailored
anti-reflective properties. Moreover, it can enhance
the efficiency of photovoltaic devices through
optimizing of the Fe interlayer thickness and can
also be utilized in the development of optical data
storage systems. The observed increase in (k) further
suggests the potential of this structure for optical
sensors applications. The values of (n) & (k) were
used to calculate the reflectivity (R,,). Reflectivity
quantifies the behavior of light when interacting
with the surfaces. Reflectivity can be obtained using
the formula given in Eq. (3) [26].

[(n—1)? + k2]

R, =——~_ 7 71
T (n+ 12+ k2] ®)

The dependence of (Rmf) versus wavelength for
ZF,,Z, ZF 4oZ, ZF ;\Z and ZFg4yZ, are shown in Fig. 4c.
It can be seen that all the (R, curves corresponding
to the change of Fe thickness in ZnO/Fe/ZnO system
decreases with the decrease of Fe thickness. It should
be noted that in case of layered materials, (R,,) is
a phenomenological indicator of the interaction
between layers such as interference effects, multiple
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Fig. 4 a-c An illustration of n, k, and R, versus wavelength (1)
for different multilayer thin films (ZF,yZ, ZF,,Z, ZFsZ, and Z
Fy, Z), respectively
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reflection and interface roughness. Reflectivity can
reveal information about the refractive index and
extinction coefficient, and it is a measure of the
intrinsic reflectance of the thin film at the surface,
whereas the reflectance considers other factors
present behind the surface of the layer thin film
under study such as layer thickness composition,
interface roughness, and optical properties. Figure 4a
and c¢ shows that the material with the highest (1)
value also has the highest (R) value.

3.3 Dielectric constants

The study of the dielectric constant obtained from
optical dispersion parameters (né&k), provides valuable
insight into the interaction between electromagnetic
radiation and the electronic structure of materials.
The dielectric constant, which consists of real and
imaginary components, is directly related to the
refractive index and extinctions coefficient obtained
from optical analysis. Throughout the evaluation
of these optical dispersion parameters, important
information about the polarization ability, energy
band structure and loss mechanism of the material
can be revealed. The complex dielectric (¢*) provides
valuable insight into the optical response of the
material. The dielectric materials are used in many
applications such as sensors and circuit components.
In oxide materials, the complex dielectric constant (¢*)
is utilized by the Eq. (4) [27].

£ = €1 + &y (4)

where (g,) is the real part of the electronic dielectric
constant, which is associated with the polarization of
the medium and represents how much electric energy,
can be stored, when subjected to an external electric
field. It mainly influences the refractive index and
determines how light propagates through the film. In
contrast (g;), the imaginary part of electronic dielectric
constant corresponds to the energy dissipation or
absorption within the material and is related to the
losses arising from free carrier absorption, therefore,
an increase in (g,) indicates enhanced optical
absorption or dielectric loss. The real and imaginary
parts of the dielectric constants were determined using
the following relations [28].

g =n>—k* (5)

and

@ Springer



294 Page8of 14

€, = 2nk (6)

The graphical presentation of (&) and (¢,) as a
function of the photon energy (h v) for the four thin-
film samples under study are given in Fig. 5a, b.

From Fig. 5a, b, the variation of (¢;) and (g,) with Fe
incorporation in ZnO/Fe/ZnO thin film system, thus
reveals the influence of the interlayer on the electronic
polarizability and light-matter interaction in the ZnO-
based structure, which in turn increases both parts
of the dielectric constants that can be beneficial for
energy storage applications. The dissipation factor or
loss factor tand signifies the amount of loss in power
and is usually observed via heating. The tané is a
measure of the loss of energy that goes into heating
a dielectric material in a varying electric field and
is the tangent of the angle between the alternating
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field and the material loss component. Therefore, the
dissipation factor can be expressed in terms of (¢7) &
(g5) by the following Eq. (7) [29].
&

tané = a (7)

The variation of tand as a function of (h o) for
ZF,yZ, ZF o7, ZF sZ and ZFg,Z thin films is revealed
in Fig. 5c. As observed, the value of tand was
found to increase with the increase of Fe interlayer
thickness from 20 to 80 nm. The interface between
the Fe interlayer and the surrounding materials can
lead to an increase in dielectric loss. The increase in
tangent loss tand at low photon energy is mainly
attributed to the space charge polarization effect. The
incorporation of Fe introduces additional defects,
which enhance charge carrier hopping and trapping

3.0 3.5 4.0 4.5 5.0 55 6.0 6.5
hv(eV)

Fig.5 a-d A graphical representation of the dielectric parameters(e,&e,), tan 8, and Quality factor (Q) against (hv) of different

multilayer thin films (ZF,yZ, ZF,,Z, ZF4,Z, and Z Fy, Z), respectively
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at grain boundaries. These localized relaxation
processes lead to greater energy dissipation,
resulting in a higher loss factor at low photon
energy. As photon energy increases, charge carriers
gain sufficient energy to overcome localized barriers
and move more freely through the lattice, thereby
reducing charge accumulation and interfacial
polarization. Consequently, tand gradually decrease
in the high-energy region due to the diminished
relaxation losses. Such behavior can only be
observed in oxide materials, which means that the Fe
interlayer in ZnO/Fe/ZnO is useful for photovoltaics
and high-frequency devices applications and can
be beneficial for RF devices such as antennas and
resonators, where high dielectric constants and
dielectric loss are desired. This means that the
thickness of the Fe interlayer should be optimized
to achieve the desired dielectric constants and
dielectric loss [30]. The Quality factor or (Q) factor
is a dimensionless parameter that can be defined as
Q=1/tand. (Q) is reciprocal of the dielectric tangent.
Figure 5d represents the (Q) factor of the four thin-
film samples under study versus photon energy. An
overview of the quality factor of the four thin-film
samples under study shows a reduction in (Q) with
increasing Fe content, this means that as the quality
factor decreases the slower decay mode becomes
stronger, and energy is stored better in the circuit.
The real part of the dielectric constants (¢;) is related
to (A according to the following Eq. (8) and (9) [31].

g1 =n*—k* =¢_ — BA? (8)

o () ()

where (g.) is the infinite high-frequency dielectric
constant, (e) is the electronic charge, (¢ ,) is the
free space permittivity (8.845 x 107'F/m), (c) is the
velocity of light, and (N/m’) is the ratio of the carrier
concentration to the effective mass. Figure 6 shows the
graphical presentation of (g;) versus (AY) for ZF,Z,
ZFyZ, ZF o7, and FZg)Z.

Through the graph, the ratio of the carrier
concentration to the effective mass (N/m’) can be
obtained from the slope, while the infinite high-
frequency dielectric constant (¢,,) can be obtained
from the linear part of this dependence when
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Fig. 6 Variation of ¢, against A° for different multilayer thin
films (ZF,yZ, ZF,Z, ZFZ, and Z Fg, Z), respectively

extrapolated to zero wavelength (A = Zero). Values
of (e.) and (N/m.”) for the four samples of the ZnO/
Fe/ZnO system are listed in Table 1

The complex real electrical modulus (M’), define
as the inverse of complex relative permittivity. The
complex electrical modulus emphasizes the grain
boundary conduction mechanism and is useful for
conductivity. Thus, the complex electrical modulus
can be a significant powerful tool for analyzing
dielectric behavior of any material. The (M’) can be
imitative from the dielectric constant and dielectric
loss according to the following relation [32].

€1

M'=—-7F
(2+3) (10)

Figure 7 shows the complex real electrical
modulus (M") versus (h v), for the four thin-film
samples under investigation.

It is observed that at lower photon energy region
the magnitude of (M) decreases with the increase of
photon energy and the Fe interlayer thickness in the
ZnO/Fe/Zn0O thin-film system. It is also noticed that
the position of the complex real electrical modulus
peak occurs at the same photon energy, for the four
thin-film samples under study, which means that the
process is long-range movement of charge carriers as
proposed by [33].
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Table.l A computed values Sample £ N/m*xl()SS n, EO(CV) Ed(ev) Z(S)X1014 n2x1013
of optical parameters for 3, -1

. . . (m™kg™) esu esu
different multilayer thin films
of the ZnO/Fe/ZnO system ZFe, Z 1.71 18.04 1.31 5.69 3.90 0.15 0.44

ZFe,nZ 2.13 21.15 1.46 5.47 6.09 1.04 2.70
ZFey,Z 2.54 23.59 1.60 5.61 8.91 433 10.16
ZFeg,Z 3.12 25.56 1.70 5.51 10.59 9.34 20.59
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Fig. 7 Variation of M" against photon energy for the four thin-
film samples (ZF,,Z, ZF,yZ, ZFZ, and ZFg, Z), respectively

3.4 Optical and electrical conductivities

Optical conductivity is used to study the electronic
states of any material under investigation. In
addition, the optical response of any material is
most conveniently studied in terms of the optical
and electrical conductivity. Furthermore, optical
conductivity is an essential optical parameter that
elucidates the charge-transfer complex that exists
between the Fe interlayer and the ZnO/Fe/ZnO.
The optical conductivity (o,,) and the electrical
conductivity (o,,.) can be detected from the
experimental measurements of the optical constants
(n&k) and the calculated values of the dielectric
constants (¢;&¢,) and can be determined using the
following relations [34, 35].

Oopt. = WE g (11)

Oelec. = WE1 & (12)
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Fig. 8 a, b Optical and electrical conductivity versus (hv) for
the four thin-film samples (ZF,yZ, ZF,\Z, ZF4Z, and ZFg, Z)
respectively

where w =2 m f (f is the frequency f=c/A), ¢ is the
velocity of light, A is the wavelength, and ¢, is the
vacuum permittivity. Figure 8a, b presents the optical
and electrical conductivities for the four thin film
samples under investigation.
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As seen in Fig. 8a, b the optical conductivity and
electrical conductivity were found to increase as the
photon energy, and the thickness of the Fe interlayer
increases by providing pathway for charge carriers,
and can contribute to an increase in dielectric loss
as seen in Fig. 5c. The improvement observed with
the raise in Fe thickness is due to the higher charge
carrier concentration, which enhances the material
electrical and optical performance as seen in Table 1.
The incorporation process of Fe with ZnO indicate
a positive influence that improves the mechanism
of charge conduction for the charge-transfer process
that leads to the increase of the optical and electrical
conductivies.

3.5 Wemple-DiDomenico (WDD) model

The Wemple-DiDomenico (WDD) model provides a
reliable and strightforward approach for analyzing
the optical dispertion of dielectric and semiconductor
materials. It offers better accuracy and simplicity
comared with other models, such as Sellmeier and
Drude, and it is particularly suitable for multilayer
system like ZnO/Fe/ZnO, where muliple interfaces
influence the optical response. According to the
(WDD) model the optical data could be described to
an excellent approximation by the ensuring relation
[36].

E2 —(hv)2]
2 1\l _ [ 0 13
(n2=1) = FE (13)

where (E,) is the single oscillator energy and (E,) is
the dispersion energy. The experimental validation of
Eq. (13) can be defined by plotting (n*1)™ versus (hv)*
(see Fig. 9). The value of the static refractive index (n,)
is determined by extrapolating the (WDD) dispersion
equation to (h v > 0), while the values of (E,) and (E,)
can be determined directly from the slope (E,E,;)™ and
the interception on the vertical axis (E,/E ;). The values
of (n,) (E,), and (E,) are given in Table 1.

The validity of the applicability of the relation
given in Eq. (13), has been achieved by the linear
behavior of the given curves for the four thin film
samples under study. The nonlinear refractive index is
intensity dependent index of refraction. The nonlinear
refractive index (n,) is deduced on the basis of the
linear refractive index and can be expressed using the
empirical relation [37].
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Fig. 9 Graphical presentation of *-1)7! against (hv)* for
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where y® is the third order of nonlinear susceptibility,
and (n,) is the static refractive index. y® is given by
[38]:

@ —

4
(2 -1)* = L (%) (15)

(4r) (4

where the constant B=1.7 x 107 in (esu). Values
of y® and (n,), are calculated and tabulated also in
Table 1. The present studies revealed that the insertion
of an appropriate amount of metallic layer Fe between
two layers of ZnO allows the increase of the nonlinear
refractive index, this increase can enhance nonlinear
effects that can be used to improve optical switching
devices and can also increase the sensitivity of optical
devices such as sensors and detectors. An increase
in nonlinear optics can be useful for improving the
optical signal devices such as optical filters and optical
amplifiers, while also helping to understand the
behavior of quantum systems, develop new quantum
information for processing techniques, and enable
innovative applications in various fields.
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4 Conclusion

In this study, we investigated the influence of
Fe interlayer thickness on the optical dispersion
parameters, dielectric constant, optical and electrical
conductivity, and reflectivity of ZnO /Fe/ZnO
thin films prepared by ALD and DC-magnetron
sputtering techniques. The structural and
compositional analysis (EDX) and the cross-section
(FIB) confirmed the well -defined multilayer
formation with controlled thickness. The optical
results revealed that increasing Fe thickness leads
to a rise in refractive index, extinction coefficient,
and optical and electrical conductivity, accompanied
by higher dielectric loss and dissipation factors at
low photon energy. These variations suggest an
increase in free carrier concentration and enhanced
light absorption with Fe incorporation. Moreover,
the increase in Fe content improves optical and
electrical conductivity, demonstrating its positive
effect on charge transport and its potential use in
optoelectronic devices, such as solar cells and LEDs.
The analysis based on the Wemple-DiDomenico
(WDD) model showed an increase in nonlinear
refractive index with Fe addition suggesting the
suitability of these films for nonlinear optical
and photonic applications. Overall, Fe interlayer
modification offers an effective way to tune the
optical and dielectric performance of ZnO-based
multilayer system for multilayer device applications.
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