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ABSTRACT

The present work provides a mathematical formulation for the optical energy gap-
refractive index relations of Fe layer with different thickness, inserted between
two layers of ZnO in the form of ZnO/Fe/ZnO thin film system. The thin films
having a multilayer of ZnO/Fe/ZnO have been grown on glass substrates, using
atomic layer deposition and DC magnetron sputtering. The crystalline structure of
the multilayer thin films was carried out by the X-Ray diffraction while the thick-
ness data and the quality of the layers were checked by using a prepared lamella
for each sample using focused ion beam (FIB). The extinction coefficient (k) of the
thin film samples was used to calculate the energy band gap (E,). An explanation
for the dependence of Fe interlayer thickness (20, 40, 60 and 80nm) between upper
and lower layer of ZnO(80nm) on the optical energy gap and refractive index (1)
of the thin film samples and their relationship are presented and discussed using
different theories. With increasing the Fe interlayer thickness, the evaluated band
gap showed a decrease from 3.77eV to 3.43 eV, while the calculated refractive
index was found to increase from 2.20 to 2.27. The optical conductivity, optical
dielectric constant, dielectric susceptibility, electronic polarizability, electronega-
tivity, optical basicity and metallization criterion were obtained by several calcu-
lations based on the refractive index. By fixing the ZnO thickness and varying the
Fe thickness, we can isolate the effects of Fe thickness on the optical properties
of ZnO/Fe/ZnO system. The fixed thickness of ZnO enable direct comparison of
the optical properties and related parameters across different Fe thickness and
hence enabling the design of materials with specific potential applications. Fur-
ther derivations based on the energy gap — refractive index relations discussed
in the context, indicates that the insertion of a metallic layer into oxide layer have
high potential that could enhance the quality of remarkable optical properties
of ZnO thin film, to be applied for memories applications and allows the perfor-
mance of the devices, to be optimized.in many industrial and consumer products.
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1 Introduction

Thin film has attracted worldwide a considerable
amount of attraction due to their unique physical,
optical, electrical and magnetic properties that leads
it to great interest in the area of microelectronics and
nanoelectronics among other features [1-3]. Further-
more, they offer remarkable potential applications in
various fields.

Zinc oxide is one of the most promising materi-
als for application in nanotechnology and has been
invented in the fields of solar cells and especially in
the drive device and switching device. ZnO is a strong
candidate for the channel layer for the channel layer in
thin film transistors (TFTs), because ZnO is transpar-
ent to visible wavelength.

As an electronic material, ZnO is extremely impor-
tant for the control of its inherent defects that control
its properties. Recently, many researchers focused on
the investigation of the drastically change in structural
morphology and optical and electrical properties of
Zn0O thin film by its addition with transition metal [4,
5] for the memory’s applications. The insertion of a
metallic layer into an oxide layer allows the perfor-
mance of any device to be optimized [6-8]. Transpar-
ent conductive ZnO films with low resistivity as well
as high visible transmittance could be realized by the
addition of Cu, Ni and Mn [9-11].

The addition of metal to zinc oxide can improve
photo degradation activity. Modification of ZnO by
various metals, generally can improve the activity of
optical properties, and could be higher compared to
pure ZnO.

Relatively little attention has been paid to Fe-doped
ZnO thin films [12, 13]. Fe doped ZnO films are syn-
thesis by using several deposition techniques such as
sol-gel method, ion -beam sputtering, spray-pyrolysis,
magnetron sputtering [3, 14, 15]. Fe is a ferromagnetic
material, which can introduce magnetic properties
to the ZnO/Mn/ZnO system. The incorporation of Fe
into ZnO can modify its optical properties. The Fe as
an interlayer can create interesting interface effects
between ZnO and Fe. By choosing Fe as an interlayer
in ZnO we can explore the potential of ZnO/Fe/ZnO
system for various applications including spintronics,
optoelectronics and solar cells.

ALD appears as the perfect technique for produc-
ing an excellent film of all methods, precise control of
the thickness, good crystalline quality by adjusting the
ALD cycle ratio of the host and dopant one [16-18].
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By utilizing ALD we can create high -quality ZnO
-based devices with improved performance, excel-
lent conformity and reliability, we can also control
the interface formation between Fe and ZnO, which
can impact the device electrical and optical properties.
In our previous work in [18] we have determined the
tail of the localized state, and we have calculated all
the parameters associated with it such as the electron
-phonon interaction and the steepness parameter and
the skin depth.

In the present work, Fe doped ZnO thin films
were deposited onto soda-lime glass substrates using
atomic layer deposition and Dc magnetron sputtering
as given in details in [18] The main objective of this
study is to analyze the impact of Fe thickness in more
expansive ways, on the energy gap-refractive index
relation and are strongly correlated to several deter-
mined parameters by using the refractive index on
optical devices that have high potential to be applied
on several applications.

2 Experimental procedure

The processing procedures used for preparing the
ZnO/Fe/ZnO thin films by increasing the ferrite con-
tent were in the same way used in our earlier studies
given in [18]. The samples were prepared by a combi-
nation of ALD and DC magnetron sputtering. First, 80
nm ZnO was grown on soda-lime glass 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,0) and diethylzinc (DEZ) pre-
cursors. 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. Pressure was
6.3 x 10 mbar and the sputtering power used was
24 watts. Nevertheless, based on the thermal expan-
sion behaviour of the constituent materials and the
deposition sequence, a plausible explanation can be
established. The bottom ZnO layer experiences com-
pressive strain after cooling due to the higher con-
traction of the substrates. The Fe layer deposited at
room temperature grows initially strain- free. Upon
cooling the Fe contracts more than the ZnO resulting
in compressive stress in the upper ZnO layer [16].
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The schematic diagram that shows the steps of the
preparation of ZnO/Fe/ZnO with different thickness
of Fe is illustrated in Fig. 1.

The phase and structure of ZF,,Z, ZF,,Z, ZF,,Z
and ZFg,Z were identified using grazing incident
X-ray diffraction (GIXRD, Rigaku Smart Lab). The
morphology and cross-section images of the four
thin films, were performed to confirm the thickness
by using FIB to prepare a lamella from each sample.
Energy — dispersive X-ray (EDX) analysis is applied
along with SEM to analyze the types and the quan-
tity of elements at the surface.

The transmittance and reflectance spectra for the
Z ¥y Z, ZF 7, ZF(Z and ZFg,Z thin film samples
were determined using UV-Visible spectrophotom-
eter (Shimadzu Model UV-3101 PC) in the spectral
range 190 nm —820 nm. Experimentally, the absorp-
tion coefficient « was determined from the absorb-
ance by using this simple relation a=2.303 A/t,
where A is the absorbance and t are the thickness of
thin film. All sample measurements were performed
at room temperature. The main factor in this work,
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the extinction coefficient (K), was obtained by using
Murmann exact equation [19, 20].

3 Results and discussion
3.1 Structural characterization

From the GIXRD results we can conclude the follow-
ing, as indicated in Fig. 2. The structure of the ZnO
corresponds to the hexagonal variant. Based on the
intensity ratio of ZnO (002)/ZnO (100), ZnO (002)/ZnO
(101) and ZnO (002)/ZnO (110) reflections, the texture
of the ZnO layers is different for the 20, 40nm and
60, 80 nm sample pairs, since the ratio changes with
a factor of 2-3.

From these measurements it cannot be decided
whether both layers are affected or only top layer.
Comparing the ZnO (100) and ZnO (101) reflections
there is a much smaller change (20%) and this is the
case with other reflections too. The results show that
ZnO (002) reflection became more intense in case

Fe growth onZnO layer
Substrate + Zn0 growth on substrate by ALD ‘ ‘ by magnetron sputtering
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Fig. 1 Schematic cyclic process of the preparation of ZnO/Fe/ZnO by DC magnetron sputtering and ALD
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Fig. 2 GIXRD diffraction pattern for ZF,,Z, ZF,,Z, ZFs,Z and
ZFg,Z thin films

of thicker Fe layers as compared to the others. The
width of the ZnO reflections provides different crys-
tallite sizes from the ZnO (100) and ZnO (002) reflec-
tions. In this case the crystallite size is 170-200nm,
while from other reflections 8-12 nm is obtained.
This suggests elongated crystallites. The Fe layer is
probably textured, since for thinner (20, 40 nm) lay-
ers only the Fe (110) reflection was detected, while in
case of thicker layers the Fe (200) reflection becomes
visible, however its intensity is much lower as it
can be expected for a non-textured layer. Although
GIXRD was performed, our configuration did not
allow for the evaluation of in-plan lattice parame-
ters, and hence we could not directly resolve in-plan
strain, unlike in [17, 21]. The results from (SEM) of
ZnO/Fe/ZnO thin films embedded with the incor-
poration of different amount of Fe interlayer thick-
ness are depicted in Fig. 3a—d. Using EDX analyses
quantitative determination of the concentration of
the four samples of the ZnO/Fe/ZnO system was per-
formed by ZAF correction procedure. Figure 3al-d1,
give the results of EDX analysis, which provides the
information about the elements present of the par-
ticles with an accuracy of 0.5wt%. Concentration
below this value indicates the element’s clear pres-
ence, but the relative error of the measured quantity
is significant and should be considered accordingly.

The thickness data and the quality of the layers
were checked by a lamella that was prepared from
each sample by using FIB as shown in Fig. 4. The
thickness data for Fe in four samples ZF,,Z, ZF,,Z,
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ZFqZ and ZFg4,Z were 20nm, 40nm, 60nm and 80
nm respectively and are in excellent agreement with
what we wanted to produce. The cross section of the
investigated samples presents a uniform structure
without any visible delamination or defects.

3.2 Energy band gap (E,)

The extinction coefficient (k) is a measure of the frac-
tion of light lost due to the scattering and absorption
per unit distance of the participating medium. The
absorption coefficient (a) can be calculated from k by
using the following relation:

a=4rk/A 1)

where k is the extinction coefficient, which has been
experimentally defined from the transmittance and
reflectance curves given before in [18].

The spectral distribution of the extinction coefficient
and the absorption coefficient () for the four thin film
samples of the ZnO/Fe/ZnO thin film samples are
shown in Fig. 5a, b respectively. In the high absorp-
tion region from which the optical energy band gap
E, is determined, the absorption is characterized by
Tauc's relation [22]

ahv = B(hvo—Ey)" (2)

where B is a constant and r is the power factor, with
r=0.5 for direct allowed transition. An illustration of
the linear fitting of Tauc's plots between (ahv)? and
the photon energy h v is depicted in Fig. 5¢ for dif-
ferent multilayers thin films of the ZnO/Fe/ZnO thin
films. The optical band gap values were obtained by
extrapolating the linear part of the curves at (ahv)*=0.
The comparison values of E, for the direct allowed
transition of ZF,,Z, ZF 4, Z, ZF,Z and ZF4,Z are seen
in Fig. 5d. The values of E, were found to be decreased
with the increase of Fe interlayer thickness from 3.77
eV to 3.43eV, as observed in Table 2 As a result of
increasing Fe thickness, the magnitude of the thermal
mismatch increasing, resulting in stronger compres-
sive strain in the adjacent ZnO, this increase causes a
progressive reduction in Eg, as observed in Fig. 5d,due
to distortion of the Zn—O bonds and the associated
changes in the electronic band structure. The continu-
ous decrease in E, suggests the potential application
of ZnO/Fe/ZnO thin films in photocatalysis and novel
energy devices. In order to emphasize the type of
electronic transition that has occurred in the four thin
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Fig. 3 SEM, EDX for ZF,\Z, ZF,Z, ZF,Z and ZFg,Z thin film respectively

films if they were direct or indirect transition, the opti-
cal energy gap must first be determined, and then the
power factor r can be obtained by using the formula
used by [23].

In(ahv) = In(B) + rln(hu - Eg) 3)
where B is a constant. By plotting In (hv — E,) on the x

axis, and In (ahv) on the y axis as can be seen in Fig. 6,
we obtain a straight line for each of the four thin films

understudy, the slope of which determine the power
factor r.

The calculated values of the transition power fac-
tor for ZF,yZ, ZF,yZ, ZF¢,Z and ZFg,Z are approxi-
mately equal = 0.5, as tabulated in Table 1. This
process confirms the existence of the direct power
transition factor that has been determined earlier via
Eq. 2. The above findings agree and in harmony with
the results given in [18, 23].
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Fig. 4 Cross-section electron micrograph for ZF,\Z, ZF,,Z, ZF,Z and ZFg,Z thin films respectivlely

3.3 Index of refraction (n)

Refractive index is one of the most important funda-
mental properties of materials and it is related to the
local field inside the materials. In optics the refrac-
tive index determines how much the path of light
is bent or refracted, when entering any material. In
order to choose the appropriate materials for opto-
electronic application, it is necessary to determine
the optical constants such as the refractive index.
The evaluation of the refractive index is fundamental
parameter for the design of the devices. The higher
the number of (1), the slower light travels through
the medium, the more the light is bent, this bending
by refraction makes it possible to have magnifying

@ Springer

glasses or thin films. A group of researchers [9] have
attempted to obtain the relationship between the
refractive index (1) and optical energy gap E, but
they failed to give realistic explanation, except Moss
and Ravindra et al. [9, 24-26]. Therefore, the follow-
ing equations were found to describe the best fit for
obtaining the (n) [9, 24-26].

4r _
n Eg = 95eV (4)

n=K[E| 5)

The values of the constants used in Eq. (5) are,
K=3.3668, C=—0.32234
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The average values of the refractive index (1,,) esti-
mated from the four previously mentioned equations
(Egs. 4, 5, 6, 7) are also listed in Table 1. As can be
seen, the values of the n,, shows an increase depend-
ence on the Fe interlayer thickness in the ZnO/Fe/ZnO

system. The refractive index obtained by the four mod-
els is plotted as a function of Fe interlayer thickness in
Fig. 7. Research indicates that increasing Fe concen-
tration in ZnO/Fe/ZnO thin films can lead to changes
in n, potentially, due to modifications in the films’
electronic structure and density of states, depend-
ing on the Fe concentration and film properties. The
refractive index is seen to increase with respect to a
clear reduction in the optical energy gap which shows
the inverse relationship between the refractive index
and the optical energy gap. The possible explanation
of the inverse relationship exists between n and E,,
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that thin films with smaller optical energy gaps tend
to have higher polarizability, leading to increase the
refractive indices,and also the decrease in Eg can lead
to increase in the electronic transition resulting to in
higher n. Thus, it is believed that the Fe interlayer
thickness plays a significant role in determining the
optical energy gap and the refractive index as well.

an,,C
Oopt = 43: ®)

The optical conductivity (o,,) is the parameter
that can be used to study the electronic states of any

J Mater Sci: Mater Electron (2025) 36:1195

material. The optical conductivity directly depends on
the absorption coefficient and the refractive index and
is found to follow the same trend as that of the absorp-
tion coefficient and the refractive index. The optical
conductivity can be determined by using the following
relation [27]. Where « is the absorption coefficient and
c is the velocity of light.

Figure 8 Shows that optical conductivity increases
with the increase in photon energy and the increase
of the Fe interlayer thickness. It should be mentioned
that the optical band gap in our case decreases due
to which the density of number of states increases
“according to density of states model” and hence the
optical conductivity increase. Thus, we can be cer-
tain that the multilayer of the ZnO/Fe/ZnO thin film
system shows a good photo-response, owing to their
good results of optical conductivity.

3.4 The extracted parameters
from the relationship of n & E,

The relationship between the optical dielectric con-
stant ¢,,, and the 1, and the dielectric constant ¢, were
reported by using the relations given by [28].

£ =n? 9)

gopy =" —1=¢e—-1 (10)

As observed in Table 2, and Fig. 9 the optical dielec-
tric constant increases from 3.840 to 4.152 respectively
with the increase in the concentration of Fe from 20
to 80 nm.

The dielectric susceptibility (y,) is a dimension-
less unit, that indicates how easily any material can
become transiently or completely polarized to an elec-
tric field, which in terms determines the electrical per-
mittivity of the material. The electrical susceptibility
of the four samples of the ZnO/Fe/ZnO system was
calculated from the dielectric constant using the rela-
tion given [29].

Table 1 The calculated

values of transition power Samples ' V) ™ 2 3 iy Pav
Eq. (4) Eq. (5) Eq. (6) Eq. (7)
factor (r), energy gap (E,)
and average refractive index ZFyZ ~0.50 3.77 2.24 2.19 2.19 2.21 2.20
(ny) for ZF,(Z, ZF 7. ZF Z, ZF,,Z ~0.48 3.68 2.25 221 221 2.23 222
ZFgZ ZF¢Z. ~0.52 3.53 2.27 2.24 2.24 2.26 2.25
ZFgZ ~0.50 3.43 2.29 2.26 2.26 2.28 227
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Table 2 The calculated values of dielectric constant (g), Optical
dielectric constant (gq,,), dielectric susceptibility (y,) and elec-
tronic polarizability (a,) for ZF,yZ, ZF, 7. ZF 7., ZFg\Z.

Samples 3 Eopn) Xe a, X 1073
ZF,5Z 4.840 3.840 0.305 2.226
ZF,Z 4.928 3.928 0.312 2.248
ZF¢,Z 5.062 4.062 0.323 2.280
ZFg\Z 5.152 4.152 0.330 2.301
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and ZFgyZ thin films

e—-1
4

Xe= (11)
As observed, an increase in y, with the increase of
Fe interlayer thickness is seen in Table 2. The elec-
tronic polarizability refers to the tendency of mate-
rial when subjected to an electric field, it also shows
how atoms or dipoles interact with an electric field.
The electronic polarizability a, can be related to the
refractive index by the following expression [30].

3(n?-1)

" 42N, (2 +2) (12)

e

The values of a, for the four thin films under
investigation are tabulated in Table 2, while Fig. 10
presents the variation of the electrical susceptibility
with the electronic polarizability.
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Table 3 Average electronegativity (Ay), optical basicity (A),
metallization criterion (M) for ZnO/Fe/ZnO thin film system with
different Fe thickness

Samples Ay A° R M

Vin
ZF,,Z 1.013 1.360 0.561 0.439
ZF 42 0.989 1.365 0.566 0.434
ZF¢ L 0.948 1.374 0.575 0.425
ZFg,Z 0.921 1.381 0.580 0.420

It should be noted that the increase of the polariz-
ability with the increase of Fe interlayer thickness
confirm the inverse relationship between n & E, as
mentioned earlier.

As seen both the electronic polarizability and the
dielectric susceptibility increase with the increase of
the Fe interlayer thickness from 20 to 80nm, whereas
the electrical susceptibility is related to the polariz-
ability of the electric field by the proposed relation
@, =y, E. The correlation between the optical energy
gap and the average oxide electronegativity (Ay),
has been obtained by Duffy [31] and is given as:

Ay = 0.2688E, (13)

As observed in Table 3, the obtained Ay was
found to decrease with the increase of Fe thickness
of ZFe,nZ, ZF,yZ, ZF 4 Z and ZFg,Z thin films. The
oxide optical basicity is related to oxide optical elec-
tronegativity and can be formulated as [32].
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A =1.59-0.2279A y (14)

Table 3 presented the calculated values of the opti-
cal basicity of the four samples of the ZnO/Fe/ZnO
thin film samples. The value increased from 1.36 to
1.38 with the increase of Fe interlayer thickness. Molar
refraction R, is a measure of total polarization of a
material. The R,, can be calculated from the molar vol-
ume V,,, and the refractive index n, using the Lorentz-
Lorenz formula [33].

2

Rm=(22+§)vm (15)

The determined results of R,/V,, are listed in
Table 3. The metallization criterion is very impor-
tant parameter for determining the tendency of the
non-metallic nature of any material on the basis of its
optical energy gap, and hence the refractive index as
well. Herzfeld [34] has proposed a theory on metal-
lization criterion, that explained that the refractive
index become infinite for the condition R,/V,, =1,
consequently for R, /V,, > 1 the system of the materi-
als are predicted to be metallic in in nature while in
case R,,/V,, <1 the predicted materials are non-metallic
nature,or non-metallic conductors that can conduct
electricity but are not metals. Understanding the
relationship between metallization criteria and metal
oxide is crucial for designing and optimizing devices.
By exploring and controlling the link between metal-
lization criteria and metal oxide we can develop new
materials and devices, with unique performance and
we can also enable tailored properties in metal oxide
such as tunable conductivity or optical properties. The
metallization criterion can be defined:

M=1=(Ry/Vy) (16)

Metallization criterion on the basis of refractive
index showed a decreasing trend for the four thin film
samples under investigation seen in Table 3. Implies
the tendency of metallization of the thin film samples
of ZnO/Fe/ZnO system. The positive values of the
metallization criterion suggest that the four thin films
of the ZnO/Fe/ZnO thin film system are non-metallic
and have relatively large refractive index. The com-
puted values of M recorded in Table 3 shows that
the present multilayer thin films behavior moves to
nonmetallic nature with increasing the Fe interlayer
thickness, whereas the non-metallic character refers to
the tendency of an element to accept electrons to form
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negative ions (anions). The ZF,,Z, ZF,,Z, ZF,Z and
ZF8g,Z, thin films offer advantages over traditional
metal conductor, and they play an important part of
modern electronics and electrical engineering. Fur-
thermore, the above property makes them ideal for use
in electronic devices where low electrical resistance is
required. It is important to point out that conductiv-
ity and resistivity are inversely proportional, which
is clearly seen when comparing the behavior of the
optical conductivity and the demined metallization for
the four thin film samples under investigation. The
decrease in the value of M from (0.339-0.420) depicts a
larger width in the valence band and conduction band,
which causes a decrease in the optical energy band
gap from (3.77-3.43 eV).

4 Conclusions

The present work shows the various energy gap-
refractive index relations and their applications behav-
ior of a series thin film having a multilayer of ZnO/Fe/
ZnO with different thickness of the Fe interlayer. The
thin film under study was deposited on glass substrate
by atomic layer deposition and DC magnetron sput-
tering techniques. The results of the X-Ray diffraction
show that the reflection became more intense with the
increase of Fe layer thickness,while the cross sectional
images for the four samples under study proved the
excellent agreement of the determined thickness with
what we wanted to produce. Among the most impor-
tant factors the correlation between the energy gap
and the refractive index and their applications has
been investigated in the above study. The physical
parameters like optical conductivity, electrical suscep-
tibility, electronic polarizability, average oxide elec-
tronegativity, oxide optical basicity and metallization
criterion have been calculated based on the refractive
index and energy band gap. The increase in the value
of the optical and static dielectric constants indicates
an increase in the optical absorption and extinction
coefficient with the increase of the Fe interlayer thick-
ness as seen in Fig. 5a,b and Table 2.The decreasing
trend on the metallization criterion on the basis of the
refractive index implies that the tendency of metal-
lization is increasing with the increase of Fe interlayer
thickness. The increase in the optical basicity with the
increase of Fe interlayer thickness suggests that the
ability of our thin film samples to donate electrons to
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surrounding increases. From all the above discussion
the increase of Fe interlayer thickness makes our ZnO/
Fe/ZnO thin film system a good basis for the predic-
tion new non-linear optical materials.
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