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Our present work is devoted to analyzing the influence of Ni on the optical properties of ZnO thin films deposited
on glass and Si (100) substrates, with the use of ALD for ZnO deposition and DC magnetron sputtering for Ni
interlayer deposition. The compositions as well as the crystalline structure of various multilayer thicknesses of Ni
(10, 30, 50, and 70 nm), that sandwiched between ZnO Films (70 nm), before being optically characterized, were
carried out by the X-ray diffraction (XRD). Based on the XRD results, the crystallite size was increased with the
increase of the Ni interlayer concentration. Additionally, the material densities for both ZnO and Ni show the
expected close-to-bulk values in all formations, where the large cavities between atoms, on the films make the
dislocation density become smaller and the surface roughness values decrease as well, with the increase of Ni
interlayer concentration. Different optical properties were observed for different Ni content. The optical ab-
sorption coefficient (), refractive index (n), and extinction coefficient (k) have been deduced from the trans-
mission T(A) and absorption measurements A(A). The optical energy gap Egptare estimated from Tauc’s
extrapolation procedure and the Kubelka-Munk approach. The static refractive index (n,), the oscillator energy
(E,), and the dispersion energy (Eg) are calculated using the Wemple-DiDomenico (WDD) theoretical model.
Analysis of third-order nonlinear optical properties in crystalline ZnO/Ni/ZnO are being detailed. These prom-
ising results imply that the high-quality films produced by ALD, show how the insertion of Ni could enhance the
quality of the optical properties of ZnO films.

1. Introduction When we use ZnO in the thin-film version, its applications are
expanded in a wide range of fields due to their unique properties [4-6]
as shown in the flow chart of Fig. 1(a). Thin films of ZnO doped with

suitable elements are found useful in the fabrication of solid-state de-

Recently, the use of zinc oxide (ZnO), has increased because of its
scientific importance and unique properties in electronic and optoelec-

tronic devices, gas sensors, and several applications. It is a transparent
conducting semiconductor oxide film providing a wide and direct band
gap (Eg = 3.2 eV), and large exciton binding energy (~ 60 meV) at room
temperature. ZnO is inexpensive with controllable electrical and optical
properties, and environmentally friendly [1-3]. ZnO has higher photo-
catalytic efficiency under UV irradiation and lower photocatalytic ac-
tivity in the visible region. Therefore, significant efforts have been made
to increase the ZnO activity and improve the electrical and optical
properties [4-6].

* Corresponding authors.

vices (e.g., solar cells, light emitting diodes (LEDs), gas sensors, varis-
tors, piezoelectric devices, UV filters, etc.).

Zinc oxide (ZnO) thin films doped with metals can offer various
benefits and alter the properties of the material for specific applications.
The optical properties of ZnO thin films can be affected by metal doping
and it may lead to changes in the bandgap, absorption, and emission
characteristics. This is particularly useful in applications such as opto-
electronic devices, sensors, and light-emitting diodes (LEDs). Doped ZnO
thin films are often employed in photocatalysis for environmental
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remediation and solar energy conversion. Metal doping can improve the
photocatalytic activity of ZnO by facilitating efficient charge separation
and enhancing the material’s performance in harnessing light energy
[6]. Thus, the doping ZnO film with metals, such as Cu, Co, and Fe, is a
common method to control some physical properties for desired appli-
cations [7-9]. Recent results indicate that Nickel has an important in-
fluence on enhancing the optical properties of ZnO [10-12]. These
results also revealed that the physical properties of zinc oxide (ZnO) thin
films can be significantly influenced by the preparation methods
employed during their fabrication. Different techniques can result in
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variations in film structure, morphology, crystallinity, and other phys-
ical characteristics. For this purpose, the preparation method of ZnO
films becomes important to control these properties. In this work, we
have studied the influence of the Ni layer sandwiched between ZnO
layers, on the crystalline structure and optical properties of ZnO/Ni/ZnO
multilayer films grown on glass and Si(100) substrates.

2. Experimental procedures

ZnO has been prepared in Beneq TES-200-186 ALD system with a

Potential Applications of ZnO
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Fig. 1. (a): Schematic presentation of some potential applications of ZnO. (b): Schematic presentation of different multilayer ZnO/Ni/ZnO with sandwich structure.
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nominal thickness of 70 nm on glass and Si(100) substrates with (25 x
25) mm and (10) mm sample size respectively, deposited at 200 °C in
thermal mode in 391cycles. The pulse time and purge time were 0.3 and
3 seconds respectively for both diethylzinc (DEZ) and H2O precursors.
The MFC-NOP (mass flow controller for carrier gas and inert gas valving)
and MFC-NOV (mass flow controller for vacuum chamber flow) pa-
rameters of nitrogen gas inlets for ZnO were: 300 and 300 sccm equally.
Considering the sputtered Ni interlayers, the base pressure preceding the
sputtering reached Pyq. = 4 x 10~7mbar in each case. Interlayers with
10, 30, 50, and 70 nm nominal thickness were prepared at P4, = 6 x
10~3mbar under high purity dynamic argon atmosphere. The deposition
parameters were kept at I = 150mA, U = 300V, P = 45W, in a current
controlled manner. Before the Ni depositions, the high-purity target was
pre-sputtered for 2 minutes in each case to remove the surface con-
taminations from the target. The sputtering times for the 4 individual Ni
interlayers were 68 s, 204 s, 340 s, and 476 s for the 10, 30, 50 and
70 nm thick Ni layers respectively. For the XRD analysis, we used a
Rigaku Smart lab 9 kW X-Ray diffractometer. The measurements were
performed in XRR (X-ray reflectometry) and GIXRD, also known as GID
(Grain incidence x-ray diffraction) mode with a rotating Cu anode (A =
0, 154 nm). The range of interest and step size were chosen to be 26 =
0.6-1.2 (XRR) and 25-100° (GIXRD) and 0.05° respectively. The
thickness of the ZnO layers was measured with a variable angle spec-
troscopic ellipsometer (Semilab SE-2000), and the thickness of the Ni
layer with a profilometer (AMBIOS XP-1). In addition, thickness data
were also determined from fitting XRR patterns. The different methods
showed a very good agreement. The optical absorbance and trans-
mittance measurements were recorded using a double-beam spectro-
photometer (UV-3101PC Shimadzu) in the wavelength range of
300-700 nm. The schematic diagram of the prepared ZnO/Ni/ZnO thin
films with different ratios of Ni is shown in Fig. 1(b).

3. Results and discussion
3.1. Structural modification

The XRD patterns for the four thin film samples with different thick
Ni layers sandwiched between the upper and lower layer of ZnO
(70 nm), in the range 20 =30° — 100° are shown in Fig. 2. The obtained
XRD patterns clearly show distinguishable ZnO, Ni, and NiO peaks for
each sample type. Also, the plotting of the normalized and fitted XRR
patterns for the four deposited samples is given in Fig. 3.

The material densities for both the ZnO and Ni show the expected
close-to-bulk values in all the different formations of the ZnO/Ni/ZnO
system. The layer thicknesses are close to the nominal values of ZnO
(70 nm)-Ni (70, 50, 30, 10 nm) —-ZnO (70 nm) (see Table 1). The
roughness values on the surface and between layers are small, so their
uncertainty is relatively larger than that of the layer thickness values.
The average crystallite size (D) of the four prepared samples was
determined by Scherrer’s formula increments. The above-mentioned
parameters are listed in Table 1. The dislocation density & was
measured by the following equation:
6= W

The values of the dislocation density (8) decreases as the Ni thickness
increases, which is accompanied by an increase in the grain size (D) as
shown in Table 1.

These comparative results revealed the unique relationship between
the deformation grain size and dislocation density and that the crys-
tallization approach is perfect for increasing the film thickness by
increasing the Ni concentration. This returns to the decrease in the
interspacing between film grains which reveals the formation of higher
quality films. In other words, the above-determined results showed that
the Ni concentration has a fundamental impact on the lattice growth of
ZnO.
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Fig. 2. : The XRD patterns of the four different samples of the ZnO/Ni/
ZnO system.

3.2. Study of the spectral transmittance (T), reflectance (R), and
absorbance (A)

Fig. 4(a-c) presents the transmittance, absorption, and reflectance
spectra for ZN1¢Z, ZN3¢Z, ZNs5oZ, and NZ7¢Z. thin films. Fig. 4(a) shows a
decreasing trend in the transmittance of the films with the increase in Ni
concentration in ZnO/Ni/ZnO thin film samples. The observed trans-
mittance peaks in the UV region (350-450 nm) diminished with the
increase in the concentration of Ni. It is also reported that the optical
transmittance of the four films from wavelength 550 nm is wavelength
independent. Figs. 4(b) and 4(c) show the absorption and reflectance
spectra of the four films under investigation, where both absorption and
reflectance increased with the increase of thickness of interlayer Ni
concentration, and they are almost independent of wavelength beyond
550 nm.

3.3. Computation and analysis of the absorption coefficient a and optical
energy bandgap

The information about the optical energy band gap and structural
arrangement of the materials can be revealed through the mechanism of
absorption light. Its entire calculation mainly depends on the values of a.
To determine the value of the absorption coefficient for ALD deposited
tri-layers thin films of the ZNZ system in the region of the fundamental
absorption edge, we utilized the measured results of transmittance
spectra T (1) in the strong absorption region and set in the following
equation [13]:

a=lm (%) @
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Fig. 3. : Fitted values and cumulative normalized residual plots of the four different samples of the ZnO/Ni/ZnO system.

Table 1

Calculated values of grain size, roughness, density, and dislocation density for ALD-deposited thin films of the ZnO/Ni/ZnO system.

Sample Thickness (nm) Grain Size Roughness Density Dislocation density (nm ™)
- (nm) (nm) (g/cm®)
nominal measured
ZN10Z 150 145 8.03 3.192 5.6 0.124
ZN30Z 170 166 12.27 2.079 5.62 0.081
ZN50Z 190 185 12.87 1.891 5.67 0.077
ZN70Z 210 196 13.28 2.33 5.58 0.075
Here d is the thickness of the deposited thin film. The graphical y
illustration of « as a function of photon energy (hv) is depicted in Fig. 5 ahv =B {hV—EZ" ’] 3)

for all the deposited thin films. The figure shows that the optical ab-
sorption coefficient a decreases with increasing the energy and its value
slightly increases with increasing thickness of interlayer Ni
concentration.

The region where the value of absorption coefficient is greater or
equal to 10% cm ™%, is ascribed as a Tauc’s range, thereby, calculating the
optical energy band gap, Egp‘ by using these absorption spectra [14] and
set into the following relation:

Here, constant B measures the disorderness of the system and it is
defined by the following equation:

B = 470 /ngcAE 4

Here ny is the refractive index, o is the conductivity, c is the speed of
light, and AE is the band tailing. In Eq. (3) y is the transition parameter.
The values of y are chosen through the kinds of transition corresponding
to the absorption edge. The dissimilar values of y associated with
different transitions are 0.5, 2, 1.5, and 3 respectively. These values
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Fig. 4. (a): An illustration of transmittance spectra as a function of wavelength
of incident radiation for the ALD deposited different multilayer thin films of the
ZnO/Ni/ZnO system. (b) An illustration of absorbance spectra as a function of
wavelength of incident radiation for the ALD deposited different multilayer thin
films of the ZnO/Ni/ZnO system. (c): An illustration of reflectance spectra as a
function of wavelength of incident radiation for the ALD deposited different
multilayer thin films of the ZnO/Ni/ZnO system.
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Fig. 5. : An illustration of absorption coefficient as a function of incident
photon energy for ALD deposited different multilayer thin films of the ZnO/Ni/
ZnO system.

correspond to the direct allowed, indirect allowed, direct forbidden, and
indirect forbidden transitions [14]. A linear connection between (ahv)?
and hv suggests that direct transition can take place for the proposed
ALD-deposited thin film system. The values of the E;flt) were computed
from the linear portion of Tauc’s plot which denotes the intercept on the
hv axis obtained by extrapolating the linear portion of the curves at
((Xhl))2 = 0 and are depicted in Fig. 6(a-d). These computed values of
direct allowed bandgap E;ff) after extrapolation from Tauc’s plot for all
ALD deposited thin film samples are highlighted in Table 2.

Moreover, to estimate the optical band gap of the proposed ALD
deposited tri-layer thin films of the ZNZ system another approach of the
Kubelka-Munk (K-M) model was utilized [15,16]. According to the
model, a flux of radiation normal to the surface of the thin film sample is
considered. To compute both K-M functions and reflectance, the
measured value of reflectance optical spectra. The optical band gap is
thus, estimated using the direct function given by the following
equation:

[Fla)w]* = A(hv — E,) 5)

In this above equation, F(a) represents the K-M function. Compu-

tation of optical energy band gap E?(’; is possible by plotting [F(a)hv]* as
a function of the energy of incident light (hv). It is estimated through the
extrapolation of the linear portion of the plot on the hv-axis, when K-M
function F(a) has zero value associated with the photon energy of
incident light [15]. A graphical representation of the K-M plot to esti-
mate the optical band gap is shown in Fig. 7(a-d) for the present thin film
system. The estimated optical band gap E;fé) values for all the thin film
samples are tabulated in Table 2. It has been observed that the values of
optical band gap increase with increasing the Ni interlayer thickness
sandwiched between ZnO thin film layers. There may be other causes for
energy gap fluctuation like the variation in the film morphology.
Generally, the increase of optical band gap in this work may be inter-
preted as the presence of unstructured defects, which subsequently in-
creases the grain size as given in [17] and has been confirmed by the
increase in the value of the grain size of the thin films under investi-
gation, given in Table 1.

The plot of the optical band gap of Tri-layer thin films as a function of
the monolayer thickness of the Nickle (Ni) constituent is shown in Fig. 8.
This figure reveals that the large changes in thickness yield a large band
gap change AE;‘(’{) ~ 0.49¢V; from Ni-10 nm to Ni-50 nm thin films.
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Fig. 6. (a-d): A graphical representation of Tauc’s plots for the computation of optical energy band gap for ALD deposited different multilayer thin films of the ZnO/

Ni/ZnO system.

Table 2

The computed values of optical band gap (E;’}’ and E;‘z"), optical constant B, metallization criterion M, electronic polarizability a., and refractive index (,) for the ALD

deposited different multilayer thin films of the ZnO/Ni/ZnO system.

Sample E;l;’ (eV) (Tauc EZIZ" B B; (cm- y (Permitted direct y (from Empirical Metallization electronic polarizability a, n
plot) (eV) (cm- eV)’1 Transition) Relation) M x 10724
(KM ev)! (Empirical
plot) (Tauc fit)
Plot)
ZN1oZ 2.46 2.06 2.24 x 2.22 x 10° 0.50 0.50 0.347 9.34 2.58
10°
ZN30Z 2.86 2.97 5.84 x 3.54 x 10° 0.50 ~ 0.49 0.378 8.94 2.44
10°
ZNsoZ 2.90 3.02 5.84 x 3.59 x 10° 0.50 ~ 0.47 0.381 8.90 2.42
10°
ZN7oZ 2.99 3.17 5.84 x 3.79 x 10° 0.50 ~ 0.40 0.387 8.82 2.40
10°

However, a small modification in the thickness of Ni from 50 nm to
70 nm, makes a quite small change in the gap difference of ~ 0.09¢V.
Moreover, the variation in the optical bandgap with increasing the
concentration and thickness of interlayer Ni material opens an oppor-
tunity for the modification and advancement of the chemical and

physical properties of layered materials. Changing the concentration of
interlayer Ni material in a triple-layer thin film system can affect the
motion of charge carriers, or even cause structural modifications owing
to the formation of localized levels in prohibited gaps [15]. Further, the
computed values of optical band gap from two different kinds of
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approaches under the present work have shown closer results.

To validate the value of the power factor or transition parameter y,
one can make an empirical relation [18] just by utilizing Tauc’s
formulation. It can be written by relating a and ho as:

— Bl ] 6)
“ hv{ v 8 ]

Here constant B denotes different values associated with the different
types of transitions and it is represented by the power factor y. Thus, the
above equation can be stated for occurring four different types of
transitions:

Journal of Alloys and Compounds 990 (2024) 174348

a= i%[hu ey’ %)
J

In this above equation, separate magnitudes of y; in the sequence of
0.5, 2, 1.5, and 3 are for permitted direct, permitted nondirect,
forbidden direct, and forbidden nondirect transitions, respectively. For
the case of a material that has only direct permitted transition, the
relation (7) can be defined by the updated form as:

_ B 1 opt n
a_ﬁ[hI/ngl} ®
By simply taking the natural logarithm of the relation (8) and vali-
dating the result of transition factor y; for a single allowed direct tran-
sition, we obtain:
In(@hv) = InBy +yiIn (kv — £ ©
For the present case, the values of the direct permitted band gap, E;flt)
for all the samples are already computed from the Tauc’s plot, thus, y;
can be determined through the slope of the linear fitted plot between In
(ahv) and In(hv - E;’l’fl)) by using the relation (9). An illustration of a such

linear fitting is depicted in Fig. 9(a-d). From the linear plot, the value of
the transition factor, y; is determined from the slope, and it is close ~ 0.5
for each sample under the present study. The determined result of the
transition factor (y;) supports that, the transition is band to band
allowed in ALD deposited all layered thin film samples of ZNZ as
mentioned in the Fig. 6(a-d). In addition, the values of y; for assorted
deposited thin film samples are publicized in Table 2.

3.4. Computation of the linear index of refraction (n) and the extinction
index (k)

The index of refraction, n is a substantial parameter that defines an
exclusive feature of any substance. This unique feature plays an
important role in deciding which materials are suitable for designing
different optical applications. Also, the refractive index (n) affects
various optical phenomena, which makes its valuation decisive, as it has
a vast impression on both the local field inside the optical materials
along the electronic polarization of ions [19]. To calculate the values of
the refractive index of the ZN10Z, ZN30Z, ZN50Z, and ZN70Z thin films
by using the reflection spectra, R(A) from the given relation [20]:
12

n (I+R)
(1-R)

(1+R) )

10)

In this equation, k represents to extinction coefficient, and it is
defined by the following formula:

al
k= P 11

It is a very substantial parameter for determining corresponding
optical properties, particularly those associated with the absorption of
photon energy and optical dielectric parameters for the materials.
Fig. 10(a-d) and Fig. 11(a-d) show the wavelength dependence of the
refractive index n and extinction coefficient k rrespectively. The results
disclose that the k values are increased with the rise increasing the
wavelength of the incident radiation over a range of 400 — 790 nm for all
the deposited multilayer thin films of the present system.

3.5. Metallization criterion

For the possibility of application to designing optical devices, in-
formation about the fundamental parameter linear index of refraction
may be more important. Duffy suggested a formulation to compute the
result of the linear index of refraction (np) with the help of the optical
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energy gap E}* over attempting the subsequent relation [21]:

w1y 1 [Er
1- Y el 12
( m+2 2V 5 12)

The computed value of the (7,) for all the thin film samples is
recorded in Table 2. The value of the refractive index (17,) decreases with
increasing the concentration of the internal layer of Ni and thickness in
triple-layer thin film samples.

Moreover, the computation of the metallization criterion is a very
important parameter in understanding the nonlinear optical character-
istics of the yielded materials. It can be defined by the subsequent
relation [22]:

The aforementioned form can be described based on Duffy’s empir-
ical relation that relates the energy gap to the metallization criterion m
by the following relation [23]:

Rm 1 E°Pt
(“7) =3\ a9

Here V,, and R, represent to molar volume and molar refraction of
the envisioned system, respectively. According to the metallization cri-
terion suggested by Herzfeld [24], for the case of Rp,/Vy, = 1, the linear
index of refraction becomes infinite, which links to the metallization of
covalent solid materials. Consequently, the necessary cases for making
metallic or nonmetallic solids are R,;,/V,, > 1 (for metal) or R,,/Vp, < 1
(for nonmetal). The computed values of the metallization criterion (m)
for the present deposited layer system are recorded in Table 2. It in-
creases with increasing the interlayer thickness of Ni concentration from
10 to 70 nm in all the deposited multilayer thin films of the present
system. This change shows that the present multilayer thin film behavior
moves to a metallic to slight metallic nature with increasing the inter-
layer thickness of Ni. The changes can be seen from (0.347-0.387) for
the metallization criterion depicts a smaller width in the valence band
and conduction band, which causes an increase of the energy band gap
from (2.46-2.99 eV). Thereby, it confirms an appropriate connection
between the linear index of refraction 7,, energy gap Eg"‘and the

metallization criterion M. These results can be a nice basis for envisaging
novel nonlinear optical materials. The rise in the energy band gap could
potentially result from the sp-d exchange interaction between localized
d-electrons linked to doped Ni?" cations and ZnO band electrons.

The sp-d hybridization occurs when Ni?* ions are introduced to ZnO,
resulting in the 3d levels of impurity Ni?* ions existing below the con-
duction band of ZnO. Thus, an increase in sp-d hybridization energy may
be the reason for the rise in the band gap energy of ZnO with increasing
Ni concentration. Similar results were obtained by other research groups
which indicates that our observations are consistent with available re-
ports in the literature of recent years [25-29].

Pal et al. [25] performed the XPS analysis of Ni, ZnO and Ni-doped
ZnO and observed that Ni ions are successfully substituted into tetra-
hedral sites of the ZnO wurtzite structure without forming any detect-
able secondary phases. Ni®™ jons have an electronic configuration of
3d8. When introduced into the ZnO lattice, the Ni2* ions can interact
with the surrounding oxygen and zinc ions. In the process, the electrons
in the d orbitals of Ni>* can participate in bonding with the electrons
from the oxygen and zinc ions. In the ZnO lattice, zinc ions typically
contribute s electrons, while oxygen ions contribute p electrons for
bonding. When Ni?* ions are introduced, there can be an overlap be-
tween the d orbitals of Ni2™ and the s and p orbitals of Zn and O,
respectively. This overlap allows for the formation of sp-d hybrid or-
bitals. Srinet et al. [27] also observed the signature of strong hybridi-
zation of Ni in ZnO host matrix. They observed that the occurrence of
sp-d hybridization can modify the electronic band structure of ZnO. It
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can lead to changes in the energy levels and band gaps, as well as affect
the bonding strength and electronic properties of the material. These
changes can manifest as alterations in the optical, electrical, and mag-
netic properties of Ni-doped ZnO.

The study of polarization for different thin film systems is decisive
due to the necessity to design efficient materials for optical purposes
along with a high optical performance of these materials. A well-known
equation based on the polarizability approach is the Lorentz-Lorentz
relation defined by the Eq. (13). According to the equation, the molar
fraction (Rm) can be linked to the molar polarizability oy, through the
linear relation R,,, = 2.52a;,. Briefly, the role of polarizability as a vital
parameter of the linear index of refraction and optical band gap of the
present work on different multilayer thin films of the ZnO/Ni/ZnO has
been highlighted. The relationship presented a linear proportionality
between the index of refraction and the polarizability, and this visibly
shows the linear dependency of R, on the polarizability. Electronic
polarizability (o) plays a significant role in designing optical functional
materials such as oxides. It is closely connected to the field of optics and
is a noteworthy distinctive feature of any substance. It was observed that
the non-linearity response of the substance is directed by the electronic
polarizability parameter (a.). It can be computed in terms of the linear
index of refraction from the subsequent relation [30]:

_ 3 (-1
T 4aNa (n)+2)

. (15)

Here Ny represents Avogadro’s number. The computed values of a,
under the present study, all the thin film samples are recorded in
Table 2. The computed results revealed that the linear refractive index
and the energy gap, which are linked to polarizability and the oxides
metallicity of the material, have a strong relationship with the increase
of the thickness of the different multilayer thin films of the ZnO/Ni/ZnO
system.

3.6. Computation and analysis of dispersion parameters E; and E, using
the Wemple-DiDomenico (WDD) model

The spectral distribution of the index of refraction n in the normal
dispersion for materials under the interband absorption side can be
explored by using a single-effective oscillator model. This model is also
recognized as a Wemple-DiDomenico (WDD) model [31,32] and is
mainly based on the change in dielectric constant as a function of
spectral frequency because of the concept of a single oscillator in terms
of energy of a single oscillator represented by E, and dispersion energy
by E4. Accordingly, the WDD model is utilized by fitting the data of
dispersion in the index of refraction for the yielded system. Information
about the dispersion in the optical material can be an important aspect
in many areas of scientific research that supports to design of devices for
optical communication and spectral dispersion. In this supposed model,
the relation of the index of refraction, n with E, and E, is represented by
the following expression [31,32]:

EyE
21 _ . 0Edq . (16a)
E() — (l’ll/)
The above equation can be redrafted in another way as:
i ) - B L (16
(—1)  EEs  Es EE,

The experimental validation of equation (16) can be realized by
plotting the data of 2 - 1)7! as a function of (hv)? (see Fig. 12). The
linear behaviour of the curve shown in Fig. 12 validates the applicability
of this relation. To determine the values of Eq and E, for the present
study, we solve simultaneously two different equations received through
the slope [1/(EgE4)] and vertical intercept [Eo/Eq] of the aforesaid linear
plots. The computed values of the energy dispersion parameters Eq and
E, for deposited all thin film are recorded in Table 3. Additionally, to
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ZN4oZ Simplifying above equation, we obtain:
——2ZN,,Z
0.28 4 —— Nz I (/1_0>2 (193
—— 2N, Z w1 (=1 (1) \4
0.24 4 Using the well-known Planck’s relation ¢ = v, the Eq. (19a)
‘TA N becomes:
o 2
3 1)1 1, (W
0.20 “—\——_— (n2 — 1) = -1 (nf) — l)/lo (hc) (19b)
On comparison of two Egs. (12) and (19b), therefore, we obtain:
0.16
1 o E()
21 E (202)
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Fig. 12. : A graphical representation of (n*1)~" against (hv)? for ALD depos-
ited different multilayer thin films of the ZnO/Ni/ZnO system.

compute the value of the dielectric constant at low frequency (v = 0) or
high wavelength (A = o) side as defined by é"P? = n2, the value of ng in

©

such a limit hv — 0 is determined through the dispersion relation [i.e., ng
= /1 + E4/E,]. The probable computed values of ¢P? and static index
of refraction for the present thin film samples are mentioned in Table 3.
We can see from Table 3 that all the computed WDD parameters are
decreased with changing the thickness of inter-atomic Ni concentration
from 10 to 70 nm in the case of all the deposited thin film samples. The
results of all WDD parameters for the projected multilayer thin films of
the ZNZ system are consistent with those of other systems stated else-
where [33].

Furthermore, the WDD model establishes simple connections among
the dispersion parameters E,, Eq and the imaginary portion of the
dielectric constant & for the values of moments M_3 and M_; of the
optical spectrum [32]. The following relations are used to compute the
values of M_; and M_3 [32]:

M_,
E=—— 17
T (17a)
M3
) | 17b
T (17b)

The computed values of moments M_; and M_3 for all the samples
are listed in Table 3.

3.7. Determination and analysis of optical dispersion parameters using the
Sellmeier model
To obtain the optical dispersion parameters a classical dispersion

relation for the single oscillator model was established by Sellmeier for
low frequencies, which is given by the subsequent equation [34]:

Table 3

Simultaneously simplifying Eqgs. (20a) and (20b), we get the
following solutions for the oscillator’s strength (S,) and the oscillator
wavelength (4,):

hc he
(np — 1)% = Esandly = ¢~ (21a)
2
—1
(g : ) _s, (21b)
Ao

Therefore, by setting the values of E, and E4, already determined
from the WDD model, we can obtain the values of 4, and S,. Thus, the
calculated values of Sellmeier parameters viz. 1,, S, and E,/S, for the
present work are tabulated in Table 3. In the subsequent approach, the
calculated results of the Sellmeier parameters can also have been
defined through a graphical depiction subsequently reformulating the
Eq. (14) in this way [35]:

, g 1 1
[2* —1] =SSP (22)

To get the Sellmeier parameters viz. 4,, S, and E,/S,, through a
graphical illustration, we plot the connection between the two variable
results; as the reciprocal of [n? —1] with 1/4%; we obtain a straight linear
plot having a gradient (1/Sy), and the intercept on the vertical axis is (1/
23S0). Consequently, the value of S, can be computed through the
gradient of the plot, whilst the oscillator wavelength 1, is defined by

using the gradient and intercept. A linear graphical relationship between
[n? — 1]71 and 1/4* for the proposed work are represented in Fig. 13.
Moreover, the calculated values of Sellmeier parameters for ALD-
deposited tri-layer thin films of ZNZ samples are highlighted in Table 3.

3.8. Nonlinear Optical Studies

The nonlinear optical parameters of materials can be described by
the response of the polarization vector when incident radiation crosses
over it. The polarizability shows a highly dependent result on the

The calculated values of WDD and Sellmeir parameters for the ALD deposited different multilayer thin films of the ZnO/Ni/ZnO system.

Sample WDD Parameters Sellmeir Parameters

E4 (eV) E, (eV) np eWop M, M. (eV) 2 Ao (nm) (8eo); So (m™2) Ey/Sy(eV-m?)
ZN1Z 174 28.73 2.66 7.06 6.06 0.007 69 7.06 1.26 x 10'° 2.27 x 10714
ZN3oZ 41.53 8.60 2.41 5.83 4.83 0.065 231 5.83 9.03 x 103 9.53 x 10714
ZNsoZ. 37.91 9.10 2.27 5.17 4.17 0.050 219 5.17 8.72 x 10'3 1.04 x 10713
ZN7oZ 29.31 8.12 2.15 4.61 3.61 0.055 245 4.62 6.02 x 103 1.35 x 10712
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Fig. 13. : A graphical representation of (n? — 1)~! against A~2 for ALD depos-
ited different multilayer thin films of the ZnO/Ni/ZnO system.

dielectric parameter as an intrinsic property of the dielectric materials
and is regulated by its n and k values. As we know the nonlinear char-
acter of substances is directly linked to their index of refraction values,
thus, the changes in the host structure were noticed owing to the in-
clusion of foreign chemical species. This may be the reason for a
resulting variation in the optical susceptibility of the substance. Tech-
nological applications point of view, the susceptibility of materials must
have good nonlinearity, especially for designing nonlinear optical de-
vices along with integrated photonics, infrared sensing, and all-optical
switching. Consequently, to explore the feasibility of the materials for
optoelectronic applications, the study of nonlinear optical properties is
important [36]. We can see that there exists a resulting power series

. . . =4 . . . .
expansion of polarization, P of a dielectric material in terms of and

susceptibility parameter (y) and the electric field vector E [37]:

2 3
P :eg[ AVE+QF +49FE +... (23)

where y(!) represents the first-order linear susceptibility which shows
the linearization of the polarization terms of ng. In the Eq. (22), the term
72 is represented by the second-order susceptibility. It has non-zero
values for those substances which show the absence of inversion sym-
metry, on the other hand, its value becomes zero for radially symmet-
rical materials.

By the application of calculated values of E, and E4 from the WDD
method and the general Miller’s relation in the limiting condition of hy
— 0, the estimation of third-order-nonlinear optical susceptibility, ) is
defined by the ensuing relation [38]:

[n2 —1]" (24a)

1

20 = i [n2—1] (24b)

As earlier defined the form- [n§ —1] = £ in the limit of hv — 0
Thereby,

1 [E
" 4rn |E,
Here F represents a constant, the value of the constant is equal to 1.7

x 10719 (esu) and it is free from the periodic nature of the materials
along with the photon energy. Using the preceding equations, the

70 (24¢)
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aforementioned relation is thus, transformed in terms of energy oscil-
lator parameters E, and Eg:

4
F 1L @] (24d)

4
) (esu) = — {—} =6.82 x 10*15{

27 (esu) (477)4 E, Ey

Therefore, all the results associated with the nonlinear optical pa-
rameters for the present work are estimated by using these equations.
Additionally, the computation of nj (i.e., second-order nonlinear index
of refraction) is also feasible either from the calculated value of the static
index of refraction, n,, or from the obtained value of optical band-gap
energy, Egp‘, in the following equation proposed by Tichy and Ticha
[38]:
)((3)

~ 127%—
ny

ny (esu(eV)4 ) (24e)

Accordingly, the values of n, were computed by utilizing the above
equation for the present ALD deposited tri-layer thin film samples. All
the calculated values of 'V, y®, and n, are highlighted in Table 4 for all
the thin film samples. The non-linear refractive index increased with the
increase in linear refractive index. This is owing to a high polarizability
reliance on molecules and the distortion of the density of electrons in the
electric field [39].

It has been found that the linear and nonlinear optical parameters y
(1), ;((3), and ny declined their values after an increase in Ni interlayer
concentration and the thickness of designed thin films. It may be owing
to a big number density of free charge carriers in the polarized sub-
stance. These values are equivalent to the results of varied systems taken
by Tichy and Ticha [38], thus, the projected structure of ALD deposited
different multilayer thin films of the ZnO/Ni/ZnO here have closely
equivalent computed values of ¥ and n,. This highlights their rele-
vance for the utilization of nonlinear optical devices, especially in net-
works of optical communication that rely primarily on fast-speed signals
and fiber optics technology.

3.9. Computation of dielectric constant (e.,) at the high-frequency limit

To compute the high-frequency dielectric constant, a model was
given by Spitzer-Fan [40]. This model enlightens the variation of n(1)
based on some consequences viz. the high-frequency lattice dielectric
parameter &,, modes of lattice dynamics, and free-electron charge
carriers. Mathematically, the model can be specified by the ensuing
relation [40]:

2
2 Ne 2

n° =€y (25)

where e and ¢ denote the electronic charge and the speed of light in a free
space whilst N and m* depict to number density and effective mass of the
charge carriers respectively.

A graphical representation for the n as a function of 4% produced the
linear profiles at a longer wavelength, however, its linearity drops

Table 4
The computed values of linear and nonlinear optical parameters for the ALD
deposited different multilayer thin films of the ZnO/Ni/ZnO system.

Sample  Linear and Nonlinear Optical (6),  N/m* w, (Hz)
Parameters (m~3kg™)
X(S) (esu) ns X(l)

ZN;oZ 8.45 x 1.20 x 107.16  6.95 2.45 x 10°° 3.2 x
10—13 10—10 1014

ZN3oZ 3.41 x 5.30 x 4328  6.59 1.23 x 10%7 7.3 x
10—13 10—11 1014

ZNsoZ  1.90 x 5.14 x 24.04 5.67  7.36 x 10%° 6.1 x
10—13 10—11 1014

ZN7oZ 1.07 x 1.87 x 13.50  5.03 1.23 x 10°° 2.7 x
10—13 10—11 1014
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relatively at a smaller wavelength side for which an anomalous disper-
sion character is revealed by the index of refraction [refer Fig. 14]. The
values of N/m* and (e ), were estimated for all the present thin film
samples through the gradient and the extrapolation of these plots close
to A = 0 respectively. The estimated numerical values of N/m* and (e,),
for all the samples are noted in Table 4.

Further for the calculation of plasma frequency, w,, the classical
Drude model is used. This model connects the plasma frequency w, to
the dielectric constant ¢, and the ratio N/m* of a dielectric material by
the subsequent relation [19]:

)

The above relation for the calculation of w, is utilized when the
resonance of vibrations of free charge carriers is achieved. If the fre-
quencies of incident electromagnetic radiation are high in comparison to
the w), the radiation transmits the material whilst it suffers the reflection
for the frequencies lower than the w,. Calculated values of plasma fre-
quency (wp) for the present thin film samples are recorded in Table 4.

On the low-frequency side, the damping constant is lower than the
dielectric constant (i.e., electron damping becomes poor). This can be
leveled by the ensuing relationship that occurs between the real part of
the dielectric constant and the plasma frequency (wp) [19]:

2

(26)

Eo€L

, ?

€ =€ — w—’; 27)

Accordingly, the plotting of the graphs of ¢ as a function of v~ for all
the proposed ALD deposited tri-layer thin film samples of ZNZ. The
graphical illustration of ¢ with 1/w? for all the thin films are shown in
Fig. 15. Through graphs, the value of (e.), is calculated from the
intercept at 1/w? =0 and plasma frequency is determined from the
slope of the graphs.Add on, the results of (&, ); and w, are evaluated and
mentioned in Table 5 and Table 4. The evaluated values of w, from the
Eq. (25) and those from the slopes of the last plots of ¢ against w2,
were also revealed somewhat good matching values. In addition, the
results of w), for the proposed system are consistent with those of other
systems testified elsewhere [41].

It can be observed that the calculated values of the high-frequency
dielectric constant recorded in Tables 3 to 5 and labeled by (eq)1,
()2, and (e)3 through three dissimilar methods for ALD deposited tri-

IALD Deposited Trilayer Thin Films of ZNZ|
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Fig. 14. : A graphical representation of n® against A*> for ALD deposited
different multilayer thin films of the ZnO/Ni/ZnO system.
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Fig. 15. : A graphical representation of ¢ against » 2 for ALD deposited
different multilayer thin films of the ZnO/Ni/ZnO system.

Table 5

The computed values of different optical parameters [Charge carriers concen-
tration (N), Relaxation time (7), high-frequency lattice dielectric parameter
(e0)3, plasma frequency (wp,), optical mobility (u,p), and optical resistivity (popt),
high-frequency dielectric constant (e,)s, and optical electronegativity (nop)] for
the ALD deposited different multilayer thin films of the ZnO/Ni/ZnO system.

Sample  N(m ) T (sec) Hopt Popt (E)3  Mopt
(C-sec/kg)

ZNjoZ  9.83 x 8.03 x 3.21x 1.99 x 6.96 1.76
10%®° 1077 10°° 1073

ZN3oZ ~ 4.91 x 3.47 x 1.39 x 9.16 x 652  1.78
10% 1071¢ 1074 107°

ZNsoZ  2.95 x 2.33 x 9.32 x 2.28 x 564  1.81
10 10716 10°° 107*

ZN,oZ 491 x 4.38 x 1.75 x 7.25 x 499  1.84
10%° 1077 10°° 1073

layer thin film system considered under the present work, are closely in
good agreement. In the computation of the values of (e5)1, (6x)2, and
(£50)3, @ good match is attained among these values because there is a big
difference in the lattice vibration which executes at the plasma fre-
quencies and that happens for the absorption frequency at the band
edge. The optical properties of the deposited layered materials were
such that both necessities were fulfilled in maximum illustrations [42]
and like outcomes were also obtained in this present work. It is also
interesting to remark that the values of (e,,)1, (¢)2, and (¢4,)3 are closely
well matched that of the high-frequency dielectric constant
eWPD estimated from the WDD approach. The more possible basis for
such nice matched values for high-frequency dielectric constant is that
the lattice dynamics and restricted carriers in a vacant lattice recline in
the translucent region of the optical spectrum [43,44].

3.10. Computation and study of the complex dielectric constant close to
the absorption edge

To determine the real part of the electronic dielectric constant, ¢’ and
the imaginary part of the electronic dielectric constant €'’ for the present
ALD deposited thin film system of ZNZ, the ensuing relations are utilized
[45]:

e=¢"+ie" (28a)
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e = (n+ ik)’ (28b)

After solving above mentioned two equations the forms for ¢' and &'
are thus, defined by the following equations:

e =n?—k* (28¢c)
and
e" = 2nk (28d)

The graphical depiction for ¢' and &'’ as a function of energy, hv are
shown in Fig. 16 and Fig. 17 for the present proposed ALD deposited thin
film system.

3.11. Analysis of the dissipation factor tans

To get more information about the present materials from the optical
characteristics, one very stimulating optical quantity is loss tangent
tand. The loss tangent signifies the amount of loss in power taking into
account the mechanical oscillator which is present in the dissipative
structure. It is usually observed that dielectric substances dissipate
electric power mostly via heating. Therefore, the dissipation or lass
factor can be defined by the subsequent equation [19]:

tand = — (29)

gl

The variation in tan § as a function of the energy of incident radiation
for the present proposed thin film system is revealed in Fig. 18. The
value of tan § substantially decreases with increasing the energy of the
incident radiation for all the deposited multilayer thin films of the ZnO/
Ni/ZnO system. Furthermore, the value of the dissipation or loss factor
was found to be increased after changing the thickness of multilayer Ni
concentration from 10 to 70 nm in all the deposited thin film samples.

3.12. Computation and analysis of optical Gop and electrical = Geje
conductivities

To observe the optical response of yielded material in terms of its
optical conductivity, the frequency of the material can only be specified
in Gaussian units. Thus, the optical response in terms of the optical

ALD Deposited Trilayer Thin Films of ZNZI
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Fig. 16. : An illustration of the real part of dielectric constant ¢ as a function of
incident photon energy hv for ALD deposited different multilayer thin films of
the ZnO/Ni/ZnO system.
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Fig. 17. : An illustration of the imaginary part of dielectric constant ¢’ as a
function of incident photon energy hv for ALD deposited different multilayer
thin films of the ZnO/Ni/ZnO system.
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Fig. 18. : An illustration of loss factor tan § as a function of incident photon
energy hv for ALD deposited different multilayer thin films of the ZnO/Ni/
ZnO system.

conductivity (¢) can be expressed by the following relation [19]:

anc

T (30)

Oopt =

A graphical representation of optical conductivity (c,,) as a function
of the energy of incident radiation (hv) for all deposited layered samples
is shown in Fig. 19. We notice that the optical conductivity consistently
varies with o and n of the samples. It follows a similar trend which is
followed by a. The value of 6, decreases with increasing the energy of
incident radiation for all the deposited different multilayer thin films of
the ZnO/Ni/ZnO system. It can be observed from the plots that the
optical conductivity is slightly increased after increasing the interlayer
thickness of Ni concentration in different multilayer thin films ZnO/Ni/
ZnO system and it attains an optimum change for ZN50Z thin film
sample and its value slightly reduced further increasing the interlayer
thickness of Ni concentration. Thus, the multilayer thin films of the
ZnO/Ni/ZnO system under present work show a good photo-response
feature owing to their good optical conductivity results.

Additionally, we have calculated the electrical conductivity results
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Fig. 19. : A graphical representation of optical conductivity 6,y as a function
of incident photon energy hv for ALD deposited different multilayer thin films
of the ZnO/Ni/ZnO system.

for the present system by utilizing absorption coefficient a and optical
conductivity, 6o with the help of the following expression [19,46]:

20
a

Cele = (31)

A graphical depiction of the variation in o as a function of incident
radiation energy hv for present prepared layered samples is shown in
Fig. 20. The value of o significantly reduces with the increasing photon
energy hv of incident radiation for all the deposited different multilayer
thin films of the ZnO/Ni/ZnO system. This decreasing trend in o, with
the increasing photon energy hv of incident radiation supports the
semiconducting character of the ALD deposited different multilayer thin
films ZnO/Ni/ZnO system. From Fig. 20, we can see that the value of
electrical conductivity is somewhat decreased as we change the inter-
layer thickness of Ni concentration in different multilayer thin films
ZnO/Ni/ZnO system and it displays an optimum variation for ZN70Z
thin. It may be owing to some structural changes in the matrix of the
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Fig. 20. : A graphical representation of electrical conductivity o as a function
of incident photon energy hv for ALD deposited different multilayer thin films
of the ZnO/Ni/ZnO system.
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different multilayer thin films ZnO/Ni/ZnO system.

3.13. Evaluation of relaxation time, optical mobility, optical resistivity,
and optical electronegativity

The classical Drude free-electron theory is very important to evaluate
the several optoelectrical constants by scrutinizing them together with
the real and imaginary portions of dielectric constants. This theory
recommends the wavelength reliant on both real part and imaginary
part of dielectric constants that are stated by the previous relation (24)
and subsequent relation given as [35,47]:

= e () ()

In this equation, t represents the relaxation time. To evaluate the
value of relaxation time 7, we have plotted the graph between & and 4°.
[see Fig. 21(a)]. As we can see the gradient of the linear plot is equal to

(32)

ﬁ [(X£) () ]. Thereby the value of 7 for the proposed thin film system
is computed from the gradient and by utilizing the previously deter-
mined result of (N/m*). Additionally, in the aforementioned relation
(32), the calculation of m* is done by relating m* with mg through an
expression- m* = 0.44my, hence, the value of N is evaluated for all the
thin film samples. The evaluated values of both relaxation time (z) and
the number density (N) of free charge carriers are tabulated in Table 5.
The results show that the values of relaxation time lie between 0.04 x
107*° s and 0.35 x 107! for all the thin film samples under the present
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Fig. 21. : (a) A graphical representation of the imaginary part of dielectric
constant ¢” against > for ALD deposited different multilayer thin films of the
Zn0O/Ni/ZnO system, and (b) variation of the relaxation time with carrier
concentration.
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work and are consistent with the earlier results [48,49].

The carrier concentration significantly affects the strength of the
nonlinear optical response since the carrier lifetime and mobility can
affect the strength and temporal characteristics of nonlinear optical
phenomena. For instance, the relationship between the carrier concen-
tration with nonlinear characteristics can be understood in terms of the
nonlinear optical response since the nonlinear optical characteristics
refer to the optical response of a material that is not directly propor-
tional to the intensity of the incident light. Nonlinear optical effects
often arise due to the interaction of light with the electronic structure of
a material and it is affected with the carrier concentration. The relaxa-
tion time of carriers in the present study rises linearly with increasing
carrier concentrations which indicates that it is intimately linked to their
nonlinear optical characteristics [see Fig. 21(b)]. Nevertheless, the
current explanation is primarily qualitative, and at this juncture, it is not
possible to disclose precise quantitative information. We anticipate that
further studies will eventually identify the precise function of carrier
concentration in regulating the nonlinear optical properties.

Additionally, to evaluate the values of optical mobility and resistivity
(i.e., uopt and popy) for all the deposited thin films, setting the calculated
values of the parameters N and 7 in the following equations [50]:

et
Hopt = " (33
and
, 1 (34)
Por = N

m
Popt = 2N (34b)

The calculated values of p,,, and y,,, for the present, all samples are
listed in Table 5. The results obtained in the present work are closer to
the values of other previously published works [48,50].

As suggested by Duffy [21,51], a few physicochemical properties of
materials are described and directly linked by optical electronegativity.
It indicates the ability to attract an electron to an atom to make an ionic
bond. To obtain info about the optoelectronic structures for different
materials, a model was suggested by Duffy [21,51]. Thereby, the optical
electronegativity is defined by the following [52]:

F1V4
r’npr = |:;:|

Here F represents a constant. Its value is equivalent to 25.54 for
many materials. For the present thin film system, the estimated value of
Nope 18 tabulated in Table 4. It can be seen from Table 5 that the value of

(35)

the optical electronegativity is slightly increased with increasing the
interlayer thickness of Ni concentration from 10 to 70 nm in different
multilayer thin films of the ZnO/Ni/ZnO system and it gets slightly more
value for the thin film ZN70Z. The values of optical electronegativity
under the present work for the ALD deposited different multilayer thin
films of ZnO/Ni/ZnO system are varied between 1.76 and 1.84. These
outcomes are approached with a few other layered materials [53,54].

4. Conclusions

The present work shows the successful deposition of ZnO/Ni/ZnO
multilayer thin films with diverse Ni interlayer thickness using atomic
layer deposition (ALD) and magnetron sputtering. The interlayer
thickness of Ni influences significantly the structural and optical prop-
erties of ALD-deposited thin films of ZnO/Ni/ZnO. A detailed investi-
gation shows that the direct optical bandgap values are increased as
increasing the thickness of inter-layer Ni material from 10 to 70 nm into
the multilayer thin films of the ZnO/Ni/ZnO system. The optical
bandgap lies between 2.46 eV to 2.99 eV, which led to a shift of the
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absorption edge along the higher energy sides. A relationship has been
noticed between the linear index of refraction value (17;)and the optical
energy band gap in terms of the metallization criterion, electrical
polarizability, and dielectric parameters based on observed and theo-
retical results. The results revealed that the linear index of refraction is a
vital parameter and it is related to the metallization of oxide material.
The calculated values of the index of refraction are reduced by changing
the interlayer thickness of Nickle concentration from 10 to 70 nm in all
the deposited different multilayer thin films of the ZnO/Ni/ZnO system.
Further, the single oscillator model given by Wemple and DiDomenico
(WDD) is applicable in the present case. The single oscillator energy
parameters, dielectric constant, plasma frequency, optical resistivity,
optical mobility, optical electronegativity, and other associated linear
and nonlinear optical parameters are changed by increasing the inter-
layer thickness of Ni concentration from 10 to 70 nm in all the deposited
multilayer thin films of the ZnO/Ni/ZnO system. The outcomes of the
numerous optical parameters can be understood in terms of changes in
structural dimensionality in the metal oxide network.
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