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ABSTRACT

NiO and Nig.92Zng.030 thin films were deposited onto glass substrates using pulsed
laser deposition in vacuum. The optical properties were investigated using the
Kramers-Kronig relations, with the phase shift angle computed numerically in
MATLAB. The results revealed noticeable variations in the optical behavior due to
zinc doping, as confirmed by differences in the refractive indices: 2.52 and 2.57 at
630 nm for the undoped and doped films, respectively. Moreover, the optical band
gap decreased from 3.51 to 3.39 eV, and the dielectric constant was also calculated.
X-ray diffraction (XRD) analysis confirmed the polycrystalline nature of the
prepared films, while field emission scanning electron microscopy (FESEM)
images revealed a surface morphology characterized by nanoscale grains.
Moreover, energy-dispersive X-ray spectroscopy (EDX) and Fourier-transform
infrared (FTIR) spectroscopy were performed to verify the elemental composition
and investigate the chemical bonding of both films.

Keywords: Kramers-Kronig Calculations, Linear Optical Properties, NiO Thin Films,
PLD, Zn doping.
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INTRODUCTION
Metal oxide-based thin films have attracted the Nig.92Zn0,030 thin films. In this study, pulsed laser
attention of researchers due to their wide deposition (PLD) was used, as it is known to
applications. Among these oxides, nickel oxide produce high-quality thin films with good
(NiO) stands out as a p-type metal oxide with a crystallinity.(”. There are many studies on the
wide energy gap, owing to its important optical and optical properties of pure and Zn-doped NiO thin
electrical properties for optoelectronic applications. films. Still, studies using the Kramers-Kronig (K-
(. Doping with metals is one of the most effective K) relations are very limited, despite their use in
methods for improving the properties of NiO thin films doped with other materials such as Ga-doped
films. Studies have been conducted on doping NiO Zn0 and In-doped CdO. & 9, The K-K method is
with various materials, including Ag, Cu, Li, Al the most effective for accurately extracting optical
and Zn. >, Among the various impurities, Zn was parameters. Yet, only a few studies have adopted it,
chosen in this study due to its slight difference in making this paper an important source for future
ionic radius with Ni*2, which facilitates its research. Therefore, this study aims to prepare NiO
incorporation into the NiO lattice and results in and Nig.02Zno.0s0 thin films by PLD and to
structural and optical changes in the doped films. determine their optical parameters using the K-K
(©), There are many methods for preparing NiO and relations.
MATERIALS AND METHODS targets were prepared: one containing pristine NiO
NiO powder, obtained from (BDH Chemicals and the other containing Zn-doped NiO. The
Ltd.), and Zn powder from the same source were powders were compacted using a hydraulic press at

homogeneously blended with 1.94 g of NiO using forming discs with a thickness of 04 cm and a
an agate mortar for 10 minutes. Subsequently, two ~ diameter of 1 cm. Thereafter, the two samples were
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placed in a clean vacuum chamber under a pressure
of 103 mbar, with a glass substrate with a target-
to-substrate distance of 3 cm. A commercially
available Q-switched Nd: YAG laser system
(Model: Portable Q-Switched Nd: YAG Laser,
Beijing Sincoheren S&T Development Co., Ltd.,

Weighed powder Pressed in mold

Anncaling at 400°C for 1
hour
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Academic Scientific Journals

China), with a wavelength of 1064 nm, a repetition
rate of 6 Hz, and a source energy of 700 mJ, was
employed. Finally, the deposited films were
annealed at 400°C for 1 hour. Figure 1 summarizes
the synthesis method.

PLD System

Fig. 1: Process flow for the synthesis of thin films using Pulsed Laser Deposition (PLD).

XRD analysis of the thin films was performed
using a Philips PW-1730 with a wavelength of
1.5406 A. Measurements were taken within a 20
range from 10° to 80°. FESEM imaging of the
surface morphology was carried out using a
TESCAN MIRAS3 with a magnification of 35,000x.
Elemental analysis was conducted to confirm the
absence of impurities in the films using an EDX
spectrometer from (OXFORD INSTRUMENTS).
FTIR spectroscopy was performed using a (FT/IR-
4600 Type A) from (Jasco) to identify and analyze
molecular functional groups based on infrared
absorption. This instrument operates in the mid-
infrared range from 400 cm! to 4000 cm-!. Optical
UV-Vis-NIR analysis was performed using a SP-
8001

spectrometer with a bandwidth of <2 nm, to

from Metertech Inc., a double-beam

measure absorption and reflectance spectra.
RESULTS AND DISCUSSION

To verify the crystalline nature of the prepared
films, XRD analysis was performed. The results
confirmed the polycrystalline cubic structure of

NiO, with distinct peaks appearing at 26 positions

86

of 37° and 43°, corresponding to the (111) and
(200) crystal planes, respectively, as identified by
matching with the standard reference pattern
JCDPS Card No. 47-1049. A preferred growth
orientation along the (200) plane was observed.
Additionally, the Nig9ZngesO  film exhibited
variations in peak intensity and a slight shift in the
diffraction peak toward lower angles, indicating
structural modifications in the NiO lattice upon
Zn*? incorporation. (!9, Notably, no additional
phases related to Zn, its oxide, or any other
impurities were detected in the prepared films.
Figure 2 shows the XRD patterns of both thin films
with the reference card.
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Fig. 2: XRD patterns of prepared thin films.
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FESEM micrographs revealed that the prepared
exhibited with
nanometer-sized grains larger

films a granular structure

and scattered
agglomerates in both films. The average grain size
was approximately 38 nm for the pure NiO film
and about 25 nm for the Nig.92ZnoosO film, as
estimated from the FESEM images. Additionally,
no cracks or fractures were observed in the

prepared films, as shown in Figure 3.

D1=25.78 nm

SEM MAG: 135 kx
Det: SE

WD: 5.06 mm 11
SEM HV: 15.0kV 200 nm

MIRA3 TESCAN

SUT . FESEM

B

Fig. 3: FESEM micrographs of (a) pristine NiO, (b) Niy.92Zn¢.0sO fabricated thin films.

Elemental analysis by EDX confirmed the
composition of the prepared films, revealing no
detectable impurities. The atomic percentage of Zn
in the doped film was 8%. The presence of Au in
Figure 4 is due to the conductive coating layer
applied to the sample before analysis.

FTIR analysis, as shown in Figure 5, showed
strong agreement with XRD and EDX results,
confirming the absence of any impurity-related

bonds in the prepared films. A broad vibrational

87

band characteristic of metal-oxygen bonding, i.e.,
Ni—O, was observed near 400 cm™'©©. In the Zn-
doped film, a distinct peak emerged near 888 cm’!,
which was absent in the undoped counterpart. This
peak is likely attributed to structural distortions
introduced by Zn*? incorporation into the NiO
lattice, where Zn ions induce local lattice
deformations, thereby activating vibrational modes

not observed in the pure film.
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Fig. 4: EDX spectrum of (a) Undoped NiO, (b) Nio.92Zny.0sO thin films.

The adsorption of atmospheric moisture by the
films resulted in weak peaks near 1500 cm-1,
corresponding to H-O-H bonding vibrations.(!!,
Furthermore, analyzing an open environment
resulted in the emergence of a characteristic CO:
peak near 2360 cm'! (12, Additionally, the weak
peaks observed near 3770 cm! were attributed to

O-H stretching vibrations. (13,

——NiO
— Nig g,Zn 30

Transmittance (%)

T T T T T T T
3500 3000 2500 2000

T
4000 1500 1000 500

Wavenumber (cm™)

Fig. 5: FTIR spectrum of prepared thin films.
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To investigate the optical behavior of the prepared
films, optical properties were analyzed using a
UV-Vis-NIR spectrophotometer. As shown in
Figure 6a, the absorbance spectrum of the prepared
films exhibits a distinct absorption peak in the
ultraviolet region. Moreover, a slight redshift in the
absorption peak is observed in the Nig.92Zng030
film,
reduction in

and a
This
observation is further corroborated by the Tauc

indicating electronic transitions

its optical band gap.('4.

plot, which allows determination of the optical
band gap using the equation below. (1),
(ahv)? = B(hv — E,)

Where B is a constant and «a represents the

absorption coefficient. As shown in Figure 6(b),
the Tauc plot illustrates the optical band gap. The
observed reduction in the band gap from 3.51 to
3.39 eV may be attributed to the incorporation of
Zn, which introduces additional energy levels
within the forbidden gap near the valence band,
the  band  gap.(19.

thereby narrowing
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Fig. 6: (a) Absorbance as a function of wavelength, (b) Tauc plot of prepared thin films.

The Kramers-Kronig method is one of the most
significant and precise approaches for extracting
optical constants, such as the refractive index and
extinction coefficient, from reflectance data as a
The

following expression gives the complex refractive

function of angular frequency. R(w).
index. (17

i = n(w) + ik(w) ....... (2)

According to the K-K relations, the real part of the
refractive index n(w), which represents the
reduction in the phase velocity of light entering the

material, is given by the following equation.

g ®
1+R(w) —2cos8(w)yR(w) """

Meanwhile, the imaginary part k(w), which

n(w) =

corresponds to the optical loss of light within the

material, is expressed as follows (I8 19);

1-R(w)sind(w) @
1+R(w)—20056(w)m T

where &(w) represents the phase shift angle

k(w) =

between the incident and reflected light and is

calculated using the following equation - 17,

5(w)=-(2) dw' ... (5)

where the calculations were performed numerically
using MATLAB (Figure 7), the refractive index of
the prepared films is presented as a function of

wavelength. The refractive index of NiO thin films

foo nR(w')-InR(w)
0

2
% -2

varies depending on the preparation method and
the film’s structural characteristics. From the
figure, it is observed that the refractive index

increases with wavelength from 340 nm to
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then stabilizes and

gradually decreases at higher wavelengths. This

approximately 750 nm,

behavior aligns with the refractive index trend
described in the model proposed by (29,

Moreover, the refractive index at a wavelength of
630 nm is found to be 2.52 for the pristine film and
2.57 for the Zn-incorporated thin film. The
increase in the refractive index observed in the
doped film may be attributed to the enhanced
optical polarizability resulting from the additional
charge carriers introduced by Zn impurities.
Additionally, an increase in film density could

contribute to the same effect. ).

3.0

— NiO
I Nig 221 4 O

2.8 4

e
- (=3
1 1

=)
|

Refractive index (n)
g
=
Il

1.8 4

1.4 T T T T T T T
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Wavelength (nm)

Fig. 7: Refraction indices by K-K calculations of the
prepared thin films.

Similarly, Figure 8 shows the extinction coefficient
as a function of wavelength, corresponding to the
imaginary part of the complex refractive index.

The figure shows a decrease in the extinction
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coefficient with increasing wavelength for the NiO
film. Additionally, the Ni0.92Zn0.080 film
exhibits a significant reduction in the extinction
coefficient, approaching zero at 372 nm, enabling
greater light transmission.

NiO
[—— Nig.052019 40

Extinction Coefficient (k)

— T T
600 700 800 900 1000

Wavelength (nm)

—
500

—
400

1100

Fig. 8: The extinction coefficient as a function of
wavelength.

After determining n and x, the optical dielectric
constant can be evaluated in terms of its real £; and
imaginary &, components, offering insight into the
optical behavior of the prepared films. These
components describe the material's polarizability
and optical energy dissipation and are given by the
following expressions. 1:

g1=n?—K?.....(6)

Figures (9 and 10) illustrate the behavior of the
optical dielectric constant in the wavelength range
of 350-1100 nm, presenting its real and imaginary
components as a function of wavelength. The trend
of the real part &; closely follows that of the
refractive index due to their relationship, as
described by equation 6. Additionally, Figure 10
reveals that the loss factor &, It is generally lower
in the Zn-doped thin film than in the undoped
counterpart. This trend is consistent with the
observed decrease in the extinction coefficient. k,

which signifies a reduction in optical losses. The

90
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incorporation of Zn is likely to reduce the number
of defect states. This also suggests improved
the

Nig.92Zno30 film, leading to reduced surface

surface quality and grain packing in

roughness and a smoother overall morphology,
highlighting its potential for optical applications.

——NiO
[ NiggZng 0

400 500 600 700 800 S00 1000 1100

Wavelength (nm)

Fig. 9: Real part of optical dielectric constant.

—NiO

259 Nig 992,40

0.0 T
400

T T T T T T
500 GO0 700 800 900 1000 1100

Wavelength (nm)

Fig. 10: Imaginary part of dielectric constant.

Table 1 provides a comparative analysis of E; and
n extracted in this study using Kramers-Kronig
relations against values reported in the literature
using different methods, offering insights into the

consistency and validity of the obtained results.
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Table 1: Some reported values of E; and n.

Material Bandgap (eV) | (630 nm) Synthesis Method Reference
NO 3.51 2.52 PLD This Work
Nio_gzzno_ogo 3.39 2.57 PLD
Ni;xZnxO 3.25-3.49 Not reported | Chemical Spray Pyrolysis 22)
NijxZnxO 3.76-3.93 2.66-2.87 Sol-gel spin coating 23)
Zn-doped NiO nanoflake 3.61-3.67 2.33-2.34 | Chemical Solution Deposition 24
NiOx 3.64-3.85 2.36-2.39 DC magnetron sputtering (25)
NiO/ITO 3.24 2.04 Electron beam deposition (26)
NiO 3.05-3.1 Not reported DC magnetron sputtering @7
CONCLUSION Conflict of interest: The authors declared no

In this study, NiO and Nig.92Zn0.030 thin films were
synthesized using PLD in a vacuum onto glass
substrates. XRD analysis was conducted to confirm
the crystallinity of the prepared films, while their
surface morphology was examined using FESEM.
The incorporation of 8at. % Zn induced noticeable
changes in the X-ray diffraction pattern, indicating
modifications in the structural parameters due to
Zn incorporation. Additionally, EDX confirmed
the absence of impurities in the samples. The Tauc
model was used to determine the optical bandgap,
and the optical constants were extracted from
reflectance data using the Kramers-Kronig (K-K)
with UV-Vis-NIR

spectrophotometer. The phase shift angle was

relations  obtained a
numerically computed using MATLAB coding.
The optical analysis revealed variations in the
bandgap energy and optical constants between the
two films. The bandgap decreased with Zn doping,
and notable differences in the refractive index and
dielectric behavior were observed between the two
films, suggesting that Zn incorporation alters the
electronic structure and transition probabilities.
These findings underscore the effectiveness of the
K-K method in accurately retrieving optical
constants. Moreover, the results suggest that the
optical properties of NiO thin films can be tailored
through Zn doping, making these films promising
candidates  for and

optical optoelectronic

applications.
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