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Abstract Lithium niobate is a promising material involved 
in a variety of optoelectronic device fabrication. In this 
paper, lithium niobate was prepared using the pulse laser 
deposition technique for designing a planer waveguide with 
enhanced properties. At different wavelengths of the pulsed 
laser, a nonphotonic lithium niobate thin film was deposited 
on the quartz substrate. Structural, optical, and electrical 
properties of the prepared films were studied and analyzed 
with X–ray diffraction and it found a single crystal peck 
location at 2θ = 39.225° which corresponds to the phase of 
006, scanning electron and atomic force microscopy, where 
the average size is found are ranged from 94 nm and the 
roughness are ranged from 8.5 to 11.3 nm, UV–VIS spectro-
photometer, and electrical properties were investigated and 
found the deposited nanofilms have high transmissions are 
ranged 68–84%, and the energy bandgap values are 4.02 eV 
and 4.15 eV. A MOS device was created, and its electrical 
characteristics were well-supported.

Keywords Lithium niobate · Pulse laser deposition 
technique · LiNbO3 · Planer waveguide · Physical and 
electrical properties

Introduction

Lithium niobate becomes widely considered in the fabrica-
tion of various optoelectronic devices. Nowadays, industries 
are extensively integrating lithium niobate in their optical 
goods because of its remarkable optical and electrical prop-
erties [1–4].

Today’s works of literature are rich in describing lithium 
niobate thin films in photonic applications such as optical 
modulators and waveguides because of their ferroelectric 
properties [5–7]. Comparing  LiNbO3 to any other bulk 
material, the literature showed that lithium niobate is more 
advantageous because of its ease of fabrication, the pos-
sibility of producing in a step-index manner, the possibility 
of dopant selectivity, and forming possibility in multilayer 
structure [8–11].

Due to its big and noticeable optical quality,  LiNbO3 
is a good option for optical waveguide uses [12, 13]. The 
process of signal transfer with high quality source material 
for reduced loss is facilitated by the construction of optical 
waveguides using  LiNbO3 [14, 15]. The  LiNbO3 substance 
is one of the most extensively researched photonic crystals 
[16, 17]. Due to its high electro-optical coefficient and low 
optical losses, it is a very suitable material for optical com-
munication systems, which are extensively used for uses 
in microwave telecommunications, optical switches, beam 
deflectors, memory units, and second harmonic generation 
[18–20].

The extraordinary linear and nonlinear optical charac-
teristics, chemical stability, and mechanical robustness 
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of  LiNbO3 make it an appealing host material for use in 
photonic crystal devices [21, 22]. The lattice constants for 
 LiNbO3’s hexagonal structure are a = 0.5147 nm and c = 
1.3862 nm [23–25]. Additionally,  LiNbO3 has a lot of pos-
sible benefits from a business and technical perspective for 
integrated optics [26, 27]. Depending on the concentration 
of  LiNbO3, the straight and secondary energy bandgaps for 
 LiNbO3 are between (3.5–4.7 eV). Numerous variables, 
including flaws, makeup, and grain size, are blamed for these 
shifts [28–30].

Various techniques to prepare lithium niobate thin films 
are intensively outlined in the literature. Modified zoon melt-
ing, top-seeded solution growth, vertical Bridgman, and off-
centered Czochralski growth are examples of deposition 
methods used to prepare LN thin films [31–33]. However, 
pulse laser deposition is a more superior and efficient tech-
nology used to prepare thin films. In PLD, a very short–high 
intensive laser pulse is used to evaporate the material sur-
face. With particles escaping out of the material surface, 
they settled on the hosting substrate (e.g., quartz). This 
process should be performed inside a vacuum chamber to 
ensure the minimization of scattered particles and enhance 
the deposition purity of the samples [34–37].

The synthesis and physical analysis of mesoporous mate-
rials (MM), which have large surface areas and ordered 
groups of monodisperse pores with diameters variable 
between 2 and 50 nm, have advanced to an extraordinary 
level over the past two decades. This length measure has 
a certain element of "magic" to it because of the pertinent 
effects of surface proximity. Inorganic and organic materials, 
as well as nanospecies, have developed significant skills in 
the synthetic community for regulating the size and form 
of nanoscopic cavities. The success of MM as a vibrant 
and thriving essential area of study was facilitated by three 
benefits: (a) The capacity to precisely and independently 
regulate these materials’ porosity, inorganic framework, and 
surface/pore contents, (b) the straightforward, prolonged 
reproducible, and affordable experimental procedures cre-
ated by combining sol–gel approaches with self-assembly, 
and (c) the numerous sophisticated application options that 
take advantage of the confinement, chemical capabilities, 
and large surface area. While the initial focus was on using 
the large surface area in simple uses for catalysis, adsorp-
tion, or sensing processes, there is great potential in utilizing 
two less-used aspects: confinement effects because of the 
limited pore size and surface effects.[38–40]. Electrons are 
described in terms of their energy levels, potential wells, 
valence bands, conduction bands, and electron energy band-
gaps by quantum confinement effects. When a particle’s size 
is too small to be similar to the electron’s wavelength, the 
quantum confinement effect is seen. It goes without say-
ing that the material characteristics, specifically the Bohr 
radius aB, have a substantial impact on the containment of 

an electron and hole in nanocrystals. These effects occur in 
larger nanocrystals and rely on the material’s characteristics, 
specifically, on the Bohr radius, aB, which ranges between 
2.34 nm and about 10 nm and contains Cd-related sub-
stances. As a general rule, the heavier the component atoms 
are, the smaller the bandgap of semiconductors becomes. 
When compared to a bulk semiconductor, nanoparticles with 
diameters of about 2 to 10 nm have a larger bandgap due to 
the quantum size effect, which causes different fluorescent 
hues to represent subtle variations in particle size [41, 42].

In this paper, the laser pulse deposition technique was 
used to prepare high-purity lithium niobate thin films for 
MOS devices and also for waveguiding applications using 
cheap, simple materials, also easy, and laboratory-available 
method process of preparing lithium niobite powder in addi-
tion to using the prepared powder to obtain a solid disk for 
the purpose of depositing the nanomaterial by the pulsed 
laser deposition method. At different wavelengths of the 
pulsed laser, samples will be deposited on a quartz substrate. 
To ensure good sample properties, all-optical and electrical 
properties of the prepared films will be deeply studied and 
examined using X–ray diffraction, scanning electron and 
atomic force microscopy, and UV–VIS spectrophotometer. 
A MOS device was created, and its electrical characteristics 
were well-supported.

Optical waveguides

One essential part of any photonic device is optical wave-
guides. Ensuring loss-less signal propagation within any 
photonic device has to be achieved by designing efficient 
optical waveguides [43, 44]. The primary function of an 
optical waveguide is to ensure high coupling efficiency 
between any sections of different refractive indices by modi-
fying optical signal spot size to match the guiding require-
ments [8, 45]. Achieving low-loss optical signal at section 
interfaces and at the bending edges of the photonic devices 
enhances the ability to integrate devices in a single opti-
cal chip, and a more robust signal to confining disturbances 
[46–48].

Planar waveguide

Optical waveguides come in various geometric shapes. 
According to the applications, optical waveguides can be 
found in circular geometry (e.g., optical fibers), and planar 
waveguides [49, 50]. Planar waveguides facilitate the fab-
rication of various optical components at a single substrate 
to enhance device characteristics [51]. Examples of opti-
cal technologies with planer waveguides are beam splitters, 
attenuators, wavelength multiplexers, and optical modulators 
[52–54].
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Good confining characteristics are satisfied by critically 
adjusting parameters to design optical waveguides [55, 
56]. The refractive index is the most important parameter 
in achieving total guiding modes within the waveguide 
[57–59]. The fundamental property of any planar waveguide 
is the total number of modes as a function of layer thickness 
confined within the plane structure and the layer refractive 
index [60, 61]. Therefore, with a suitable and careful design 
of an optical waveguide, the total signal loss can be reduced 
to a negligible level. Such beneficial characteristics that opti-
cal technologies offer can reduce the gap of the future using 
integrated optics and integrated optoelectronic devices in 
the field of optical communication technology [51, 62, 63].

Experimental procedure

The experimental procedure used to prepare lithium nio-
bate thin film has been illustrated in this section. The main 
materials used in this study are ultra-pure  Nb22O5,  Li2CO3, 
and ethanol solution. At a molar ratio of 2.5:2.5,  Li2CO3 
and  Nb2O5 are firstly mixed and then dissolved in 15 ml of 
ethanol solution. The purpose of dissolving the mixture in 
ethanol is to maximize the formation of the  LiNbO3 stoichi-
ometry phase. This process has been performed with con-
tinuous heating and stirring at 500°C for 4 hours. A drying 
process was taken to get lithium niobate powder as a second 
step. To ensure organic removal, the powder is heated to 

1000°C for 4 hours in static air under an oxygen atmosphere. 
As a further step, the powder is then collected, compressed 
under 20 tons in a pressing machine, and then fabricated as 
circular slaps of (1cm × 0.5cm) dimension.

Figure 1 shows the fabrication process of lithium niobate 
thin films on a quartz substrate using a pulsed laser depo-
sition technique. The parameters used during the deposi-
tion process are listed in Table 1. An X–ray Pert Pro MRD 
PW3040 diffractometer (HR–XRD) device was used to 
evaluate the characteristics of the samples. This system is 
equipped with Cu–K alpha radiation of 0.15148 nm wave-
length. More evaluation analyses were used by examining 
sample thickness using Filmetrics F20 scanning optical 
reflectometer. Investigation of the prepared sample’s mor-
phological properties, surface roughness, and optical prop-
erties was examined using JOEL JSM 6460LV scanning 
electron microscopy, SPM 9600 atomic force microscopy 
devices. The nanofilms thickness of the deposited nano-
structures was tasted by the optical scanning reflectometer 
(Filmetrics, model: F20, from USA).

For optical results, firstly the optical characteristics of 
the deposited coatings are examined in the ultraviolet to 
near-IR range to determine their Transmission, Absorbance 
is tested using a spectrophotometer (double-beam UV–vis 
spectrophotometer of the (Shimadzu UV–VIS 1800, Japan)), 
then the optical reflection has been tested using the a reflec-
tance UV–VIS diffuse spectrometer (Avantes model DH-S-
BAL-24048 UV–VIS, from the Netherlands) device.

Fig. 1  Pulse laser deposition 
system
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Using Equation (1), the incident photon’s energy was cal-
culated [64–66].

where Eg is the bandgap energy and is the incident photon’s 
frequency. The Tauc Equation 2 is used to determine the 
relationship between absorption coefficient and stimulation 
ratio [67, 68]:

where (α) is the absorption coefficient, (h) is the Planck 
constant, (v) is the speed of light in the medium, (B) is a 
constant inversely proportional to the amorphousness, and 
(r) is a constant with a range of values depending on the 
type of substance.

Assuming that the phrase (hν)1/r is equal to zero, we 
used to remember the optical bandgap energy value from the 
linear relationship (straight portion) between (αhν)1/r versus 
(hν). The wavelength’s absorption coefficient is determined 
using equation (3) [69–71]:

t is the thickness of the thin films, and A is the absorptance.
The value of the refractive index for the deposited nano-

films was calculated using a formula (4) [72–74].

A MOS device was constructed employing (100nm) LN 
thin film as the dielectric layer after the best conditions were 
attained. Top and lower contacts made of aluminum. A con-
structed device’s electrical characteristics were evaluated.

Results and discussion

Film thicknesses

The variation in the deposited sample’s thickness was tested 
using an optical reflectometer device. A clear decrease in the 
thickness values using the second harmonic generation (532 

(1)Eg (eV) = 1.24∕ � (�m)

(2)(�h�) = B (h� − Eg)r
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1 −
√

R

�1∕2

nm), where its thickness is around 700 nm, while the thick-
ness of the nanofilm that was deposited using the wavelength 
of 1064 nm is approximately 1 μm. This reduction indicates 
a good correlation with the positive modifications on the size 
of the grain that guide to the enhancement of the surface to 
become smoother.

Structural properties

The thin films prepared under high annealing temperature 
of 500°C showed a development at their crystalline struc-
ture. For such result, the using of lithium niobate thin films 
as a waveguide become possible. The X-ray diffractometer 
showed peak locations at 2θ = 39.225°. This peak corre-
sponds to the material phases of 006 as shown in Fig. 2, 
which indicates single crystal phase samples. These results 
matching with the previously presented results [75, 76].

Surface morphology properties

Figure 3 presents the SEM results of the samples that were 
deposited at two different wavelengths, where it seems clear 
that the surface becomes smoother and more homogeneous 
as a result of the deposition process by changing the wave-
length from 1064 to 532 nm, and this improvement was due 
to the effect of laser energy on the extraction and ablation 
process. It is clear that the deposition process improved the 
grain sizes and their distribution in the lower wavelength 
(using the second harmonic generation), where it was found 
that the average grain size when using the second harmonic 
generation of the pulsed laser is 94 nm, these results are 
identical to the results presented previously [77, 78].

The characteristics of the samples that were deposited 
at different wavelengths also show that there is a signifi-
cant improvement in the surface roughness at the optimal 
wavelength for pulsed laser (using the second harmonic 
generation of the pulsed laser), where it observed that the 
surface roughness increases with the use of the second 
harmonic generation, ranging from 11.3 nm for a 532 nm 
pulsed laser to 8.5 nm for a 1064 nm pulsed laser, these 
results are recorded by AFM as shown in Fig. 4, Where 
the figure presents the results of the deposited films in the 
case of two dimensions and in the case of three dimensions. 

Table 1  The process conditions 
for deposition thin films

Parameters Values Parameters Values

Laser fluence energy 2 J/cm2 Angle of laser head with target θ =  45°

Laser shoots 200 pulses Laser head to target distance 12 cm
Target to substrate distance 3 cm Laser frequency 3 Hz
Vacuum pressure 10−2mpar Substrate temperature 500 °C
Laser pulse duration 6 ns Laser wavelength 1064 nm

532 nm
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In both cases, the regulation of distribution and roughness 
appears clearly at its best when using the second harmonic 
generation in the deposition process. The reason is also due 
to the doubling of the sedimentation energy and removal 
process of the nanoparticles, and due to the restructuring and 
re-arrangement in the crystals that improved the structural 
properties, these results are in agreement with the results 
presented previously [79, 80].

Optical properties

At wavelength ranges from 200 to 1000 nm, the ultravio-
let–visible technique was used to examine the transmis-
sion parameters of the prepared samples. Figure 5a shows 
the transmission values of two wavelengths as a function 
of wavelength. The average transmittance value was 70% 
with white to brown colors of samples prepared at 500°C. 
Higher values of transmittance are attributed to the surface 
roughness enhancement (low roughness) as the annealing 
temperature goes high.

At wavelength ranges from 200 to 1000 nm, the ultra-
violet–visible technique was used to examine the transmis-
sion parameters of the prepared samples. Figure 5a shows 
the transmission values of two wavelengths as a function of 
wavelength. The average transmittance value was 70% with 
white to brown colors of samples prepared at the pulsed laser 
wavelength of are1064 nm. Higher values of transmittance 
(83%) are attributed to the surface roughness enhancement 
(low roughness) as the wavelength of the pulsed laser goes 
down (532 nm) as a result of an increase in the pulsed laser 
energy.

Figure 5b presents the absorption spectra as a function 
of wavelength ranges. Despite the sharp absorption at about 
300nm which results due from the micro- and nano-confine-
ment effect of the lithium niobate, the total curve showed 
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Fig. 2  XRD patterns of  LiNbO3 thin film prepared with PLD on quartz substrate at different wavelengths and thickness of 700 nm at 532 nm, 
1000 nm at 1064 nm

Fig. 3  SEM images of  LiNbO3 thin film prepared on quartz substrate 
at different wavelengths and thickness of 700 nm at 532 nm, 1000 nm 
at 1064 nm
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very weak absorption values at UV–VIS region as a result of 
porosity existence. These results match with the previously 
presented results [81, 82].

According to the reflectance spectra, Fig. 6a shows the 
reflectance as a function of wavelength. The values are 
shown to increase as the wavelength increases and ranged 
from 20 to 35 % of the reflectively were recorded at the vis-
ible and IR region of the spectrum. Further, a steady change 
in the values of the refractive index at the visible and infra-
red spectrum is presented in Fig. 6b. The refractive index 
values are calculated from reflectance values obtained in 
Fig. 6a and graphed as a function of wavelength. At the 
visible region, the value of the refractive index was found 
to be 2.45 at 273nm, which is considered a very high value 
suitable for waveguide applications. These results matching 
with the previously presented results [83, 84].

Figure 7 presents the energy bandgap values of the pre-
pared thin films at different wavelengths. Two curves were 
drawn referring to two wavelengths; 532 nm and 1064 nm. 
The curve has been estimated by plotting (αhv)2 as a func-
tion of the photon energy (hv). It was found that the energy 

bandgap values are 4.02 eV and 4.15 eV, which they are 
relatively large compared to any bulk materials, where this 
difference in values is due to the difference in the granular 
size of the nanostructures that have been deposited and as 
a result of the different wavelengths, and thus the effect of 
the energy of each wave and its effect on the particle size, 
roughness, and structural and optical results appeared. These 
results match the previously presented results [51, 85, 86].

By measuring the I-V characteristics of the prepared sam-
ples at various pulsed laser wavelengths, it is possible to 
examine the electrical properties. The I-V characteristics of 
the produced samples are displayed in Fig. 8a and b under 
both dark and light settings by using a lamp of halogen with 
power intensity of 100 mW/cm2 at the room temperature. 
Maximum current ensures the establishment of the deple-
tion zone to execute electron–hole pairs associated to every 
incident photon under lighting conditions. The transmittance 
value of the films becomes more sensitive to the UV–NIR 
spectrum range with a high chance of photon absorption 
creating electron–hole pair, leading to strong photocurrent 
capacity, as the annealing temperature rises. However, at the 

Fig. 4  2D and 3D AFM images of  LiNbO3 thin film prepared on quartz substrate at different wavelengths and thickness of 700 nm at 532 nm, 
1000 nm at 1064 nm
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optimum pulsed laser wavelength (532 nm) in both dark and 
light circumstances, the greatest increase in the current value 
of the produced samples was seen. With the created thin 
film’s excellent electrical qualities, it may be used for opti-
cal waveguide applications by supplying an external volt-
age source to assure light propagation inside the device, as 
shown in the reference’s illustrations [87, 88]. Figure. 8 a, b 
shows the I-V characteristic of a manufactured MOS device 
in a dark environment for a device that has been constructed 
at the ideal pulsed laser wavelength; the obtained findings 
demonstrate satisfactory rectification. Figure 8b illustrates 
electrical current under illumination. The increase in electri-
cal current with incident light power is very obvious because 
an increase in incident photons per unit area leads to an 
increase in the generation of electron–hole pairs, which in 
turn increases the generation of net photocurrent density.

Conclusion

In this paper, a lithium niobate thin film was prepared, 
studied, and analyzed using pulse laser deposition tech-
nique for optical waveguide applications. The results 
showed that the nanostructure of the prepared samples 
are crystalline, smooth and in regular distribution in its 
structure with a single peak 2θ = 39.225° corresponds 

to the phase location 006. High transmission, reflectance, 
and absorption values at the visible region of the spectrum 
indicate that the overall samples are suitable for waveguide 
applications. Since a successful rectification MOS device 
was created, lithium niobate may be used widely in opto-
electronics applications due to its considerable features.
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