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PHYSICAL INVESTIGATIONS OF NANOPHOTONIC LiNbO;
FILMS FOR PHOTONIC APPLICATIONS
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The nanocrystalline structure of Lithium niobate (LiNbO3) was prepared and deposited
onto substrate made of quartz by utilize pulse laser deposition technique. The effect of
substrate temperature on the structural, optical and morphological properties of lithium
niobate photonic film grown was studied. The chemical mixture was prepared by mixing
the raw material (Li,COs, Nb,Os) with Ethanol liquid without any further purification, at
time of stirrer 3hrs but without heating, then annealing process the formed material at
1000C-° for 4hrs. We characterized and analyzed the LiNbOs; nanostructure thin films by
utilize Ultra-Violet Visible (UV-vis), X-Ray Diffraction (XRD) and Atomic Force
Microscopy (AFM). The UV-vis measurements show that, when the substrate temperature
increases, the values of transmission, absorption and energy band gap will decreased, but
the values of reflection and refractive index will increased. While, the XRD measurements
show that, the LiNbO; structure will be more purity and crystalline with rising the
substrate temperature, because the intensity of phase 20 at value of 34.8°, 40.06° and
48.48° correspond to (110), (113) and (024) planes will be disappeared when the substrate
temperature increases. Also, the AFM measurements show that, when the substrate
temperature increased, the structure of film started to crystallization to be more
homogeneous, smooth and uniform, while the surface roughness and grain size increased
also with increase the substrate temperature. That means the LiNbO3 thin film prepared at
substrate temperatures 300C° give the best result for manufacture the optical waveguide.
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1. Introduction

Lithium Niobate (LiNbO3) represent a very important optical material, because of its
excellent electro and acousto-optical properties [1], it is widely utilized by the industry of
photonics. Also, LiNbOs is a suitable choice for optical wave guide applications [2], due to it is
offers a large and prominent optical quality. Furthermore, LiNbO; is also represent the
ferroelectric material very important, due to its photo-refractive properties, piezoelectric,
pyroelectric and electro optical [3]. For photonic and optoelectronic applications LiNbO; widely
utilized as an essential and effective material [4-5]. LiNbO; is a very promising material to
fabricate the integrated optical devices [6-7] due to its superior optical properties which suitable
for various optical applications. LiNbO; has more advantages than the bulk LiNbOs, such as
fabrication of the multilayer structures, the potential of producing step index, miniaturization and
integration of these devices [8]. In addition to that, in nonlinear optics, LiNbO; is widely used for
telecommunication, for electro-optic modulation and for frequency conversion [9].

We have been studied LiNbO; nanostructure to use it in the integrated form with the
piezoelectric, pyroelectric [10], also the nonlinear optical properties, that make it the perfect
material to manufacture the surface acoustic wave (SAW) [11], optoelectronic devices [12-13].
Due to mechanical robustness, optical homogeneity [14], integrated optics with lasers, good
availability, modulators [15], and filters on a single LN wafer [16], that make LiNbO; the

“Corresponding author: 140017@uotechnology.edu.iq



262

promising material for optical devices. Also, LiNbO; material is a the suitable material in optical
communication systems, which are widely wused for applications in microwave
telecommunications, optical switches, beam deflectors, memory units, electro optics, modulators,
waveguides, second harmonic generation and surface acoustic waves (SAW) devices [17-18],
because it has high electro-optical coefficient and low optical losses. LiNbOs is also represent the
attractive host material for application in photonic crystal devices [19], due to its remarkable linear
and nonlinear optical properties, chemical and mechanical stability.

The structure of LiNbO; is hexagonal structure with lattice parameters a = 0.5147 nm and
¢ = 1.3862 nm [20]. LiNbO; single crystal has large second-order nonlinearities [21]. That make it
one of the key materials for optical based technologies. In addition, LiNbO3 has several potential
advantages from commercial or technological view point of integrated optics [22]. LiNbO; is a
very charming material in fabrication of optical wave-guide devices [23-24], surface acoustic wave
[25] and optoelectronic devices [26]. Optical waveguide is essential for the photonic device, and it
is used to change the size of light spot in order to have a superior coupling efficiency (less loss)
between the two sections with different refractive index and different cross sections [27].

In past years, LiINbO3; waveguides are widely utilized in many functional acousto optic
and electro-optic devices [28], where the structure of waveguides are very important for many
integrated-optic devices. There are stringent requirements imposed on waveguide films
Imperfections for waveguide application which represent porosity, refractive-index inhomogeneity
[29-30], and roughness of surface, which plays a very important role in the performance of the
device [31-32]. There are various techniques to prepared LiNbOs; thin film such as liquid phase
epitaxial (LPE) [33], metal organic chemical vapor deposition (MOCVD) [34], soft- chemistry
[35], pulse methods [36], sol-gel [37-38], hydrothermal methods [39-40], lon Beam Sputtering
[41], RF magnetron sputtering [42], and pulsed laser deposition (PLD) [43].

Pulse laser deposition technique is widely used in the deposition of several materials such
as oxides, nitrides, superconductors, etc. [44]. PLD represent a very important technique to
prepared thin films, because of its advantages such a possibility to use different substrate materials
[45-46], high reproducibility, control of the films growth rate, low cost, low impurity
concentration in the composition of deposited films and simplicity, the possibility of prepared the
high quality thin films at low growth temperatures. This technology also allows transfer a
stoichiometric material from the target towards the substrates surfaces in case of multicomponent
targets. These advantages and others make this technique one of the most powerful techniques for
thin film research.

The quality of thin film deposited depends on many parameters such as laser energy,
substrate type and temperature, laser wavelength, angel of deposition, number of laser pulses, gas
pressure, fluency, target-substrate distance, and thermo physical properties of the target material
which include density, mass, absorption coefficient, etc. So that, when these parameters are
optimized this helps to gat high quality thin film for the optical waveguide application. This work
report the preparation of LiNbO; nanostructures at wavelength 532 nm by using the pulse laser
deposition technique on substrates made of quartz. Due to the Quartz substrate agree with a many
of optical properties, processing techniques, that make it suitable choice for many deposition
processes.

The effect of the substrate temperature on the structural, optical and morphological
properties of the thin film prepared was analyzed by using UV visible, X- ray diffraction and
atomic force microscopy AFM; which represent the important section of this work to find the
possibility applicability LiNbO; thin film in optical waveguides. Where the optical characteristics,
crystallization, purity, homogeneity, surface roughness, grain size for LiNbO; thin film, these
parameters and other will affect the efficiency of the optical waveguides. The UV visible is
measured to find the best value of refractive index because of refraction coefficients between the
base and deposited films will assure access to total internal reflection to give the best result of
optical waveguide, the XRD is measured to characterize the structural properties and find the
highest value of the intensity, and the AFM is measured to analyze the surface topography and
grain size.
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2. Experiment

LiNbO; nanostructured thin film was prepared by using pulsed laser deposition technique
on the quartz substrates. The quartz substrates were cleaned before performed the deposition
process. Where these steps of cleaning represent a very important to elimination the impurities and
fingerprints of the quartz substrates. The quartz is immersing into solution of water and soap for 10
mins with cleaning by the hand. After that rinse it with water several times, then placing it in
Ethanol liquid for 5 mins. Finally, drying it under the hot air. The solution is prepared by mixing
raw materials ultra-purity which are: Lithium carbonate (Li,COj3), Niobium oxide (Nb,Os) and
Ethanol liquid (C,HsOH) without any further purification. In order to maximize the formation of
the stoichiometry of LiNbO; phase we kept the molar ratio between the main raw materials
(Li,CO3, Nb,Os) 1:1 with the following weights (Li,COs= 5gm, Nb,Os= 5gm, C2H50H=30ml).
The first step is dissolving the raw materials (LiCOs, Nb,Os) in C2H50H without heating but with
stirring for 3hrs by the magnetic stirrer device. After finishing the mixing process, the mixture
was kept in room temperature for 48hrs for drying purposes. After 48hrs, the mixture was
observed separate where the material was deposited at the bottom and the liquid at the top. The
material formed was annealed for 4hrs at a temperature of 1000C°. After the annealed process the
material was milled by the manual method to convert it into a powder .Finally, the powder
material is compressed by applying a pressure of 15 tons to produce a disk with 2cm diameter and
1cm height. See Fig 1 (a-b).

Fig. 1. a- the powder of lithium niobate LiNbO3. b- The target before the annealing process.

All these steps are shown in Fig 2, which represent the flow chart of deposition steps. By
using Ultr—Violet visible (UV-vis) spectrophotometer (Shimadzu UV-Vis 1800, Japan) in
wavelength range (200-1200) nm we calculated via transmittance (T) spectrum the optical
properties of thin film which represent the optical absorbance (A), Optical band gap (Eg),
Reflectance (R), Refractive index (n). Then by the X-ray diffraction (XRD), (X’Pert Pro MRD
PW3040 system diffractometer, PANalytical Company, Netherlands) system equipped with Cu-K
a-radiation of wavelength k = 0.15418 nm, at 40 kV and 30 mA we studied structure properties of
this films at same wavelength range. Also, by atomic force microscopy (AFM) (SPM-9600,
Scanning Probe Microscope, Shimadzu, Japan) we measured the roughness, regularity and grain
size of LiNbO; surface.

3. Results and discussion

LiNbO3 nanostructure thin films which prepared by using PLD technique on quartz substrates at
the two different temperatures (250C°-300C°) and wavelength 532 nm were characterized and
analyzed by UV-Vis spectrophotometer, X-ray Diffraction (XRD) and atomic force microscopy
(AFM). The optical properties of LiNbO; thin films were determined from the transmission
measurements in the wavelength range (200-1200) nm. Figure 3 shows the optical transmission of
LiNbO3 nanostructure at substrate temperature (250C°-300C°).
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Fig. 2. Flow chart of LiNbO5; nanophotonic thin film preparation process.

From this figure we can noted that the optical transmission decreasing when the substrate
temperature increase. Where the transmission values are (88-78) % corresponding to substrate
temperature (250C°-300C°). The high value of transmittance is attributed to the excessive
(LiNbQO,) ions at interstitial site that increased its transparency level. The same case apply on the
optical absorption, where the values of absorption which also increased when the substrate
temperature decreases as shows in Figure 4. These values are about (2.7-3.3) at substrate
temperatures (300C°-250C°) with the same wavelength (532) nm. As a function of photon energy
we established the optical band gap Eg which found by plot the curve between (ahv)? and (hv) as
shown in Figure 5. The Eg which calculated is about (4.4-4.7) eV corresponding to the (300C°-
250C°) substrate temperature respectively, at wavelength 532 nm. That means when the substrate
temperature increase, the band gap energy decreased and vice versa. From the absorption and the
transmission spectrums according to the relation; R+T+A = 1, we calculated the optical reflectance
(R) of LiNbO; nanostructures as shown in Figure 6. This figure shows the reflectance of LiNbO;
in the wavelength range (200-1200) nm at the two different substrate temperature. We can noted
the values of the R% increased when the substrate temperature increased, these values are about
(11-20) % corresponding to substrate temperature (250C°-300C°). From the transmittance
spectrum as a function of the wavelength in the range (200-1200) nm, we determined the refractive
index (n) at the two different substrate temperature. There is a decreasing in the refractive index
when the substrate temperature decrease, which is (2.49-2.63) at substrate temperature (250C°-
300C°)as shown in Figure 7. When the value of refractive index is high, this makes it more
suitable for manufacturing the optical waveguides [48-52].

The effect of substrate temperature on the XRD results of LiNbO; nanostructures
deposited on quartz substrate is shown in Figure 8. With lattice parameters a = 5.145, c¢= 13.858,
we found that the LiNbO; have hexagonal structure. It is observed from this figure , the LiNbO;
crystal structure have diffraction peaks at 20 = 23.66°, 32.66°, 34.8°, 38.94°, 40.06°, 42.52°,
48.48°, 53.22° and 62.38° correspond to (012), (104), (110), (006), (113) (202), (024), (116), and
(300) planes. X-ray diffraction distinctly indicates that there is a tiny quantity of the subaltern
LiNbO3 incomplete stage (LiNb;Os, 6 phase) when substrate temperature increased to 300C°, at 260
values of 34.8°, 40.06° and 48.48° correspond to (110), (113) and (024) planes. Where, the
intensity of these phases disappeared when the substrate temperature increased. Where the reaction
between oxygen and LiNbO; lead to originated this phase. The intensity of the peak arrivel to
value 1640 at substrate temperature 300C° compared to the intensity of peak at substrate
temperature 250C° which arrivel to value 720 in the performed phase has (012) orientation, that
means the LiNbO3 structure will be more purity and crystalline when the substrate temperature
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increasing. Also, When the temperature of the substrate increases, this leads to an increase the
average of particle size because of the crystals will be rearrangement and restructuring to
improvement the properties of the structural and to get High rate of purity of LiNbO3; nano film.
So if we want to manufacture the optical waveguide with high efficiency, we must be to get
LiNbO; material with high- purity. The phase of substrate temperature 300 C° is higher than that of
substrate temperature 250C° . From these results we can noted that the behavior of nanophotonic
at substrate temperature 300C° is much better than the substrate temperature 250C°, where it
found it more clearer and more crystallization. Accordingly, The optical waveguide manufacturing
will be better when using thin film prepared at the substrate temperature 300C°.

The images of AFM for LiNbO; nanostructure thin film which prepared at the different
substrate temperature (250C°-300C°) shown on Figure 9 (a-b) with the thick and regular surface,
which appear the increasing in surface roughness and grain size when the substrate temperature
increase. within the scanning area (2 um x 2 pm) by the AFM micrographs we noted that the
topography of the surface for LiNbO3; nanostructures prove that the distributed of the grains are
uniformly and the columnar grains extending upwards. Where the characteristic of the surface is
very important, Where it can be observe that the thin film prepared at substrate temperature 300C°
is more regular, homogeneous and soft compared to thin film prepared at substrate temperature
250C°. The AFM result show that the roughness of the surface, roughness average and average
diameter of grain size increasing when the substrate temperature increase, where analysis shows
that surface roughness values are (0.624-3.23) nm, roughness avg (0.54-2.77) nm and the avg.
diameter of grain size (70.39 to 108.5) nm for LiNbOs thin film deposited at substrate temperature
(250C°-300C"°) respectively, so the surface roughness increases with substrate temperature due to
the difficulty of Solubility, while a large grain appear correlation to increased the substrate
temperature, this is due to increase particulate ablation during PLD process, Figure 10 (a-b) show
the grain size. That means the substrate temperature effect on the size of grains and roughness of
the surface. Also, increasing the substrate temperature affect positively on the size of grain that
guide to tarnished the surface to become more smooth, uniform and dense.
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Fig. 3. The optical transmission of LiNbOs at different substrate temperature.
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Fig. 4. The optical absorption of LiNbOj; at different substrate temperature.
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Fig. 5. The optical band gap (Eg) of LiNbO; at different substrate temperature.
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Fig. 6. The optical Reflection of LiNbOj; at different substrate temperature.
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Fig. 8. XRD patterns of LiNbOj; at different substrate temperature.
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Fig. 9. The images of AFM for LiNbO; at different substrate temperature. (a) 250C° (b) 300C°.
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Fig. 10. AFM grain size of LiNbO5 nanostructures at two different substrate temperature.
(a) 250C° (b) 300C".

4. Conclusions

Nanostructure thin films of LiNbO; were prepared by PLD technique using a Q-switched
532 nm Nd:YAG laser on the quartz substrates with two different substrate temperature (250C°-
300C°). From the results presented in this report, we note that:- The optical properties give highest
values of transmission, absorption and band gap energy when the substrate temperature decreased
to 250C°. By changed the growth parameters, the optical properties of the thin films could be
optimized, which represent the important advance in thin film manufacturing. From the
transmission and the absorption spectrums, we calculated the optical reflectance. While from only
the transmission spectrum, we determined the refractive index. Where, both them achieve the
highest values at substrate temperature 300C°. The higher of the refractive index value, the more
suitable it is to manufacture the optical waveguides. From the results of XRD, we found the
LiNbO; have a polycrystalline structure in nature, due to it have various peaks in various plane
orientations. The peak at 20= 23.66 with (012) orientation have the intensity increasing
dramatically with increased the substrate temperature to 300 C°, which arrived to the value 1640.

The structure is become more crystalline and more purity when the substrate temperature
increased. So, the improvement in the crystal structure of LiNbOj; is obtained by increasing the
substrate temperature to 300 C° through the deposition process. AFM results showed that the
surface roughness, the average roughness and the grain size increases with increasing the substrate
temperature, where the grain size of prepared nanoparticles observed at the surface depends on the
substrate temperature. Also the topographic images found more regular, homogeneous and downy
with strengthen the nanophotonic structure. That means the AFM ensures the improvement in the
film morphology with increasing the substrate temperature. Finally from all these results, we can
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conclusion the optimum condition to manufacturing the optical waveguide is the substrate
temperature 300C°.
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