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Abstract.

A cost-effective, low-temperature, chemical bath deposition technique has been widely used in preparing
Lithium-niobate (LiNbO3) nanostructures. The deposition process was maintained over a quartz substrate for two
different samples, with and without annealing at 500 °C. A hexagonal structured LiNbOs; with maximum
diffraction peak at (012) diffraction plane for both samples and with a slight shifting toward 26 = 23.86 for the
sample without the post-heat treatment. After the annealing process, the optical absorption reveals the lower
absorbance of the annealed sample with the energy gap shifting from 3.64 to 3.65. The FTIR results ensure the
formation of the LINBO3; material and agree with X-ray diffraction (XRD) results.
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Introduction

The LiNbO3 is a significant optical material that
was broadly used in the Photonics industries
because of its excellent acoustic-optical,
piezoelectric, pyroelectrical, electro-optics and
photo-refractive properties; owing to its large
second-order nonlinearities, it is one of the most
effective materials for electro-optic application [1-
6]. The LiNbO3 is used to manufacture optical
waveguides, nonlinear optics for telecommunication
[7-11], photonic fiber crystal and electro-optic
modulation [12-14]. It found be successfully
integrated in  optoelectronic  devices and
components from fiber-based communication to
wireless  communication and  Micro-Electro-
Mechanical Systems (MEMS) [17]. Among the
most optical applications are filters and modulators
with laser source on a single LiNbOs; wafer,
particularly  promising in  optical channel
waveguides and integrated optics. In the last few
years, LN has attracted much researchers’ interest
because of its high-quality, low-optical-loss source
material for waveguide applications; for example,
LiNbOs; on insulator (LNOI) is performing a
substantive role in photonic integrated circuits [18],
solid-state tuning behaviour [19], and Tunable filter
with broadband applications [20]. The versatile
applications require multi forms of LiNbOs, for
instance, bulk as Mach-Zehnder modulator [21],

composites [22], and thin-film forms [23], which
are possible to use in physical structures like
waveguides [24][25]. Owing to its importance in a
wide range of applications LiNbO3 was studied over
many decades. Various methods have been utilised
to synthesise LiNbOs; nanocrystals, such as soft-
chemistry, sol-gel [26-28], pulsed laser deposition
(PLD) and pulse laser ablation (PLA) [29, 30],
metal-organic  chemical  vapour  deposition
(MOCVD) [31], liquid phase epitaxial (LPE) [32],
magnetron  sputtering  [33] and  chemical
hydrothermal  technique [34, 35]. LiNbO;
nanostructures were prepared successfully at low
temperatures in several works[15]. The complete
protocol showed by Grigas, A. et.al.[16], implies a
Li H-induced reduction of NbCI5 followed by in
situ  spontaneous oxidation into low-valence
niobium nano-oxides. Subsequently, these niobium
oxides are exposed to air atmosphere thereby
achieving pure Nb2Os. Finally, the stable Nb,Os is
converted into LiNbOs; nanoparticles during the
controlled hydrolysis of the LiH excess [16]. In
other work the LiNbO3 spherical nanoparticles with
a diameter of approximately 10 nm was also
prepared by impregnating a meso-porous silica
matrix with a mixture of a combined aqueous
solution of LiNOs; and NHsNbO(C,04), then
followed by heating in an infrared furnace for 10
min. other previous preparation processes include a

*Corresponding author e-mail: Tel. + (964) 7715752087, E-mail: 100354@uotechnology.edu.iq
Receive Date: 29 March 2022, evise Date: 02 July 2022, Accept Date: 30 July 2022, First Publish Date: 30 July 2022

DOI: 10.21608/EJCHEM.2022.129669.5749

©2023 National Information and Documentation Center (NIDOC)


mailto:100354@uotechnology.edu.iq
https://doi.org/10.21608/ejchem.2022.129669.5749

64 Rawan Bashar Fadhil et.al.

post-heat treatment step. In 2013, D. A. Kiselev et
al, synthesised the LiNbO3 films using Rf
magnetron sputtering while they investigated the
effects of annealing on the structure of the thin
films at varying temperatures of 550 °C, 700 °C and
1000 °C. The results demonstrate that two LiNbO3
phases are formed as a result of post-growth
annealing [36]. Later in 2017, Makram A. Fakhri et
al., prepared a high-purity LiNbO3z Nano and Micro-
structure by depositing it on a quartz substrate at
three different annealing temperatures. The
measurements showed that as the annealing
temperature increased, the structure was crystalline-
like and the grains are regularly distributed within
the film [37]. Other related work done in 2019 by
Viktor S. Klimin et al., also included the effect of
annealing on the physical properties of the LiNbO3
films in an oxygen atmosphere. Consequently, the
annealing in an oxygen atmosphere significantly
reduced the surface roughness of the films (from 63
to 47 nm) and the density of droplets on the
LiNbOs film surface. Annealing for 1 hour in an
oxygen atmosphere under a temperature of 600 °C
increases oxygen content in the film from 4.03 atm
[38]. In the same year, Aleksei Sosunov et al.,
studied the effect of pre-annealing of LiNbOs in a
specific range of temperature. Pre-annealing leads
to an improvement in the structure of the subsurface
layer of LiNbOs;, and a slight decrease in the
refractive index caused by an increase in the
homogeneity and a lower concentration of protons
inside the crystal [39]. This work shows the
preparation of LiNbO3 films, and utilizing a single-
step deposition process using the chemical bath
deposition method without any post-heat treatment,
the results were compared with the characteristics of
another sample after heat treatment (slandered
method) and the structural, morphological and
optical properties have been investigated.
Experimental methods

Figure (1-a) shows the flow chart of the LiNbO3
film preparation process using the chemical bath
deposition process. The citric acid (CA) and ultra-
pure (99.99%) niobium pentoxide without further
purification have been used in the process. The
solution has been prepared by combining Ethylene
Glycol and citric acid in a glass beaker for 2 h, then
mixing with continued stirring with Li»Cos and
Nb,Os for 9 h at 90 °C. The following material
weight was used Li>Cos = 3.7 g, Nb,Os = 13.30 g,
CA = 105 g and EG = 20 g, respectively.
According to previously published articles, the
molar ratio between Nb,Os and Li>Cos was 1:1 [40].
After 12 h, two samples were prepared by inserting
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quartz substrates in the chemical bath for 30
minutes. Figure (1-a) gives the experimental work
flowchart for comparison, one of the prepared
samples was annealed in static air at 500 °C for 2 h
while the second sample remains as it is. Figure (1-
b) shows the quartz substrate vertically inserted in
the solution baker. Optical interference was used to
measure the thicknesses of the two samples. The
structural properties of LiNbO3; were analysed by
using XRD (Shimadzu 6000). The surface
morphology of LiNbOs; was studied by (SEM)
Scanning Electron Microscopy (InspectTM F50).
The optical properties were studied using the
double-beam ultraviolet-visible (UV-Vis).
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Fig.1 a-flowchart of LiNbO; nanostructure preparation process b-
CBD technique
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Results and discussion

Figure 2 shows the XRD of LiNbO3 nanophotonics
that was prepared by depositing on quartz substrates
grown by the chemical bath deposition method.
Figure. 2-a represents the XRD peaks of LiNbO3
nanostructures beyond the annealing process, they
were as follows: 20 = 23.74, 32.71, 34.82, 47.61,
54.60 and 58.25 which belong to (012), (104),
(110), (024), (116) and (122) diffraction planes,
respectively. While the XRD peaks are at 20 =
23.86, 32.44, 35.43, 48.14, 54.99, 58.20 which
belong to (012), (104), (110), (024), (116) and
(122), respectively, diffraction planes are related to
sample without any post-heat treatment, all peaks
belong to LiNbOs nanostructures and agree with
other published works [41-44]. All the peaks could
be indexed to the hexagonal structure with lattice
parameters a = b = 5.1566, ¢ = 13.858 according to
the reference database coded [JCPDS (card no. 01-
074-2239)]

A maximum diffraction peak was found at 20 =
23.75 for annealed samples with a slight shifting
toward 26 = 23.86 for the sample without annealing
caused by the strain and stress and dislocation that
have been presented as shown in Table 1. The
measured structural properties of LiNbO3 are listed
in Table 1. Crystallite size (D) was determined by
utilizing Scherrer’s formula [45].

Where K is a constant taken to be 0.94, X is
the wavelength X-ray used (A = 1.54 A), B is the full
width at half maximum of the XRD pattern and 0 is
Bragg’s angle. In addition, the strain (¢) and
dislocation density (8) of LiNbO3z nanophotonics
were calculated using the following relations [46].
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Fig. 2. XRD patterns of LiNbO; nanostructure a) with annealing
, b) without annealing
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Bragg’s formula was used to determine the

interplanar distance (d) for all sets of LiNbO3 [46].
d=n/2sin 0 4)

In the obtained films that have polycrystalline-

like nature, two phases could be identified which
are the LiNbOs and LiNb3Os phases. The preferred
phase was found to be the LiNbOsz phase that
appeared at the 012 diffraction plane. The
diffraction pattern shows the existence of a small
amount of secondary Lithium (Li) deficient phase
(LiNb3sQOsg). This phase is originated in the two
samples from an interface reaction between the
oxygen and LiNbOs in the sample with annealing, it
could be detected by XRD peaks of LiNb30O8 at 26
= 24.45, 38.50 and 43.63 match with (400), (-403)
and (420) planes, respectively [JCPDS (card no. 01-
074-2239)]. The XRD peaks also detected this
phase in the samples without annealing, these peaks
were 20 = 24.44, 38.58, 43.64 matches with (400),
(-403) and (420) planes, respectively [JCPDS (card
no. 01-074-2239)]. We note that there are different
peaks at 20 = 25.4 corresponding to (-212) planes
[JCPDS (card no. 01-074-2239)]. Notably, the
intensity of the peaks related to LiNbOs for the
sample without annealing is higher than that of the
annealed sample as shown in figure 2. However,
this is associated with higher diffraction intensity
for both LiNbsOg phase and Nb,Os; material, thus,
affecting the values of the energy gap. Other
characteristics will be discussed later. The measured
lattice constants showed good agreement with
experimental values given in Table 2.
The optical absorbance spectra of the prepared
LiNbO3 thin film with two samples, one of them
has submitted to annealing via chemical bath
deposition method while the other has not, as shown
in figure 3 (a and b), respectively. From the
absorption spectra in the figure, the peak position of
absorption for both samples appears in the UV
region. For the annealed sample, the absorption
edge was (320-400 nm), whereas for the
unannealed sample, the absorption edge was (310—
400nm).



66

Rawan Bashar Fadhil et.al.

Table 1. Properties of the chemicals used in this work.

Mames Miobium Lithium Citric acid Ethylene glycol
pentoxide carbonate
Chemical Nb. 0. Li.Cos C.H.0, C.H.0,
formula
Supplier source Aldrich Montedison Alfa Chemical Alfa Chemical
Purity 00 00 % 0000 % 00 09 % 00 00 %
Molar mass 265.81 g/maol 73.89 g/maol 192123 g/mol 62.068 g/maol
(anhydrous),
210.14 g/maol
(monohydrate)
Appearance White orthogonal | Odorless white | Odorless White | Odorless colorless
zolid powder zolid liguid
Density 460 gfcm? 211 gfcm? 1.665 gfcm3 1.1132 gfcm?
(anhydrous), | (0.04022 Ibfcu in)
1542 gfcm3
Melting point | 1,512 °C(2,754 °F; | 723°C(1,333°F; | 156°C(313°; | -129°C(B.BCF;
1,785 K) 996 K) 429 K) 260.2 K)
Table 2. LiNbO3; nanophotonic parameters with annealing and without using XRD data
sample Orisntation Peak Particle Dizlocation Stmi._n dhicl Lattice
hil Jtheta)  size(nm) Density (3)(10 ") (10 ) Constants
(lines/m ) = and £ (A)
With 012 2373 8.042 1 34621E+12 0430 373 a=351366
amnesling c=13.83
10 32.60 4003 5.06302E+12 0814 2.74 a=5.ﬁ15t:>6
110 3522 6.473 2.38452E+12 0306 2.55 ;=;j1§;6
024 48.63 2,406 1.41501E+12 0.357 1.88 ;;;;:;6
116 5474 6.935 2.06684E+12 0410 160  a-= ;iiggs
122 38235 12.702 6. 19785E+11 0217 1.64 Zzéjlgzﬁ]ﬁ
c=1383
Without 012 2386 10,157 9.69273E+11 0341 373  a=351366
annszling c=13.85
104 3244 13280 5. 66995E+11 0251 274 a=31366
110 3543 13321 5.633508E+11 0246 235 ;=;ii§;6
024 4814 15.667 4.07374E+11 0192 188 ;;;iiigs
116 54.99 12.901 6.00787E+11 0220 169 ;;;iiggs
122 58.40 12 145 6.77906E+11 0226 164 a-= %.315;6
c= 1383
In addition, as the wavelength decreases, the band. The UV-V is an absorption spectrum that
absorption increases. The absorption in the exhibited a considerable wide ‘shoulder’ at about

wavelength range of less than 400 nm indicates the
transition of the electron from the upper part of the
valence band to the lowest part of the conduction
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405 nm (Figure 3). In the near UV range, owing to d-
sp (inert-band) and sp-sp (intra-band) electronic
transitions. An energy gap was obtained by plotting
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the graphic relationship between (a hn)? & hn (eV)
plot. The obtained energy gap value is shown in
figure 3. The value of the annealed sample was
found to be about 3.65 ev while that of the
unannealed sample is 3.64 ev. The results indicated
that the unannealed sample band energy gap was
equal to that of the annealed sample. The calculated
values of the dielectric constant (¢0) were obtained
using the g0 = n2 relation found elsewhere [47].
Figure (4-a) shows the dielectric constant as a
function of photon energy for the unannealed sample
and an increase in optical dielectric constant with a
decrease in photon energy. The extinction coefficient
(k) plot as a function of photon energy shows that the
extinction coefficient is decreased with an increase
in photon energy, it is inversely associated with the
absorbance spectra. Therefore, the low absorbance
gives a high extinction coefficient which is similarly
observed by Zhang et al., (2014) (Figure 4-a). Figure
(4-b) shows the annealed sample. The dramatic
change and increase in the value of e and Kex are
caused by the complete formation of LiNbO;
material after heat treatment which agrees with XRD
results that show the moderate phase compared with
the Nb2Os phase.
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Figure. 3: LiNbO3 nanophotonics a) with annealing , b) without
annealing
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without annealing, b) with annealing

Figure.5 LiNO3 surface morphology a) after anealing proces
b) without annealing process .

The SEM microscope was used to test the surface
morphology of the prepared films and presented in
figure 5 (a and b). There are no essential differences
found in the morphology of the two samples as
observed in the figure, and they are both
homogeneous and free from defects and dislocation.
These ensure the clear similarity in both LiNbO;
samples prepared with and without post-heat
treatment.

A TEM Image of the prepared solution before
deposited was obtained which may give an
indication about the grain size of the prepared
material before deposition using chemical bath
deposition. The results show a particle size of about
500 nm and below. This agree with obtained with the
results obtained from SEM Image where a clear
increment and growth of the particle size after
deposition process for a specific time.
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Figure 6.FTIR spectrum of LiNbO; single crystal grown by a
Chemical bath deposition method, a) with annealing, b) without
annealing.

The compositional profile of chemical bath
deposition grown in LiNbOs3 is shown in Figure 7
along with the growth direction and diameter.
Results show that in LiNbOs, grown crystals were
homogeneous in composition. In addition, the band
at 560 cm™! is related to the specific vibration of Li-
O bonds. Moreover, the band 860 cm™! is related to
Nb-O-Nb stretching vibration. From the results, we
noticed that the bonds between the materials are
formed; the intensity of vibration of O-H bonds was
stronger in the unannealed sample and the intensity
of the phase of vibration of Nb-O-Nb was weaker.
The intensity of vibration of O-H bonds is stronger
in the non-annealing sample because as coal rank
increased, the cyclic OH hydrogen bond decreased.it
has been found that when heat treatment is done, the
sample contains a percentage of carbon caused by
the heat treatment. It is predicted that when coal rank
increases (with annealing), the hydroxyl content will
decrease similar behaviour could be found in other
published work[48]. It is also widely known that the
O-H bond caused significant problems with high
leakage current and breakdown voltage. Therefore,
after the film is deposited, O-H bonds must be
weakened by higher temperature annealing above
350 °C [49].
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Conclusion

From the obtained results it could be concluded that
LiNbOs; with dielectric properties and enhanced
optical band gap could be successfully obtained on a
quartz substrate via the chemical bath deposition
method, with no post-heat treatment. The XRD
results found that the prepared LiNbO3 has a
polycrystalline-like structure caused by having
various peaks in varying plane orientations. The
morphology of the two samples is the same and they
are both homogeneous and free from defects, as
indicated in the SEM result. The UV-vis results
indicated that the lower absorbance for the annealed
sample with energy gap shifted from 3.54 to 3.65
after the annealing process. Therefore, the results
from this work present the successful preparation of
LiNbO3 dielectric material without any post-heat
treatment. The obtained results ensure a good quality
material with physical properties very close to the
standard LiNbO3 material. The simplicity of the
process and high vyields make it possible and
effective for industrial applications. As predicted,
this simple chemical bath deposition method could
be further extended to prepare another important
multi-component oxide.
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