Materials Chemistry and Physics 203 (2018) 243—248

journal homepage: www.elsevier.com/locate/matchemphys

Contents lists available at ScienceDirect

Materials Chemistry and Physics

Stirrer time effect on optical properties of nanophotonic LiNbO3

CrossMark

Y. Al-Douri ", Makram A. Fakhri ¢, A. Bouhemadou ¢, R. Khenata ¢, M. Ameri

@ Nanotechnology and Catalysis Research Center (NANOCAT), University of Malaya, 50603, Kuala Lumpur, Malaysia

b physics Department, Faculty of Science, University of Sidi-Bel-Abbes, 22000, Algeria

€ Institute of Nano Electronic Engineering, University Malaysia Perlis, 01000, Kangar, Perlis, Malaysia

d Laboratory for Developing New Materials and Their Characterization, Department of Physics, Faculty of Science, University of Setif 1, 19000, Setif, Algeria
€ Laboratoire de Physique Quantique et de Modélisation Mathématique (LPQ3M), Université de Mascara, 29000, Mascara, Algeria

f Physics and Chemistry of Advanced Materials Laboratory, Djillali Liabes University, BP: 89, Sidi Bel-Abbes, 22000, Algeria

HIGHLIGHTS

o Prepare nanophotonic LiNbOs via feasible method.

o Analyze the optical and structural properties of nanophotonic LiNbO3 under stirrer time.

o Characterize the nanophotonic LiNbO3 under stirrer time.

o Elaborate the refractive index of nanophotonic LiNbO3 for optical applications.
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Lithium niobate (LiNbO3) nanostructures are synthesized on n-silicon substrate by spin coating tech-
nique with stirrer times; 8 h, 24 h and 48 h. LiNbOs is characterized and analyzed by Scanning Electron
Microscope (SEM), Atomic Force Microscopy (AFM), X-ray diffraction (XRD) and UV-visible and Photo-
luminescence (PL). The measurements show that as stirrer time increases, the structures start to crys-
tallize to become more regular distribution, which helps to apply in optical waveguides. In addition, the

calculated refractive index and optical dielectric constant are in agreement with experimental data.
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1. Introduction

Lithium Niobate (LiNbOs) is a very important optical material
which is widely used by the photonics industry due to its excellent
electro/acousto-optical properties [1,2]. LiNbO3 is an important
ferroelectric material because of its excellent piezoelectrical, elec-
trooptical, pyroelectrical and photo-refractive properties [3—6]. It is
widely used as polar material for photonic applications [7—9]. In
addition, it is employed in nonlinear optics for frequent conversion
in telecommunication for electro-optic modulation [10—12]. It is
very attractive material for fabrication of optical wave-guide de-
vices [13,14]. This crystal plays an important role as a high quality
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source material with low optical loss [15] due to their mechanical
robustness, good availability, optical homogeneity [16], integrated
optics with lasers, modulators [17] and filters on a single LiNbO3
wafer [18]. Thin films of nanophotonic LiNbO3 have been studied in
integrated form with unique pyroelectric, piezoelectric and
nonlinear optical properties, which would made it an ideal material
for fabrication of surface acoustic wave (SAW) [19] and optoelec-
tronic devices [20]. LiNbO3s were prepared using various experi-
mental techniques such as sputtering [21,22], liquid phase epitaxial
(LPE) [23], metal organic chemical vapor deposition (MOCVD)
[24—26], soft-chemistry [27], hydrothermal methods [28] and
pulsed laser deposition (PLD) [29,30].

Bartasyte et al. [31] have deposited LiNbOs3 films of high
epitaxial quality and with thicknesses of 120—500 nm at 650 °C on
C-sapphire by atmospheric pressure metal-organic chemical vapor
deposition. They have investigated Li nonstoichiometry, residual
stresses, twinning, and thermal expansion of the films as a function
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of the film thickness by means of Raman spectroscopy and X-ray
diffraction, and studied the relaxation of residual stresses, Li;O loss,
inelastic deformation and elastic hysteresis during cycles of heating
up to 860 °C and cooling down to room temperature, as well. The
residual stresses and thermal expansion of films were highly
thickness dependent. It was shown that the {0112} twinning
contributed to the stress relaxation in the thick LiNbOs3 films. While,
Lim and Lee [32] have investigated the effects of poly(L-lysine) as a
biomolecular additive on the synthesis of LiNbOs. The addition of
PLL to a LiNbOs3 precursor solution enhanced the aggregation of the
produced LiNbO3; nanoparticles. This aggregation was induced by
the electrical attraction of PLL with LiNbO3; nanoparticles, and was
enhanced with increasing PLL molecular weight. Furthermore, the
association of PLL with LiNbO3 nanoparticles was increased by the
addition of methanol, which enhanced the miscibility of PLL with
the precursor solution working as a co-solvent. The LiNbO3 nano-
particles generated with PLL exhibited piezoelectric properties
without post-thermal treatment, suggesting that PLL contributes to
the piezoelectricity. Their results are intriguing in terms of the
potential for diverse engineering nanomaterials synthesis through
a biomolecule that can also improve the physicochemical proper-
ties. Furthermore, Nozawa et al. [33] have noticed that the cs-
MgO:LN (Li;0:Nby05:MgO = 45.3:50.0:4.7) exhibits no segrega-
tion of ions during crystal growth. However, a crystallization elec-
tromotive force (c-EMF) is observed during growth by the micro-
pulling down (p-PD) method, due to segregation of the cs-
MgO:LN ionic species. In this case, the equilibrium partition coef-
ficient, kg, must be modified to kgg to take into account the effect of
an electric field on the partitioning of ionic species. A coefficient of
kgo rather than kg has a value of non-unity and therefore can lead to
generation of a c-EMF.

This paper reports the LiNbO3 nanostructures by utilizing spin
coating technique. XRD, SEM, AFM, PL and UV-visible studied the
phase evolution with the stirrer time. The refractive index is the
main study for optical waveguides from LiNbO3 nanostructures
because of refraction coefficients between the base and deposited
films will ensure access to total internal reflection for giving better
result of optical waveguide. Optical waveguides of high index
contrast enable small cross section dimensions and small bending
radii of curved waveguides, a prerequisite for high density inte-
grated optics. The paper is organized as the followings; Section 2
details the experimental procedure. The results and discussion
are elaborated in section 3. Finally, conclusion is summarised in
section 4.

2. Experimental process

The preparation procedure for LiNbO3 nanostructures is using
Nb,0s5 (ultra-purity, 99.99%), and cetric acid (C.A.) without further
purification. The solution is prepared by mixing LiCOs3, NbyOs,
citric acid and Ethylene Glycol. The molar ratio between Li;Cos and
Nb,Os5 was 1:1 in order to maximize the formation of LiNbOs3
stoichiometry phase as follow (Li;Co3 = 0.925, 1.85, 2.775 and
3.7 gm, Nb0Os5 = 3.325, 6.650, 9.975 and 13.30 gm, CA = 2.625, 5.25,
7.875 and 10.5 gm and EG = 20 mm?). Firstly, the LiCos, Nb,05 and
citric acid were dissolved in Ethylene Glycol with heating and
stirring at 90 °C for 8 h, 24 h and 48 h, then mixed altogether with
continue heating and stirring at 90 °C for 8 h, 24 h and 48 h. To
obtain homogeneous and crack-free films of LiNbOs3, the precursor
was deposited by spin coating technique on n-silicon substrates at
3000 rpm for 30 s, 0.5 M/L and annealed at 500 °C. Seven layers
were prepared, the film was dried at 120 °C for 5 min and calcined
at 250 °C for 30 min in static air and oxygen atmosphere to remove
the organics, then it was annealing at 500 °C. The structural evo-
lution of the as-prepared thin films was examined using high-

resolution X-ray diffraction (HR-XRD), (X'Pert Pro MRD PW3040
system diffractometer, PANalytical Company, Netherlands) system
equipped with Cu-K «a-radiation of wavelength A = 0.15418 nm at
40 kV and 30 mA. The thickness of the annealed samples was
studied using Scanning Optical Reflectometer model (Filmetrics
F20, China). The Scanning Electron Microscopy (JOEL JSM-6460LV,
Oxford instruments Analytical Ltd., Japan) was used to investigate
the surface morphology of LiNbO3, and Atmoic Force Microscopy
(AFM) (SPM-9600, Scanning Probe Microscope, Shimadzu, Japan)
was utilized for investigating the roughness of LiNbO3. The optical
properties were investigated using the double-beam Ultr-Violet
(UV-vis) spectrophotometer (Shimadzu UV-Vis 1800, Japan) and
photoluminescence (PL) spectroscopy system (Jobin Yvon model
HR 800 UV system, Kyoto, Japan) at room temperature using He-Cd
laser (A = 352 nm).

3. Results and discussion
3.1. Structural properties

The crystalline structure of LiNbO3 nanostructures is found to
have hexagonal structure as shown in Fig. 1. It is observed that the
peaks at 26 = 23.634, 32.637, 34.674, 48.355, 53.106, and 55.879
correspond to (012), (104), (110), (024), (116) and (122) planes. All
the mentioned peaks are exactly matched with the crystalline
structure of LiNbOs3 nanostructures that corresponding to the
standard (ICDD PDF2008, 00-029-0537). Therefore, the crystalline
structure will be crystalline and more purity for LiNbO3; with
increasing stirrer time due to increasing the peak intensity. The
measured structural properties of LiNbO3 nanostructures are listed
in Table 1. Crystallite size (D) was calculated using Scherrer's for-
mula [34].

D = K)\/Bcos 6 (1)

where K is a constant taken to be 0.94, 1 is the wavelength of X-ray
used (A = 1.54 A), 8 is the full width at half maximum of XRD
pattern and f is Bragg's angle, around 26.41°.

In addition, the dislocation density () and strain (¢) of LiNbO3
nanostructures were determined using the following relations [35].
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Fig. 1. XRD patterns of LiNbO3 nanostructures at different stirrer times (a) 8 h, (b) 24 h
and (c) 48 h.
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Table 1
Structural parameters of LiNbO3; nanostructures at different stirrer times.
Stirrer time Orientation Peak (0) Particle Dislocation density Strain dhk Lattice constants Roughness
(h) hkl size (nm) (3) (10™) (lines/m?) (1073) (A) (A) (nm)
8 012 23.7388 92.63718 0.000117 0.835339 3.74508 a=5.1566 5.5
c=13.85
104 33.0318 47.27894 0.000447 0.839386 2.709617 a = 5.1566
c=13.85
110 35.2249 71.33627 0.000197 0.488195 2.545778 a=5.1566
c=13.85
024 47.5173 59.43061 0.000283 0.31739 1911945 a = 5.1566
c=13.85
116 54.6075 51.0116 0.000384 0.276939 1.679269 a=5.1566
c=13.85
122 58.3125 38.92867 0.00066 0.316165 1.581086 a=5.1566
c=13.85
24 012 23.7137 55.57975 0.000324 0.83716 3.748987 a = 5.1566 141
c=13.85
104 33.0375 56.73556 0.000311 0.41954 2.709163 a=5.1566
c=13.85
110 35.1878 34.23789 0.000853 0.611616 2.548377 a=5.1566
c=13.85
024 47.4937 44.56892 0.000503 0.254196 1.91284 a=5.1566
c=13.85
116 54.3849 15.28818 0.004278 0.55919 1.685616 a=5.1566
c=13.85
122 56.5445 23.16062 0.001864 0.34019 1.626253 a = 5.1566
c=13.85
48 012 23.6909 18.52581 0.002914 0.838819 3.752543 a = 5.1566 20.9
5.1561°
5.49340°
c=13.85
13.8669°
104 33.0227 14.18335 0.004971 0.559917 2.710343 a = 5.1566
c=13.85
110 35.1816 19.00238 0.002769 0.375023 2.573661 a=5.1566
c=13.85
024 48.7281 4975972 0.040387 0.719699 1.86723 a=5.1566
c=13.85
116 54.3477 4367322 0.052429 0.653432 1.686682 a = 5.1566
c=13.85
122 58.2137 7.705445 0.016842 0.346083 1.637142 a=5.1566
c=13.85
2 Ref. [55] exp.
b Ref. [56] exp.
e = fB/4tanf. (3) corresponds to (212) plane at low stirrer time. This is attributed to

The interplanar distance (d) is calculated for all set of LiNbO3
nanostructures using Bragg's formula [35].

d = h}/2sin 6. (4)

where h is Miller index. The lattice parameters a and c were
calculated by Ref. [36];

73 a2 a )

1 4 (hz +hk+k2> 12
=z (——)+
All the reflection peaks could be indexed to the hexagonal

structure with lattice constants a = b = 5.145, ¢ = 13.858, which

were very close to the reported data [37]. The thin film was a

polycrystalline structure after annealing at 500 °C for 2 h in static

air, two phases of lithium niobate could be recognized, A and

d phases. This phase (3) is originated from an interface reaction

between the Oxygen and LiNbO3 then could be detected by XRD

due to its high crystallization temperature and will be decreased as
the stirrer time increases leading to possibility for total interaction
between the chemicals to improve the purity of the final solvent
mixture. It is found at peaks 20 = 24.407 and 30.262 correspond to
(400) and (410) planes at high stirrer time, and at peak 35.981

annealing effect in static air, oxygen atmosphere and total inter-
action between the chemicals. There is no impurities like Nb,Os,
were detected in high stirrer time because of increased hours of
mixing, but in low stirrer time we find Nb,Os at peaks 20 = 24.433
and 31.623 correspond to (—105) and (014) planes as raw material.
Fig. 1 shows nanophotonic LiNbO3; with different peaks, including
main diffraction for (012) plane, at different stirrer times. As stirrer
times increase, the mean particle size decreases because the stirrer
time leads to complete solving of chemical interaction as explained
in Table 1. The purity of nanophotonic LiNbO3 and increasing of
time period of solubility process affect on crystallization, therefore
we get a solution free of impurities and high crystallization as
shown in Fig. 1¢, comparing to Fig. 1(a and b).

3.2. Optical properties

The optical reflectance of LiNbO3 was studied in the wavelength
range 300—800 nm at room temperature. Fig. 2a shows the varia-
tion of reflectance of surface with wavelength of LiNbO3 nano-
structure. The optical band gaps were determined with the help of
reflection spectra [38,39]. Almost all the II-VI compounds are
direct band gap semiconductors. According to Tauc relation [39,40],
the absorption coefficient for direct band gap material is given by;
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Fig. 2. (a) Reflection spectra, (b) Energy band gap and (c) Refractive index of LiNbO3
nanostructures at different stirrer times (a) 8 h, (b) 24 h and (c) 48 h.

ohv = A(hv — Eg)" (6)

where hv is photon energy, A is constant, Eg is the band gap and n is
equal to % for direct band gap material. To measure energy band
gap from reflection spectra, a graph between (chu)? vs. hu is plotted.
Absorption coefficient a is proportional to In[(Rmax-Rmin)/(R-Rmin)]
[41] where reflectance falls from max R to min R due to absorption
by the material and R is the reflectance for any intermediate energy
photons. The reflectance percentage decreases as stirrer time in-
creases as given in Table 2. The energy band gap (E;) is found by
plotting (ahv)? vs. hv as shown in Fig. 2b [41,42]. The extrapolation
of straight line to (ehv)? = 0 gives the value of direct band gap. From
this graph, the value of energy band gap comes out to be 3.97 eV

(Table 2).

The refractive index (n) was determined from a transmittance
spectrum as a function of the wavelength in the range
300—700 nm. There is a decreasing in the refractive index may be
attributed to invisible range; it was estimated 2.26—2.58 at 330 nm
as shown in Fig. 2c and given in Table 2. The refractive index
changes slightly and steadily after 330 nm—700 nm as shown in
Fig. 2c. We can notice from that, the refractive index increases as
stirrer time increases. This behavior may be attributed to increasing
of thickness due to multilayer deposition (Table 2). The highest
values of refractive index are suitable for optical waveguide. Intu-
itive, increasing stirrer time leads to increase thickness of synthe-
sized LiNbO3 nanostructures that correlate directly with refractive
index as confirmed in Fig. 2c.

The photoluminescence (PL) spectra of LiNbO3 nanostructures
are grown on n-Si substrate at 25 °C as shown in Fig. 3, where
emissions are appeared in 313 (3.961 eV) within 48 h, 325
(3.815 eV) within 24 h and 336 (3.691 eV) within 8 h. The peak at
313 nm is more intense. A central factor of this discussion is the
nature of the characterized samples. It must be pointed out that the
LiNbO3 nanostructures used to study PL behavior are usually syn-
thesized with distinct method. Furthermore, the relative peak in-
tensities of each peak depend also on the corresponding radiative
recombination efficiency. Thus, PL spectra of LiNbOs; nano-
structures demonstrate that the produced material has enough
quality to be used in the research of semiconductor devices and
optoelectronics. This trend can be understood that surface-to-
volume ratio becomes smaller with increasing grain size, and the
larger grains have smaller nonradiative relaxation rates over the
surface states resulting in the enhancement of PL intensity. On the
other hand, it is noted clearly a blue shift in PL and UV-vis, where
the band gap values increase from 3.6 to 3.9 eV with increasing of
stirrer times, that can be attributed to improvement of nano-
photonic LiNbO3 crystals [39].

The refractive index n is a significant physical parameter in
microscopic atomic interactions. Theoretically, the refractive index
is related to the density and the local polarizability of these entities
[43]. Many simple relationships between refractive index n and the
energy gap E; have been attempted [44-51]. Here, various re-
lationships between n and Eg have been reviewed in order to
validate the current work. As suggested by Ravindra et al. [44], the
band gap and the high frequency refractive index, presented a
linear relationship:

n=o+pEg, (7)

where a = 4.048 and 8 = —0.62 eV!
Inspired by simple physics of light refraction and dispersion,
Herve and Vandamme [45] have proposed an empirical relation as:

ne 1t (Eg"ﬁ)z (8)

where A = 13.6 eV and B = 3.4 eV.

Ghosh et al. [46] had taken a different approach by considering
the band structural and quantum-dielectric formulations of Penn
[52] and Van Vechten [53]. Introducing, A (contribution from the
valence electrons) and B (constant additive to the lowest band gap
Eg), the expression was written as:

n?—1=A/(Eg+ By (9)

where A = 25E; + 212, B = 0.21Eg + 4.25 and (Eg + B) refers to an
appropriate average energy gap of the material.
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Table 2
The energy band gaps and refractive index correspond to grain size of LiNbO3 nanostructures at different stirrer times.
Stirrer time Eg (UV-vis) (eV) Eg (PL) (eV) Eg (eV) exp [57]. n (measured) n exp. n (calculated) £oo R (%)
(h) [58]
8 3.61 3.691 2.66—4.22 2.26 242 1.79° 2.173" 2.246° 3.20% 4.72" 5.046° 33.23
2.77% 2.171° 2.242¢ 7.67% 4.71° 5.027°
24 3.72 3.815 2.48 1.78% 2.172" 2.245¢ 3.16* 4.715" 5.041¢ 265
2.76 2.170" 2.241°¢ 7.61* 4.706" 5.02¢
48 3.97 3.961 2.58 1.77% 2171 2.244¢ 3.13% 4.711° 5.03¢ 21.65
275 2.169" 2.240° 756 4.702" 5.01°
2 Ref. [44].
b Ref. [45].
¢ Ref. [46].
320000 Technology, Stockholm, Swede_n, 2006. )
[2] E. Marenna, C. Aruta, E. Fanelli, M. Barra, P. Pernice, A. Aronne, Sol—gel syn-
300000 thesis of nanocomposite materials based on lithium niobate nanocrystals
2800009 dispersed in a silica glass matrix, J. Solid State Chem. 182 (2009) 1229—-1234.
260000 [3] P.Kumar, S.M. Babu, S. Perero, R.L. Sai, I. Bhaumik, S.G. Morthy, A.K. Karnal, X-
48 h ray photoelectron spectroscopy, high-resolution X-ray diffraction and
240009 refractive index analyses of Ti-doped lithium niobate (Ti:LiNbO3) nonlinear
220000 optical single crystal, Pramana J. Phys. 75 (2010) 1035—1040.
% 200000 © [4] G.W. Burr, S. Diziain, M.P. Bernal, Theoretical study of lithium niobate slab
:;. 180000 waveguides for integrated optics applications, Opt. Mater. 31 (2009)
2 160000 14927‘1497. ) )
2 [5] F. Meriche, A. Boudrioua, R. Kremer, E. Dogheche, E. Neiss-Clauss, R. Mouras,
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100000 ®) Opt. Mater. 32 (2010) 1427—1434.
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80000 of nanosized niobium oxides and lithium niobate particles and their charac-
60000 terization by XPS analysis, J. Nanosci. Nanotechnol. 9 (2009) 4780—4785.
40000 8h [7] L. Cao, A. Aboketaf, Z. Wang, S. Preble, Hybrid amorphous silicon (a-Si:H)—
20000 LiNbO3 electro-optic modulator, Opt. Commun. 330 (2014) 40—44.
(a) [8] H. Chen, T. Lv, A. Zheng, Y. Han, Discrete diffraction based on electro-optic
0 300 200 500 effect in periodically poled lithium niobate, Opt. Commun. 294 (2013)

Wavelength (1)

Fig. 3. PL spectra of LiNbO3 at different stirrer times (a) 8 h, (b) 24 h and (c) 48 h.

Thus, these three models for variation of n with energy gap have
been tried. In addition, the calculated values of the optical dielectric
constant (es,) were obtained using the relation e, = n? [54]. The
calculated refractive index and optical dielectric constant are given
in Table 2. This is showing that the Ghosh et al. model is an
appropriate model for solar cells applications due to its agreement
with experimental refractive index value [58].

4. Conclusions

The LiNbO3; nanostructures have been chemically prepared by
spin-coating technique. Based on XRD results, the LiNbO3 nano-
structures have polycrystalline in nature. The intensity is 900 a.u
corresponds to (012) at 20 = 23.634. As expected, the structure is
more crystalline as the time of stirrer increases. In addition, SEM
explains the prepared LiNbO3 to be embodied as stirrer time in-
creases. AFM shows diameter of gain size from 18 to 92 nm, and
roughness ranging between 5 and 20 nm. Optical properties give
values of reflection that is about 21—33% and the measured energy
band gaps are between 3.61 and 3.97 eV. We found an approxi-
mated matching between the energy gaps values calculated using
UV-vis and PL. The highest value of n is an appropriate for optical
waveguide. Refractive index determined from specific empirical
models revealed that the highest value and Ghosh et al. model is
more appropriate for optical waveguide.
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