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A B S T R A C T

LiNbO3 thin films were deposited by means of Al:ZnO as intermediate layer using pulsed laser deposition
and their structural, linear and nonlinear optical (NLO) properties were investigated. The films were
found to be polycrystalline, (110) orientation for Al:ZnO/fused silica and (300) orientation for Al:ZnO/
quartz substrates. The films demonstrated a transparency of >80% in the visible and near-infrared region.
The NLO studies were performed with the Z-scan technique using �150 fs, 80 MHz pulses at 800 nm. The
studies revealed that the polycrystalline LiNbO3films and (300) LiNbO3films demonstrated reverse
saturable absorption while a transition to saturable absorption was observed in the case of (110) LiNbO3.
The presence of two-photon absorption is attributed to the indirect transition via intermediate defect
levels which is related to the structural asymmetry. The large nonlinearity in refractive index could be a
result of the strain induced ferroelectric polarization. The magnitude of the third order optical
nonlinearity of all films was �10�11 e.s.u. which is orders of magnitude higher than the value obtained for
single crystal Z-cut LiNbO3.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Lithium niobate (LiNbO3: LN) with its distinct features
possesses unique combination of versatile properties such as
second-order optical nonlinearity, piezoelectric, ferroelectric,
electro-optic, pyroelectric by making this material suitable for
wide range of applications like non-linear optical devices, trans-
ducers, electro optic modulators and pyroelectric sensors [1–3].
The phenomenal growth in the versatile applications of LiNbO3

crystals and related compounds reinvigorated further detailed
studies. Extensive research has been and is being undertaken on
single crystal X-cut, Y-cut and Z-cut LiNbO3, which demand
attention to meet the device requirements. The performance can
be enhanced with oriented single crystals of LiNbO3 [4–6]. Several
research groups have focused their research work to integrate and
miniaturize devices in to a single platform. For this reason, LiNbO3

single crystals in diverse orientations are studied and widely used
in thin film form by chopping in to thin slices using crystal ion
slicing technique [7,8]. Although the advantages are enormous, the
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drawbacks of high surface roughness, difficulty in implantation of
foreign ions and expensive chopping made it difficult to use them
for versatile miniaturized applications [9]. Keeping this in mind,
epitaxial LiNbO3 thin films came in to existence to support the
above-mentioned applications. High quality epitaxial LiNbO3 thin
films can be utilized to overwhelm these drawbacks [10,11]. There
are numerous reports on the deposition of LiNbO3 thin films using
different techniques like sol-gel, RF magnetron sputtering and
pulsed laser deposition are widely available [12–15]. Most of the
available literature explains the optimization of deposition
conditions for the successful deposition of epitaxial growth of
LiNbO3 thin films with ZnO as buffer layer [16]. Moreover, oriented
deposition of LiNbO3 thin films on amorphous substrates is found
to be interesting for many practical purposes. Because of its cost
effectiveness, especially, for device applications, LiNbO3 thin films
on amorphous substrates are highly in demand. Higher second
order nonlinearity in LiNbO3 is well studied by several groups and
the enhancement factor is reported by using different implantation
techniques. However, devoted studies on third order nonlinear
optical (NLO) properties of LiNbO3 thin films are meagre and need
to be intensified for finding suitable methodologies rendering
them useful in nonlinear photonic devices [17–19]. Ferroelectric
materials have been widely investigated for their random-access
memory devices, piezoelectric, pyroelectric, integrated photonics
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and nonlinear optical applications [20,21]. Among all the
ferroelectric materials, LiNbO3 is a well-studied ferroelectric with
high spontaneous polarization and high Curie temperature [22].
Although paramount properties that can be enjoyed in single
crystal cannot be reproduced in thin film, the miniaturization of
device structure, high quality thin film on desired substrate and
ease in doping foreign ions made the researchers to study
properties of LiNbO3 thin films [23]. Studies on deposition of C-
axis oriented ferroelectric LiNbO3 thin films with Al:ZnO as buffer
layer are widely reported but their third order nonlinear optical
(NLO) properties are not investigated thoroughly [24]. More
detailed research studies are essential to investigate the mecha-
nism of third order nonlinearity in LiNbO3 thin films to utilize them
for device structures. Kostritskii et al. measured the nonlinear
absorption of congruent LiNbO3 crystals and observed two-photon
absorption associated with the photo dissociation of bipolarons
[25]. Henari et al. also recorded the third-order nonlinearity in
LiNbO3 crystal with changing laser beam waist using the Z-scan
technique and the calculated nonlinear absorption coefficient (b)
which was found to be 5 cm/KW [26]. In the present paper, LiNbO3

thin films were grown using pulsed laser deposition (PLD)
technique and their structural, morphological, emission character-
istics along with third-order NLO properties were investigated
using femtosecond (fs) pulses and the obtained results are
discussed in detail. Large nonlinear refractive index (n2) values
combined with superior second order NLO coefficients will
showcase the overall advantages of LiNbO3 thin films for various
photonic applications including all-optical switching and frequen-
cy conversion devices.

2. Experimental details

2.1. Materials

In the present study, LiNbO3 is the material of interest and Al:
ZnO was chosen as a buffer layer to control the growth of the top
layer. LiNbO3 and Al:ZnO thin films were produced by PLD (Excel
Instruments-Mumbai, India), employing a KrF excimer laser
(l = 248 nm). The LiNbO3 target of one inch diameter was prepared
from commercially available LiNbO3 powder (Alfa Aesar, 99.99%
purity) by adding 5 wt% of Li2CO3 (Sigma Aldrich, 99.99% purity) for
Li loss compensation. The LiNbO3+ Li2CO3 mixture was pressed
using Poly Vinyl Alcohol (PVA) as binder followed by de-binding at
500 �C and sintering at 1100 �C for 2 h. Al:ZnO (Al:0.5 wt%) target of
1 inch diameter was prepared by ball milling Al2O3 (purity 99.9%,
Alfa Aesar) with ZnO (purity 99.99%, Sigma Aldrich). This mixture
Fig. 1. Schematic (top view, left) and actual setup (r
is pressed with PVA as binder followed by de-binding at 500 �C and
sintered at 900 �C for 2 h.

2.2. Deposition of LiNbO3 thin films

Fig. 1 shows the PLD process schematically and chamber along
with laser used in the present work. An excimer laser (Coherent
Compex Pro 102F) operating at a wavelength of 248 nm was used.
The spherical deposition chamber (Excel Instruments, Mumbai)
was fitted with a turbo molecular pump (Pfeiffer, Germany) and a
base vacuum of 10�6mTorr was achieved prior to deposition. The
chamber had a substrate heater which could reach a temperature
of 800 �C with resistive heating. In addition, the chamber was
equipped with a target carousel which can accommodate six
targets allowing for multilayer deposition without disturbing
vacuum. The substrate holder was held parallel to the target
material to achieve the maximum plume condensed on to
substrate. The substrate holder to target distance was fixed to
be 5 cm in the present study. Fused silica and Z-cut quartz (SiO2)
substrates were ultrasonicated in acetone solution and then dried
to get impurity free substrate wafers. All deposition conditions
such as laser fluence, partial pressure, substrate temperature and
repetition rate for both Al:ZnO and LiNbO3 are tabulated in Fig. 2.
The samples are renamed as LN 01, LN 02 and LN 03 for simplicity.

2.3. Instrumentation details

Bruker X-ray diffractometer (Bruker D8 Discover with Cu
Ka = 1.5405 Åsource) was used to examine the crystallographic
structure of the deposited LiNbO3 and Al:ZnO thin films. In the
present study, thickness and roughness of deposited thin films
were carried out using a surface profilometer. Atomic Force
Microscopy (AFM) (Model SPA400 of SII Inc, Japan-AFM) was used
to extract the surface morphological details and the images were
analyzed by Spiwin Lab analysis software. Microstructure of the
films for grain structure and porosity were examined using Field
Emission Scanning Electron Microscope (FE-SEM; Carl Zeiss, Ultra
55). The UV–vis absorption measurements were performed using a
computer interfaced Jasco V-570 UV/VIS/NIR spectrophotometer.
Photoluminescence (PL) and Raman scattering measurements
were performed using a scanning near field optical microscopy
(SNOM) equipped with a laser source of excitation wavelength
355 nm. We used a Raman spectrophotometer (Renishaw Invia
Raman Microscope equipped with a Nd:YAG 532 nm laser)in the
back scattering geometry in a CRM spectrometer furnished with a
confocal microscope, 100X objective (1 mm diameter focal spot
ight) of the pulsed laser deposition experiment.



Fig. 2. Schematic representation of substrate/ZnO/LiNbO3 thin films used for the present study and their deposition conditions.
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size) and a CCD detector (model alpha 300 of WiTec, Germany). The
Z-scan experiments were performed with a mode locked Ti:
sapphire laser at a repetition rate of 80 MHz at 800 nm. The input
laser beam was spatially filtered to obtain a pure Gaussian profile
in the far field. In a typical Z-scan experiment beam waist at focus
was �25 mm corresponding to a Rayleigh range of 2.54 mm.

3. Results and discussion

3.1. Structural studies

XRD diffraction spectra of LiNbO3 and Al:ZnO thin films are
illustrated in Fig. 3. These studies show that all the peaks in LN01
correspond to LiNbO3 and were found to be polycrystalline in
nature. All the peaks were indexed based on JCPDS diffraction file
#880289. The amorphous nature of the substrate and the
annealing temperature (600 �C) allowed LiNbO3 to grow as
polycrystalline with multiple planes oriented in different
Fig. 3. XRD patterns and microstructur
directions. LN02 had predominantly one diffraction peak centered
at 2u�34.6� which corresponds to the (110) reflection from LiNbO3

and underneath Al:ZnO grows in (002) direction. The Al:ZnO was
deposited on fused silica under the minimal stress conditions at
100 �C oriented in (002) direction [27]. The peak positions of (002)
Al:ZnO at 34.5� and (110) LN02 at 34.6� overlapped and was not
distinguishable. LN03 deposited on Z-cut quartz with Al:ZnO as
intermediate layer had only one peak at 62.9�. This peak also
overlapped with the bottom layer Al:ZnO whose (103) plane
originates at 62.7� (JCPDS diffraction file # 891397). Thus, Al:ZnO
acted as a nucleating layer and controlled the growth of LiNbO3 in
the case of LN02 and LN03. In case of LN02, Al:ZnO was oriented in
(002) and it was (103) in the case of LN03. In general, ZnO tends to
grow in (002) preferred orientation because of its lowest surface
energy in this plane [28]. The FWHM of (103) peak was larger than
the (002) peak indicating the induced stress along (103) direction
was larger than that of (002) direction. The main reason for stress is
due to the lattice mismatch for LN03 whereas this can be ignored in
e of (a) LN 01 (b) LN 02 (c) LN 03.



A. Tumuluri et al. / Materials Research Bulletin 94 (2017) 342–351 345
case of LN02. Another important reason for the stress is the
substrate temperature of both the films deposited at 100 �C and
500 �C. Kumar et al. reported that at higher temperature, in Al:ZnO
the (103) growth strongly dominated over the (002) [29]. This
confirmed that Al:ZnO (103) oriented film deposited at 500 �C has
lower surface free energy than (002) oriented film deposited at
100 �C. Based on the nature of substrate, substrate temperature,
parameters such as laser fluence and partial pressure growth of
LiNbO3 can be optimized in preferred orientation.

3.2. Morphological details

Fig. 4 depicts the 2D and 3D AFM images along with
microstructure obtained from the FE-SEM data of LN thin films.
The surface morphology of LN 01 consisted of loosely packed grains
with random orientation which can be confirmed from FE-SEM
image also. LN 02 consisted of dense and well-structured grains.
The (002) oriented Al:ZnO as an underlying layer controlled the
morphology of LN whereas in the case of LN 01, the grains were
distorted and not properly crystallized at 600 �C. In the case of LN
02, it can be inferred from the microstructure, that the grains were
properly crystallized possessing uniform morphology. In the case
of LN 03 the morphology was apparently different with elongated
grains. In this case, LN 03 had Al:ZnO in (103) orientation where the
stress induced to grow along (103) is larger when compared to
(002) as discussed before. It can be confirmed from XRD data that
the FWHM followed the trend of FWHMLN01< FWHMLN02<

FWHMLN03 which confirmed the increased stress in the case of
Fig. 4. AFM [2D (left) and 3D (middle)] and FE-SEM images [r
LN 03. The average roughness was found to be �10 nm, �7 nm and
�4 nm for LN 01, LN 02 and LN 03 samples, respectively. The
roughness was observed to be descending for LN 01, LN 02 and LN
03. Therefore, the role of the substrate is predominant in the
growth of bottom layer which ultimately decides the microstruc-
ture and growth of top layer.

3.3. UV–vis transmission spectra: band gap calculations

Fig. 5 illustrates the transmission spectra of LN films in the
wavelength range of 200–1400 nm (visible-near IR) region. The
oscillations in the spectra confirmed that the films were smooth
and possessed uniform thickness. It can be deduced that the films
exhibited good transparency in visible and near infrared region. In
near IR, the average transmittance of all films was �86% and
decreased in visible region ranging from 78% to 86%. The LN02 and
LN03 samples were more transparent compared to LN01. This
might be because of the optical loss obtained from scattering of
incident photon from grains and grain boundaries, porosity
present in the polycrystalline film whereas the LN02 and LN03
had densely packed grains with lesser grain boundaries. The
morphology of LN01, LN02 and LN03 confirmed the roughness of
the films where the scattering of incident photons will be more in
case of LN01 and less in case of LN02 and LN03 (Fig. 4).

The optical band gap (Eg) of the films was determined from
Tauc’s plot and are shown in Fig. 5. The single crystal LiNbO3

exhibits a fundamental direct/indirect band gap of 4 eV [30]. The
optical band gap of LiNbO3 is detrimental to the valence electronic
ight] of microstructures for (a) LN 01 (b) LN 02 (c) LN 03.



Fig. 5. Optical transmittance spectra of LN 01, LN 02 and LN 03.

Fig. 6. Indirect band gap from Tauc’s plot for (a) LN 01 (b) LN 02 (c) LN 03 (Asymmetric absorption humps at low energies from defect states are clearly marked with an arrow).
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transitions from 2p orbitals of O2� to the 4d orbitals of Nb5+ [31].
The distortion of the oxygen octahedron also depends on the
concentration of intrinsic defects. This band gap either red shifts or
blue shifts depending on the crystal orientation and growth
technique and defect concentration [32]. Fig. 6 illustrates the
indirect band gap plots of LiNbO3 thin films and the data was
analyzed to provide more insight in to the electronic transitions of
LiNbO3 in polycrystalline and oriented form. For LN01, LN02 and
LN03 samples, a plot of ‘a’ did not provide an exponential
dependence on ‘hn’. Therefore, the low energy absorption edge
observed from the transmittance data of Fig. 5 can be better
interpreted as being due to the indirect absorption than due to the
direct absorption. It is clear from Tauc’s plot that the indirect band
gap for all the films are ranging between 4 and 3.17 eV. The nature
of band gap is indirect which can be confirmed from the absorption
band edge of transmission spectra (Fig. 5).

Anil et al. recently reported the deposition of LiNbO3 thin films
using RF magnetron sputtering and found that the band gap varied
with change in substrate annealing temperature [31]. Thierfelder
et al. calculated the theoretical band gaps for ferro- and
paraelectric states of LiNbO3 from DFT calculations using the
GW approximation [30]. The determination of optical band gap is
obtained by Tauc’s equation [33]

ahn ¼ Aðhn � EgÞn ð1Þ
where A is a constant, hn is photon energy, Eg is the allowed energy
gap, n = 1/2 for allowed direct transitions, n = 2 for allowed indirect
transitions. From the indirect band gap plots, apart from the major
absorption band edge, small unsymmetrical absorption band
peaks centered at different energies were clearly observed which
cannot be ignored. These absorption peaks were correlated with
the defect centers or polaronic peaks which ultimately affect the
linear and NLO properties [34]. The contribution of the polaronic
states on NLO properties are discussed in detail in the ensuing
section.

3.4. Photoluminescence spectra: emission studies

The PL spectra recorded for all the thin films with an excitation
wavelength of 355 nm are depicted in Fig. 7. The emission
wavelength was found to be distinct for LN 01, LN 02 and LN 03.
LN 01 did not demonstrate any significant emission because of its
higher band gap of 4 eV. The excitation wavelength was 355 nm
which corresponds to �3.5 eV and is not sufficient to excite the
states of the structure. Broad emission peaks at 614 nm (red) and
558 nm (green) were observed in case of LN 02 and LN 03,
respectively. In general, literature on emission from pure LiNbO3 is
limited [35]. The red and green emissions can be attributed due to
the electronic transitions happened in the intermediate states near
Fig. 7. Photoluminescence spectra fo
1.0 eV (Nb4þNb ), 1.6 eV (Nb4þLi ) and 2.5 eV (bothNb4þNb :Nb
4þ
Li and O�).

However, the emission mechanism cannot be explained solely
based on the luminescence spectra. Efficient blue (473 nm) and
green (505 and 525 nm) emissions were observed from polycrys-
talline LiNbO3 ceramics doped with Sc2O3 and Lu2O3 [34]. Yakovlev
et al. measured luminescence centers in LiNbO3 crystals and
explained the kinetics of color-center recombination due to
different polaronic states which can be confirmed from the
asymmetric absorption bands in Fig. 6 [36].

3.5. NLO studies with femtosecond laser pulses

The nonlinear absorption and refraction were examined for LN
01, LN 02 and LN 03 thin films using the open and closed aperture
Z-scan techniques, respectively. Z-scan experiments were carried
out with femtosecond (fs) laser pulses and the data is presented in
Fig. 8. The thickness of all samples satisfied the Rayleigh range
condition L < noZo where no-linear refractive index at 800 nm, Zo –
Rayleigh range, L is the thickness of sample. The substrate (fused
silica and quartz) nonlinearity was recorded for reference and any
minute contribution observed was subtracted for all the films. The
OA Z-scan data was fitted to the two-photon absorption (2PA) and
three-photon absorption (3PA) provided by using the Sheik-Bahae
model [37] along with Eqs. (2) and (3), respectively. From OA fitted
curve, nonlinear absorption coefficient (a2) was calculated

TOA 2PAð Þ ¼ 1=1 þ bLeff I00=1 þ Z=Zoð Þ2
� �

ð2Þ

where effective path length Leff (2PA) = 1 � e�a2L/a2

TOAð3PAÞ ¼ 1=½1 þ 2a3Leff ðI00=ð1 þ ðZ=ZoÞ2ÞÞ�1=2 ð3Þ

Leffð3PAÞ ¼ 1 � e�2a3L=2a3 ð4Þ
I00 is the peak intensity, Z is the sample position, Zo is the

Rayleigh range, b and a3 are 2PA and 3PA coefficients.
Reverse saturable absorption (RSA) kind of behavior was

observed in the case of LN 01 and LN 03 samples whereas
saturable absorption (SA) was observed in the case of LN 02
sample. The optical band gap of all the films satisfies the condition
that 2hn < Eg< 3hn (hn = 1.55 eV is the energy corresponding to
photon at the incident laser wavelength of 800 nm), suggesting the
occurrence of 2PA via intermediate virtual states [38] and these
transitions are not directly into the conduction band but into the
various defect states lying in the intermediate region of conduction
and valence bands. The factors influencing the switching
phenomenon from RSA to SA is the competition between the
ground-state absorption and the nonlinear absorption mechanism,
which further depends on the laser photon energy, the optical band
r (a) LN 01 (b) LN 02 (c) LN 03.



Fig. 8. OA [left] and CA [right] data of LN01 [(a), (b)] LN02 [(c), (d)] and LN03 [(e), (f)]. 2PA was best fit for LN 01 and LN 03 [blue solid lines are for 2PA and red dotted lines are
for 3PA]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Schematic diagram of nonlinear absorption process in LiNbO3 thin films with varying band gaps (LN 01–4 eV, LN 02–3.6 eV, LN 03–3.3 eV).
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gap of materials, the presence of intermediate defect states and
intensity of the incident radiation [39]. In the present study, the Z-
scan experiments were conducted at fixed intensity of incident
radiation (Io) and wavelength (l). Therefore, the nonlinear optical
absorption switching in LiNbO3 thin films may be attributed to the
changes occurred in optical band gap (Eg) due to structural
indifferences. Even a small difference in Eg (<10 meV) is adequate
for the transformation from RSA to SA [39]. In general, the
intermediate defect states (energy levels) between valence and
conduction bands act as barrier for the excited electrons to transit.
When Eg is larger, it is difficult to excite electrons from defect states
to conduction band through 2PA unless pumped with sufficiently
high peak intensities. When Eg is small, more electrons can be
allowed in to conduction band resulting in 2PA/RSA [40].
Furthermore, LN 03 possessed defect states with a band gap of
3.3 eV confirming the presence of 2PA. The unsymmetrical
absorption humps from indirect Tauc’s plot (Fig. 6) also confirmed
the presence of defect states in LN 01, LN 02 and LN 03.

In case of LN 01 and LN 03, Eg was observed to be 4 eV and 3.6 eV
whereas 2PA energy corresponds to 3.1 eV. When the films are
away from the focus, the transmittance is high and as the sample
translates towards focus, the transmittance decreases indicating
RSA behavior. RSA is observed mainly because of the nonlinear
mechanisms such as two-photon absorption (TPA), free carrier
absorption (FCA), nonlinear scattering or a combination of these
processes [41]. In LiNbO3, the defect states are mainly attributed to
the antisite defects like Nb replacement in Li site and oxygen
vacancies [42]. In LiNbO3, RSA is mainly dominated by TPA and the
contribution from FCA can be highly ignored since the number of
free carriers in LiNbO3 is less where the observed indirect band gap
is found to be between 4 and 3.3 eV. Furthermore, since the pulses
used were �150 fs in duration there is no scope for the presence of
any excited state absorption. Despite the significant difference
between Eg of LN 01 and 2PA energy, RSA behavior was observed.
Fig. 9 depicts an approximate energy level diagram and the
possible transitions for LN 01, LN 02, and LN 03 based on the
observed nonlinear absorption data. This could be attributed to the
density of defect states in the band gap. Furthermore, we have also
estimated the saturation intensity (Is) for the sample LN02 by
appropriately fitting the open aperture data. The value of Is was
Fig. 10. Raman spectra recorded
estimated to be �109W/cm2. Due to high repetition rate (80 MHz)
of the laser pulses there is a possibility of some thermally induced
nonlinearity to the overall observed nonlinearity. However,
present data is insufficient to separate the contribution of this
nonlinearity. Z-scan measurements with low repetition rate pulses
need to be performed to measure the pure nonlinearities devoid of
any kind of thermal contribution [43].

Fig. 10 shows the Raman spectra of all the three samples. The
spectral peaks of LN 01 are well developed and sharp implying that
the films were more crystalline when compared to LN 02 and LN
03. In the present study, E(TO) and A1(TO) modes with peak
positions are labeled and are found to be in complete agreement
with previous literature [44]. In general, a Raman peak at 520 cm�1

is to be clearly visible because of the bottom Si based substrate and
is not dominant in LN 01, LN 02 and LN 03. The Raman peaks from
buffer layer Al:ZnO also reflects in case of LN 02 and LN 03. The
introduction of Al in ZnO changes the concentration of defects and
can be better analyzed with additional active Raman modes. It can
be understood that the peaks at 437 cm�1 and 582 cm�1

corresponds to Al:ZnO which overlaps with LiNbO3 standard
Raman peaks in case of LN 02 and LN 03. The intensities of these
two peaks are quite less when compared to LN 01. This confirms
that the influence of Al:ZnO cannot contribute much to the changes
observed in properties of LiNbO3 thin films (LN 02 and LN 03).
Therefore, it is difficult to distinguish Raman peaks of LiNbO3 from
Al:ZnO in case of LN 02 and LN 03. The presence of dense defect
states can be confirmed from the intensities of A1(LO4) and E(TO1)
Raman peaks (data presented in Fig. 10). The defect states in
LiNbO3were prominent in the case of LN 01 and LN 03 whereas the
same were not pronounced in the case of LN 02 [43]. SA was
observed for LN 02 where Eg is lower compared to LN 01. Generally,
when Eg is low, the possibility of electrons to jump from valence
band to low lying defect states exists. This results in absorption
saturation of defect states and subsequently in SA behavior. This
might be because of the presence of adequate density of defect
states. Such behavior has not been reported previously in
ferroelectric thin films [45].

Another probable reason for the observation of RSA and SA can
be explained based on movement of polaronic states in LiNbO3. The
indirect band gap of LN 03 is �3.3 eV where the contribution to
 for LN01, LN02 and LN03.
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nonlinearity arises from the presence of small polarons and
bipolarons. In general, the manifestations of small polarons affect
strongly the linear and nonlinear optical properties in LiNbO3

crystal [34]. Till now, three different small electron polarons and
one type of small hole polaron have explicitly been identified in
LiNbO3. These polarons show strong absorption bands near 1.0 eV

(Nb4þNb ), 1.6 eV (Nb4þLi ) and 2.5 eV (bothNb4þNb :Nb
4þ
Li and O�) [34].

These absorption bands are asymmetric in nature with typical half
widths of 1 eV. The presence of these bipolarons can be confirmed
from Tauc’s plot (Fig. 6) where asymmetric absorption peaks at
lower energies were present. Small polaron absorption is
proportional to the product of number density and their absorption
cross section. The values of nonlinear absorption coefficient (b) of
LN 01, LN 02 and LN 03 are summarized in Table 1. It is evident that
for LN 01 and LN 03 positive b was observed and in case of LN 02
saturable absorption was observed. The b value was slightly higher
in the case of LN 03 when compared to LN 01. To cross check the
obtained results, 3PA equation was fitted for OA data of LN 01 and
LN 03 as shown in Fig. 7. But, the 3PA curves did not fit well with
the experimental data confirming the presence of 2PA only.

Fig. 8 illustrates the CA Z-scan data of LN 01, LN 02 and LN 03
films. The intense valley followed by a peak was observed while
moving the sample through the focal point. This indicates the
positive sign associated with the nonlinear refraction accompanied
by nonlinear absorption.

TCA ¼ 1 � 4DfoðZ=ZoÞ
1 þ ðZ=ZOÞ2
h i

9 þ ðZ=ZOÞ2
h i ð5Þ

Dfo is the phase change of the laser beam due to nonlinear
refraction and is estimated by fitting the experimental data, Z is the
position of sample, Zo is the Rayleigh range.

n2ðcm2=WÞ ¼ jDfojl
2pI00Leff

ð6Þ
For excitation with fs laser pulses the contribution of electro-

striction, population redistribution effects and molecular reorien-
tation towards nonlinear refractive index can be ignored since
these effects have a larger response time greater than the order of
few hundreds of fs. Therefore, the large refractive nonlinearity of
LiNbO3 thin films recorded in the fs range should result from third
order polarization P(3) which includes electronic polarization Pe
and ferroelectric polarization Pf. The electronic polarization results
from the deformation of electron cloud. The ferroelectric
polarization is strongly coupled to strain and temperature.
Therefore, strain tuning of ferroelectric polarization in perovskites
(LiNbO3) further induces polarization reversal in LiNbO3 thin films.
Another important reason is the enhancement of strain in the film
which further increases the ferroelectric polarization. The ultra-
short laser pulses induce polarization reversal in lattice generating
ultrafast strain thereby enhancing ferroelectric polarization [46].
LN 01 and LN 02 possessed relatively less strain when compared to
LN 03 which has been confirmed from XRD (Fig. 2). The ultrashort
laser pulses allow the dipoles to reorient themselves more in the
case of LN 01 since it is polycrystalline and less in the case of LN 02
Table 1
Nonlinear optical parameters calculated for LiNbO3 thin films.

Sample b (cm/W) � 10�8 n2 (cm2/W) 

LN 01 125 1.7 � 10�9

LN 02 �217 2.9 � 10�9

LN 03 165 1.1 �10�10
and LN 03 which were oriented in the (110) and (300) directions,
respectively. Therefore, the contribution of polarization reversal
towards the nonlinear refractive index follows the trend of LN
02 > LN 01 > LN 03.

For calculating the real and imaginary parts of third-order
optical nonlinearity, [Rejxð3Þj andImjxð3Þj] values Eq. (7) and (b)
were used and the values of jxð3Þjwere extracted. NLO coefficients
such as real and imaginary parts of susceptibility, nonlinear
absorption coefficient and refractive index are summarized in the
Table 1. Third-order NLO coefficients of LiNbO3 for single crystal
and thin films reported in literature till date [47–50] are provided
in the Table 2. The NLO coefficients depend strongly on several
factors such as input laser pulse duration, fluence, wavelength,
repetition rate etc. and it not appropriate to directly compare the
obtained coefficients in this work with those obtained with
different input conditions or growth parameters. The conversion of
bulk to nano-dimensions will enhance the nonlinear coefficients
[51]. The data obtained from our NLO measurements are
reproducible with an estimated error of be �25% due to the very
thin nature of the sample, input laser fluctuations, estimation of
the peak intensities and fitting errors. We did not observe any
nonlinearity from the substrates and Al:ZnO as well (for the similar
input powers used).

Rejxð3ÞjðesuÞ ¼ 10�4eon2
oc

2

p
n2

m2

w

� �
ð7Þ

Imjxð3ÞjðesuÞ ¼ 10�2eon2
oc

2l
4p2 b

m
w

� �
ð8Þ

no- Refractive index of solvent, n2- Refractive index of material,
eo- Permittivity of free space, c � velocity of light

jxð3ÞjðesuÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jRejxð3Þjj½ �2 þ jImjxð3Þjj½ �2

q
ð9Þ

4. Conclusions

In conclusion LiNbO3 thin films were deposited using pulsed
laser deposition technique. Third order NLO properties of the films
were investigated using the Z-scan technique at a wavelength of
800 nm. Positive nonlinearity was observed for polycrystalline
LiNbO3 and (300) LiNbO3. Two-photon absorption was observed in
two samples while the third one depicted saturable absorption.
The polycrystalline LiNbO3 and (300) LiNbO3 exhibited 2PA and
that changed to SA in the case of (110) LiNbO3. The magnitude of
the nonlinear susceptibility for all the films was �10�11 e.s.u. which
is orders of magnitude higher than that of the single crystal Z-cut
LiNbO3. The high optical transparency and third order optical
nonlinearity show that LiNbO3 thin films are promising candidates
for nonlinear photonic devices. SA phenomenon can be used for
ultrafast optical modulation in the laser oscillators to generate
ultrashort laser pulses and 2PA is a typical characteristic required
for optical limiting devices (sensors) which is seldom reported in
LiNbO3 thin films. The obtained results on third order nonlinearity
Reǀx(3)ǀ (esu) Imǀx(3)ǀ
(esu)

ǀx(3)ǀ
(esu)

2.3 � 10�11 1.1 �10�11 2.5 �10�11

3.9 � 10�11 1.9 � 10�11 4.3 � 10�11

1.5 �10�12 1.4 �10�11 2.0 � 10�11



Table 2
Comparison of third order nonlinear optical parameters of LiNbO3 reported so far.

LiNbO3 form Wavelength/Pulse duration/Rep.
rate

Nonlinear
absorption
coefficient
(b)

Nonlinear refractive index
(n2)

Nonlinear susceptibility
(x(3))

References

LiNbO3 thin film from RF magnetron
sputtering

532 nm/–/10 Hz �7.2 �10�9

cm/kW
0.39 cm2/W 9.1 �10�7 e.s.u. [16]

Z-cut LiNbO3 crystal 514 nm/–/10 Hz – 0.67 � 10�7 cm2/W – [47]
Chemically reduced pure LiNbO3 crystals 644 &514 nm/–/– 0.45 �10�3

cm/kW
– – [24]

Pure LiNbO3 single crystal 1064 & 532 nm/55 ps/2 Hz 2.1 �10�10

cm/W
– – [48]

Periodically poled LiNbO3 770 nm/25 ps/10 Hz 6.0 � 10�12

cm/W
– – [49]

LiNbO3 single crystal 532 nm/25 ps/10 Hz 2.5 �10�10

cm/W
5.3 �10�15 cm2/W 7.45 �10�13 e.s.u. [50]

A. Tumuluri et al. / Materials Research Bulletin 94 (2017) 342–351 351
and their behavior are also of interest because of its cost-effective
applications in optical devices.
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