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Abstract. o-LilO3 is an excellent optical material exhibiting strong nonlinear optical, piezoelectric and elasto-optic
properties. However, its practical applications are limited by the insufficient reproducibility of the mentioned properties
caused by the strong influence of the growth conditions, and, in particular, pH of the solution from which a-LilO3 crystal
is grown. Herein, we investigate to grow bulk size good quality crystals of a-LilO3 based on the observed problems during
its crystallization process. A systematic investigation was carried out to find the effect of pH on solubility, crystal growth,
structural, surface and laser damage properties of a-LilO3 single crystals. The structure and phase of LilO3 were confirmed
by powder X-ray diffractometer analysis. The functional groups of the compound were identified using Fourier transform
infrared spectroscopy. Surface defects of the grown crystals were studied by etch patterns. The crystal grown at pH 10
showed 10% optical transmission enhancement in comparison to the crystals grown at pH 2. The indirect optical bandgap of
the crystal was reinvestigated using ultraviolet—Visible—near-infrared transmittance spectrum. The laser damage threshold
studies of the crystals grown at pH 10 reveal the higher optical radiation stability against 532 nm laser. The second-order
nonlinear optical behaviour of a-LilO3 crystals grown at different pH conditions have been investigated by using Kurtz and

Perry powder technique with Nd: YAG laser pulses at the wavelength of 1064 nm.
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1. Introduction

For the past five decades, the application of optical mate-
rials is intensively devoted to laser communications, laser
display, optical storage, bio-photonics, integrated circuits,
image processing, marking and precision micro-fabrications,
etc. Lithium iodate (LilO3) is one such excellent optical
material exhibiting strong nonlinear optical, piezoelectric and
elasto-optic effects, presented by its a-phase polymorph [1-
3]. The a-, Y- and B-polymorphs of LilO; exist in the solid
state belonging to P63 (hexagonal), Pna2, (orthorhombic) and
P4,/n (tetragonal) space groups, respectively [4]. a-LilO3 is
a negative uniaxial crystal and the high nonlinear coefficients
of d3; at 1.06 yum = 4.1 pm V™! is greater than that of KTP
[3], which make it very useful optoelectronic and quantum
electronic devices [3,6]. Since the iodine atoms (I°*) of a-
LilOj3 is more strongly bound to three of its six oxygen ions
in the octahedron, this led to 52% density of oxygen atoms
in the hexagonal packing of a-LilOj3 [7]. This arrangement of
molecules in the crystal attributed to polar C3 symmetry, and
it determines the nonlinear properties of the compound [8].
Its wide transparency range from 300 nm to 5 pm is very inter-
esting for applications in the infrared range [3]. In addition,
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some new applications in the fields of Raman laser, optical
data storage have been reported [9—12] and permanent optical
waveguides produced by proton implantation in a-LilO3 crys-
tals were studied [13]. By considering the significant techno-
logical application of the material, the growth of a-LilO3 has
been performed by many authors. The influences of pH on the
morphology and growth rate of the crystals were investigated
in space [14—16]. The fundamental possibility of increasing
the crystal growth rate several times with the conservation of
crystal quality was demonstrated [17]. The conditions for the
growth of hexagonal and a tetragonal form of LilO3 using the
evaporation method were reported [18-20]. As the LilOs is
quite sensitive to the pH value of mother solution, the influ-
ences of pH on electrical properties of a-LilOj3 are studied
[21-23]. Though many articles devoted to this problem were
published for last 40 years, it is still far from resolved. The flat
solubility, pH and temperature of the mother liquor, the for-
mation of two stable phases (a, f) during crystallization, the
hygroscopicity of the crystal, etc. are creating a problem in the
crystal growth of a-LilO3. The consequence of such problems
is irreproducibility. Also, the influence of pH on structural,
surface and laser damage properties of LilO3 crystal has not
been reported. In this context, the present study explains the
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effect of pH on crystal growth, structural, surface and linear
and nonlinear optical properties of LilO3. Several contradict-
ing reports on indirect optical bandgap value of a-LilO3 (vary-
ing from 1.7 to 4.4eV [3,24-26]) suggest reinvestigation.

2. Experimental

2.1 Materials and solubility

Lithium carbonate (SRL Chemicals, >99%) and iodic acid
(Lobo, >99%) were used for synthesis. The required quantity
of lithium carbonate and iodic acid was estimated from the
following reaction

Liz(:()3'+'2I{I()3 — 21JI()3 + I{Q() 4‘(:()2

This synthesized solution was heated and kept for evaporation
to dry and salt was collected. The purity of the synthesized
salt was increased by successive recrystallization process
and solution was prepared using the deionized water. pH
of the mother solution was 2 and it was further increased
by the addition of lithium hydroxide. The solubility of the
LilO; was estimated at pH 2 and pH 10 from 10 to 65°C
in the aqueous solvent. The solubility diagram of the LilO;
is shown in figure la. It shows that at pH 10, the solubil-
ity is low compared to pH 2 and small negative temperature
coefficient of solubility was found. It is comparable with the
solubility of LilO; measured at pH~8.5 and it is found to
be 80-80.4 g per 100 ml of water in the temperature range of
20-70°C [20].

2.2 Crystal growth

Initially, the crystals were grown by the slow evapora-
tion solution technique (SEST). For the growth of crystals,
the recrystallized materials were collected and dissolved in
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aqueous solution and then the saturated solution was filtered
and kept in the water bath at 60°C. Once the crystallization
condition occurs, the higher solute contents in the saturated
solution and flat solubility behaviour of the LilO; leads to
spurious nucleation. The formation of spurious crystals in the
growth vessel is shown in figure 1b and c. During the initial
runs of a-LilO; crystal growth at pH 2, 4, 5, 6 and 10, we
have observed that the crystals grown at pH 10 have higher
growth rate than the crystals grown at lower pH conditions
and the crystals grown at above the pH 5 have been harvested
with good optical quality. This observation matches with the
reported results by Chen er al [16] that among the a-LilO3
crystals grown at range of pH from 2.1 to 10.23, the crystals
grown at pH 10.23 had relatively higher growth rate. Sim-
ilarly, Avdienko et al [27] reported that the crystals grown
at pH 5 have better optical quality than the crystals grown
at lower pH. Hence, we choose synthesized salt of LilO3 at
pH 10 in comparison to the synthesized salt at pH 2 for the
further studies. a-LilOj crystals grown at pH 10 have higher
growth rate compared to the crystals grown at pH 2. More-
over, the crystals grown at pH 2 lose transparency and become
milky once the crystals are taken out from the mother solu-
tion. The a-LilOj single crystals grown at pH 2 and 10 by
SEST method are shown in figure 2a. The morphology of
the crystal as shown in figure 2c was deduced from WinX-
morph software. a-LilOj crystals grown at pH 10 have higher
growth rate compared to the crystals grown at pH 2. In addi-
tion, at pH 10, the crystals grown along [001] direction have
higher growth rate than the crystals grown along [00I]. Since
a-LilOj is a polar crystal, [001] direction possesses a positive
charge, and the opposite [00I] direction possesses negative
charge, the dissolution is always more in positive direction
than the negative direction when the pH of mother solution
is greater than 2.40 [16]. Hence the hydrogen ions play an
important role in changing the chemical bonding situations
of a-LilO3.

Figure 1. (a) Solubility of LilO3 in aqueous solvent, (b) spurious crystals at the bottom of the growth vessel and (c¢) the harvested

spurious crystals.
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Figure 2. o-LilO3 crystals grown by (a) SEST, (b) platform growth techniques and (¢) mor-

phology of the crystal.

Since a-LilO3 single crystals grown at pH 10 have visi-
bly better quality, the efforts have been taken to grow bulk
size a-LilOj crystals by point-seeded platform growth tech-
nique. In order to grow the large crystal from the point seed,
a good quality seed crystal grown at pH 10 from SEST is
chosen to mount in the centre of crystallizer assembly. A
homemade acrylic-based seed rotation assembly was used for
this purpose. Crystal was mounted in the centre of crystallizer
assembly which was attached with controller to rotate in the
clockwise direction at a speed of 45 rpm. The uniform rotation
of the seed is required so as not to produce stagnant regions or
recirculating flows, otherwise inclusions in the crystals will be
formed due to inhomogeneous supersaturation in the solution.
The rate of temperature raise was maintained at 0.02°C h~!.
This very low temperature rise is due to LilO3 being more
soluble (72 g per 100 ml of water at 60°C) than other crystals,
thus, more LilO3 can precipitate at a relatively small degree
of supersaturation, and this effect gives spurious nucleation at
the bottom of the solution and reduces the growth rate. Also,
the dissolution of LilOj; is trickier because of its very higher
solubility. Thus, the growth of LilO3 is more difficult than
that of other materials, and LilO3; may more easily develop
inclusions due to its flat solubility behaviour. In the experi-
ment, we strictly controlled the supersaturation of the solution
and finally obtained good quality transparent crystals of size
40 x 10 x 10 mm? in the span of 25 days. The average growth
rate of the crystal was 1.5mm per day. The grown crystals

are shown in figure 2b, and reveal no visible macroscopic
defects.

2.3 Instrumentation

The powder X-ray diffractometer (XRD) spectrum of the salt
synthesized at pH 2 and 10 was recorded in the scanning step
time of 10degs™! over a 26 range of 10 to 80° by using a
Philips XPert Pro X-Ray diffractometer with Cu K« radia-
tion of wavelength 1.5418 A. The Fourier transform infrared
(FTIR) analysis is important to understand the various func-
tional groups in the structure of a compound. The spectrum
was recorded using ALPHA FTIR spectroscopy in the wave-
length range 500-4000cm~! by KBr pellet technique. The
as-grown crystals are immediately examined after etching,
and its microstructures were analysed by using OLYMPUS
U-TV0.5XC-3 optical microscope in the reflection mode. The
optical transmittance was recorded from ultraviolet (UV) to
near-infrared (NIR) in the wavelength range of 200-1100nm
using Perkin Elmer UV-Vis—NIR spectrophotometer at room
temperature. The surface polished LilO; samples of 2-mm
thickness without any coating were used for optical measure-
ments. A Q-switched Nd: YAG laser delivering ns pulses of a
wavelength at 532 nm (7 ns, 10 Hz) was used for laser damage
studies (LDT). (010) face of LilO; samples identical in thick-
ness and surface finish (polishing) were kept 1 cm above focus
point of the laser for the measurements where the spot size is
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220 um, and the energy of the laser was measured using an
energy power meter (EPM 2000) attenuated using appropriate
neutral density filters. The nanosecond laser was focused on
to the target crystal by a plano-convex lens of 100 mm focal
length. The sample was kept 1cm above focus point of the
laser for the measurements. In order to measure SHG output,
the powdered samples of a-LilOj3 crystals grown at pH 2 and
10 were irradiated with a pulsed infrared beam (5ns, 10Hz)
produced by a Q-switched Nd:YAG laser at wavelength of
1064 nm and the energy of the laser pulse was around 1.6 mJ
per pulse. The monochromator was set at 532 nm to eliminate
fundamental frequency. When the laser hit on the sample, the
green emission was detected using an energy metre. The sig-
nals were captured with an Agilent infinium digital storage
oscilloscope interfaced to a computer.

3. Results and discussion

3.1 Structural analysis

Figure 3 shows powder XRD patterns of LilO3 salt synthe-
sized at pH 2 and 10. Powder XRD patterns of a-LilO3 are
observed for both pH; in addition to this, several peaks of -
LilO3 have also been observed for the salt synthesized at pH
2. It suggests that pH of the solution influences the structure
and phase of LilOs. It confirms the formation of two stable
phases of a-LilO3 and it is one of the major problems in
growing bulk a-LilOj3 crystals. Umezava and Tatuoka [20]
have reported that the solubility of B-LilO3 is 1-2% higher
than that of a-LilO3; when the pH of the solution is in between
8.3 and 8.7. The formation of B-LilOj crystals in addition to
a-LilOj crystals in the saturated solution of pH 2 is the reason
to have higher solubility of the LilOj3 salt synthesized at pH
2. The introduction of pH 10 in mother liquor of LilO; leads
to the growth of a-phase of LilOj crystals alone. Also, the
crystals grown at pH 10 have very sharp peaks with high inten-
sity; it is because of the perfect crystallization of the material.
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Figure 3. Powder X-ray diffraction pattern of LilO3 salt synthe-
sized at pH 2 and pH 10.
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Figure 4. FTIR spectrum of synthesised LilO3 and the crystals
grown at pH 2 and pH 10 of a-LilOs.

In order to confirm a- and B-phase of LilOs3, the spectrum was
indexed using JCPDS software and it is perfectly matching
with JCPDS card nos 88-1745 and 85-0507, respectively. The
a-phase of the synthesized salt belongs to hexagonal system,
space group is P6, and the lattice parameters are a = 5.462 A,
¢ =5.139 A, and the B-phase of the synthesized salt belongs
to tetragonal system, space group is P4,/m, and the lattice
parameters are a = 9.660 A, ¢ =6.210A.

The FTIR spectrum of a-LilO; crystals grown at pH 2, pH
10 and synthesized materials are shown in figure 4. The strong
peak occurring at 784 cm~! as shown in the figure is due to
I-O stretching vibration in the grown LilOj crystals [28].
Also, itis interesting to note that the absorption corresponding
to the I-O stretching bond at 784 cm™! is the strongest with
lowest FWHM for the crystal grown at pH 10. This signifies
that the crystal quality is better for the crystal grown in pH 10
in comparison to that grown in pH 2. For the synthesized LilO3
sample, two additional peaks observed at 3600 and 1600 cm ™!
indicate the presence of stretching vibration of O—H and the
CO%f group, respectively, characterizing the small content of
HIO; and Li,COs; in the synthesized material.

3.2 Morphological analysis

In utilizing single crystals for various applications, it is
essential to grow single crystals with less dislocation den-
sity. Etching a crystal for short duration yields etch figures
(frequently pits), dissolution layers on its surfaces and also
it clearly indicates the crystal imperfections and defects.
According to the Cabrera’s theory and Monte Carlo simu-
lation of crystal growth, etchants like water and methanol
could produce visible etched feature easily within a short time
[29,30]. In the present work, etching studies were carried out
using water as etchant on the (010) surface (prismatic face)
of a-LilO3 at room temperature. The crystal was dipped in
water etchant and the etched surface was smoothly wiped
with a dry tissue paper. Figure 5a, c and e represents the
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Figure 5. Surface etch pattern of as-grown a-LilO3 for the different etching time.

microscopic image before and after etching of the as-grown
crystal at pH 2, whereas figure 5b, d and f represents the
microscopic image before and after etching of the as-grown
crystal at pH 10. The micrograph of a-LilO3 crystal grown at
pH 2 shows that the surface of the whole crystal appears rough
with isolated islands and minute crystallites; it may be due to
moisture absorption on the crystal surface. It was observed
that the morphology of the etch pits strongly depends on
the nature of etchants and structure of the compound. The
hexagon pits parallel to the [001] directions are observed
for the different etching time. These pits are nucleated at the
sites of the emergence of dislocations intersecting cleavage
surface. Etch pits of similar size are obtained along [001]
direction of the crystals grown at pH 2 and 10 after etch-
ing for 5s, and are shown in figure 5¢ and d. An increase in
etch time (10s) resulted in deeper and bigger etch-pits with-
out changing its shape, as shown in figure 5Se and f, which

proves that these etch pits are imprints of dislocations. This
gradual formation of etch pits occurred due to the pits cor-
responding to dislocations and those of structural defects. It
was observed the pits on the (001) face of a-LilOj3 single
crystals grown on a pyramidal seed that along with rhom-
bic etch pits, others in the form of hexagon etch pit [31].
However, in the present study, the pits with a symmetrical
shape should result from the internal structural symmetries
of the crystal. The calculated etch pit density (EPD) for
the 5s of etching time of the crystals grown at pH 2 and
10 are 4.34 x 10° and 3.43 x 10° cm™2, respectively. The
difference between the EPD can be attributed to the differ-
ence in growth condition, which influences the crystalline
perfection. The decrease in EPD is associated with more sys-
tematic packing of the atoms during growth, which indicates
that the crystals grown at pH 10 in the present study are of
good quality.
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Figure 6. UV-Vis—NIR transmittance spectrum and correspond-
ing Tauc plot of a-LilO3.

3.3 Optical characteristics

Good transparency of the crystal is an essential require-
ment for many optical applications. The optical transmittance
spectra of the crystals grown at pH 2 and 10 of LilOs
were recorded at room temperature, in which characteristic
absorption edge of a-LilOj3 crystal occurred at 284nm as
shown in figure 6. It is observed that both the crystals have
wide transparency in the region between 315 and 1100 nm.
The figure clearly shows that the grown crystals at pH 2 have
70% transmittance, and the grown crystals at pH 10 have
a transmittance of 80% in the visible region. Substantially,
10% higher transmission was observed for the crystals grown
at pH 10 compared with the crystals grown at pH 2. The
more systematic arrangement of atoms in the crystals grown
at pH 10 as evidenced by the etch patterns is attributed to
the absence of interstitial and vacancy sites, and it is leading
to less absorption and enhanced optical transmittance of the
crystal. There are contradicting reports regarding the bandgap
(1.7to4.4eV [3,24-26]) of this material. Since the magnitude
of the bandgap of solid determines the frequency or wave-
length of the light, which will be adsorbed, such a value is
very useful for the optoelectronic applications. Hence in the
present study, the bandgap of the LilO3 was determined from
the measured transmittance spectrum based on its optically
induced transition. As the absorption coefficient is dependent
on photon energy, the measured transmittance (7') was used
to calculate the absorption coefficient («), and it was anal-
ysed in the absorption regions so as to obtain the detailed
information about the band structure and type of transition of
the compound. The following equation was used to calculate
absorption coefficient (o),

2.303 x log (1/T)
o= ,
t

where T is the transmittance and ¢ the thickness of the sample.
The similar absorption coefficient was observed in different
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Table 1. Surface laser damage threshold values of a-LilO3
crystals grown at pH 2 and pH 10.

Laser

pH value energy (mJ) Period (s) Observation
2 12 20 No damage

15 15 Small spot

20 5-6 Big spot with crack
10 12, 15 20 No damage

20 20 Small spot

25 8-9 Big spot with crack

parts of the grown crystal. As LilO; is an indirect bandgap
material, the optical bandgap (E,) has been estimated from the
optical absorption coefficient () near the absorption edge for
the indirect transition using the following Tauc relation [32]

(@hv)'? = A (Eg — hv),

where A is a constant, E, the optical bandgap, & the Planck’s
constant and v the frequency of incident photons. The optical
bandgap was evaluated by plotting (¢kv)!'/? vs. hv as shown
in the inset of figure 6. The resulting plot has a distinct linear
regime, which denotes the onset of absorption. Thus, extrap-
olating this linear region of absorption edge (ahv)'/? straight
line in the photon energy axis yields the energy of the optical
bandgap of the crystal. From the figure, the optical bandgap
value of a-LilOj3 single crystal is obtained to be 4.21eV. Our
results are in close agreement with the result reported by Kang
et al [24].

Investigation of crystal stability against intense
nanosecond/picosecond laser pulses is one of the most impor-
tant prerequisites for applications in optoelectronic devices.
Since the tiny scratches or a little contamination on the sur-
face of the sample can substantially lower the surface damage
threshold, the LilO3 crystal sample was well polished using
alumina powder and ethylene glycol to avoid defects, impu-
rities and imperfections on the surface. (010) face of a-LilO;
crystals grown at pH 2 and 10 were used to measure the laser
damage measurements. The detailed LDT profile of the grown
a-LilO;3 crystals is given in table 1. It was observed that the
crystals grown at pH 2 could withstand up to~12mJ and no
damage was noticed even after 20 s of exposure. For the same
experimental setup, the crystals grown at pH 10 could with-
stand up to~15mJ without any damages. Care was taken to
select a fresh region after each shot to avoid cumulative effects
resulting from multiple exposures. When the energy of the
laser was increased beyond 20mlJ, a small spot appeared on
the surface of the crystals grown at pH 10. It is observed that
the crystal grown at pH 2 has lower laser stability than the
crystal grown at pH 10. Rough and few isolated islands on
the surface of the crystal grown at pH 2 may be the reason to
have lower laser stability. Nishida et al [33] observed simi-
lar result for KDP samples, in which the organic impurities
seemed to play the main role in causing bulk laser damage to
the compound.
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In order to measure SHG output of a-LilOj; relative to KDP,
Kurtz and Perry powder technique was used. The conversion
efficiency is measured in terms of peak-to-peak voltage and
compared with KDP as a reference. The SHG intensities of
LilO5 grown at pH 2, 10 and KDP are 0.52, 0.56 and 0.06 mV,
respectively. Hence about 10 times higher SHG signal of
a-LilO3 in comparison to KDP proves it to be a potential
candidate for frequency doubling applications. The higher
SHG signal of a-LilO3 is because of the alignment of the
polarizations of the iodate groups in the b-axis, whereas the
contributions of the Li-O octahedra are expected to be very
small since their distortions are very small [34]. This value
is comparable with the measured value of non-linear opti-
cal coefficient using Maker fringes technique with respect to
KDP: whereas d3; (LilO3)/dss (KDP) is 12 [35].

4. Conclusions

The two stable phases of LilO3 at room temperature and flat
soluble nature are the two major problems in growing a-LilO3
crystals. Influence of pH on the solubility of a-LilO3 was stud-
ied, and the single crystals were grown from water solvent at
pH 2 and 10 by solution growth technique. The reason for the
higher solubility of the crystals grown at pH 2 is because of
the formation of B-phase in addition to a-phase of LilO3. The
introduction of alkaline pH (pH 10) in mother liquor of LilO;
leads to the growth of a-phase of LilOj crystals alone. The
surface dislocations of grown a-LilOj crystals with respect to
pH have been examined by etch patterns. The optical transmit-
tance, surface micrograph pattern and laser damage threshold
studies of a-LilO; reveals that the crystals grown at pH 10
have better quality. It implies that hydrogen ion played a major
role in growth rate and crystal quality of the LilOs crystals.
The recorded UV-Vis—NIR absorbance spectrum was used to
reinvestigate the indirect optical bandgap value of a-LilO3
and it was found to be 4.21 eV. The second harmonic conver-
sion efficiency of a-LilOj; crystals grown at pH 10 is estimated
by Kurtz and Perry powder technique and is comparable with
the measured values by Maker fringe technique. We believe
that this present investigation has great implications for the
development of bulk size a-LilOj3 crystals for still more effi-
cient optoelectronic applications.
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