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Abstract

Lithium niobate (LiNbO3 or LN) and lithium tantalate (LiTaOs or LT) crystals, which
have been widely applied in many fields such as electro-optics, birefringence,
nonlinear optics, photorefraction, piezoelectricity and other areas, are reviewed. The
studies of the properties and growth techniques are reviewed to give a brief idea for
the growth of LN and LT crystals with high quality. The anti-site defects of these
crystal materials have been accepted as one of the key factors constraining the
improvement of their properties. This review shows simulated calculation and
structure of anti-site defects in LN/LT crystals and their effect on the physical
properties and summarizes the recent progress in theory and technical processes,
including the improved applications. We revised two main methods for elimination of
anti-site defect: doping of metal ions and growth of stoichiometric crystals. Finally,
the prospects for future studies are outlined.

1. Introduction
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Lithium niobate (LiNbO3 or LN) and lithium tantalate (LiTaO; or LT) crystals
have been widely applied in many fields, based on their excellent properties in
electro-optics, birefringence, nonlinear optics, photorefraction, piezoelectricity and
other areas. During recent decades, the crystalline structure, growth, properties,
theoretical simulation'and applications have been intensively investigated, and
substantial progress related to LiNbO3/LiTaO3; materials has been reported.2 As is
well known, LiNbO; /LiTaO; crystals are usually grown by a Czochralski (CZ)
technique. Due to the crystalline properties of the Li;O-Nb,Os and Li,O-Ta;0Os melts,
congruent melts are reported to be between 48.38 mol% and 48.6 mol% of Li,O’.
Therefore, LiNbO3/LiTaO; crystals grown by the conventional CZ method are
non-stoichiometric materials, defined as congruent LiNbO; (CLN) and congruent
LiTaOs (CLT), respectively. Thus, the as-obtained single crystals possess intrinsic
defects due to the lack of Li in the lattices. In previous studies *, it was proposed that
the relatively excess Nb would partially occupy Li vacancies, termed “anti-site Nb
(Nby;)”. The influence of anti-site defects on the physical properties of CLN/CLT
crystals becomes more and more obvious with the increasing requirements of new
applications.” For example, the existence of anti-site defects would significantly
decrease the resistance threshold of LN/LT crystals, restricting their laser applications.
The existence of anti-site defects would influence the re-alignment of the domain
structures,® preventing the fabrication of periodically poled LN/LT wafers. Therefore,
the formation mechanism, influences on physical properties and elimination of
anti-site defects are the most significant research topics related to the study of the
growth and properties of LN/LT crystals. For decades, the formation mechanism has
been discussed focusing on the non-stoichiometry of the crystal. Therefore, one basic

principle for adjusting the stoichiometry to eliminate the anti-site defects has been
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well accepted: eliminating the Li-vacancy with more Li ions or doped ions.
Substantial theoretical and technical work has been performed based on this principle.
Therefore, it is worthwhile to review the formation and structure of anti-site defects in
LN/LT crystals and their effects on physical properties, summarizing the recent
advances in both theoretical study and technical processes. Based on the very similar
structure and properties of LN and LT crystals, some subjects related to the basic
structure and properties have been discussed using the LN crystal as an example. In
this review paper, we will give a brief summary of the research history and progress
regarding anti-site defects in LN/LT crystals in the following sections: in section 2, we
introduce the basic crystal structure and the principle of anti-site defects, and in
section 3, we summarize the effect of anti-site defects on the materials’ physical
properties. In section 4, elimination techniques are summarized, followed by a brief
description of the application of LN/LT crystals with a low concentration of anti-site
defects. Finally, in section 5, we offer our conclusions and suggestions for future

work.

2. Crystal structure and anti-site defects in LN/LT crystals

Because the LN and LT crystals possess similar crystal structure, and the anti-site
defects are also similar, we introduce the basic structures in this section with LN as an
example. Among all the ferroelectrics, the LN crystal has the highest Curie
temperature (approximately 1210 °C) and largest spontaneous polarization (almost
0.70 C/m* at ambient temperature)’. The LN structure belongs to the trigonal system
and can be abstracted as two very different unit cells: hexagonal or rhombohedral.
The rhombohedral one is the familiar choice for describing LN structure. As shown in

Fig. 1, the structure of LN can be considered as the “stacking” of oxygen octahedrons
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along the +c axis with Li and Nb ions filled in them. The octahedrons are coplanar
along the +c axis and connected along edges perpendicular to the +c axis. The
octahedral interstices are filled by Li ions or Nb ions or are vacant in the following
order: ...Nb, V (short for vacancy), Li, Nb, V, Li.. 3. For a convenient description, we
introduce the LN structure with a paraelectric phase (Fig. 1(a,b)), which is stable
above the Curie temperature. The Nb ions and Li ions are all centered between
oxygen layers, achieving charge-balance in the crystal unit. The space group of the
paraelectric phase of LN is #3c. As the temperature decreases from the Curie
temperature, for example, the cationic Li and Nb ions in the LN crystal would move
along the +c axis. Then, the whole LN crystal exhibits spontaneous polarization,
which can only occur along the ¢ axis. This state is familiar as the ferroelectric phase
of the LN crystal. The shift of ions also reduces the symmetry of the cell,” and the

space group changes to R3c (Fig. 1(c-1)).
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Fig. 1 Structure of LN in paraelectric (a,b) and ferroelectric phases (c-f) with the
relative positions of Li ions, Nb ions and oxygen planes.

As is well known, the LN crystal is a typical non-stoichiometric crystal. Its
congruent point is disputed and can range from 48.38 mol% to 48.60 mol% of the Li

content. The non-stoichiometry of the crystal can be explained based on crystal
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chemistry. During crystallization, the Li-O bond in the LN crystal is much weaker
than the Nb-O bond,'® and thus Li vacancies form easily in the unit cell. Therefore,
the non-stoichiometric crystal forms due to the lack of Li in the lattice. That is to say,
the congruent point of LN crystal is attributed to the intrinsic crystal chemical
properties. Therefore, many factors affect the congruent point of LN, including
impurities and atmosphere during the crystal growth. Moreover, it is reported that a
lack of oxygen in the raw material can influence the congruent point. When the Nb,Os
powder lacks oxygen, there should be more Nb in the LN melt than in the normal
congruent LN melt. Therefore, during single crystal growth, a crystal with a lower
Li/Nb ratio will be crystallized out of the melt, deviating from the congruent point
with a lower Li/Nb ratio.!" This phenomenon implies that the congruent point of the
LN material might be a macro behavior of the fundamental intrinsic defects. The Li,O
deficiency is crucial for anti-site defect formation. Several structure models have been
proposed to describe the anti-site structure, in the effort to advance the theoretical and
experimental analysis and seek a strategy to eliminate these intrinsic defects. Among
these models, the following three have been widely accepted by materials scientists,
solid-state chemists, and condense matter physicists in the research history.

(1) The earliest model of intrinsic defects in LN structure induced by
non-stoichiometric composition was the oxygen vacancy model, which was proposed
by Fay et al.'* Its basic viewpoint was that Li vacancies formed due to the lack of
Li,0 at the congruent point, while corresponding oxygen vacancies formed for charge
compensation. The constitutional formula can be illustrated as [LijoxVax] Nb [O34V«],
where the brackets represent the Li and vacancy and the O and vacancy, respectively.
This model predicts the crystal density to decrease with greater Li,O deficiency,

which is inconsistent with actual observations.'> Therefore, new models have been
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proposed to solve the problem.

(2) The second model to explain the non-stoichiometric composition in LN structure
is the niobium vacancy model, which was proposed by Peterson et al. '* This model
successfully explains the relationship between the density and Li content of the LN
crystal. In this model, no O vacancy is included, and Li vacancies are filled with

. . . . . 5+
excess niobium ions. Meantime, some Nb vacancies are generated at the former Nb

sites for charge compensation. The constitutional formula is [Lij.sxNbsx][Nb}4xVax]O;.

The Nb atoms at Li" sites are usually called “anti-site Nb”, which is the first proposed
anti-site defect (Nby;) in the LN structure. However, Smyth et al.’® discussed this Nb
vacancy model in theory and proposed the unreasonable point. According to this
model, in CLN ([Li]/[Nb]=0.942), there are 5.9 mol% anti-site Nb and 4.7 mol% Nb
vacancies. It is believed that such a high charged anti-site Nb concentration in the unit
cell is structurally unstable.

(3) The third is the lithium vacancy model, again in which no oxygen vacancies are
introduced either. Lerner et al. ' proposed that the charge compensation could be
achieved by an appropriate amount of Nb ions occupying the corresponding Li
vacancies. The proposed formula ([Li;.sxVaxNbx]NbOs3) also includes anti-site Nb.
There are no Nb vacancies included in this model, which is similar to the lack of Li
vacancies in the niobium vacancy model. However, the concentration of anti-site Nb
in the Li vacancy model is four times higher than in the Nb vacancy model.

In general, although the Li vacancy model is becoming increasingly popular, the
intrinsic defect description model remains debatable. For instance, Peterson and
Carnevale '* analyzed the Nb nuclear magnetic resonance (NMR) and found an
additional signal for niobium atoms occupying lithium sites. The intensity of this

signal was as high as approximately 6% of the main signal, which could support the
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high Nby; concentration in the Nb vacancy model. Abrahams and Marsh'® reported
that the fine x-ray analysis also indicated a high concentration of Nby;, which
supported the Nb vacancy model. However, the computational simulation of the
intrinsic defect structure by Donnerberg et al. indicated that the formation of the

1."8 calculated the soft

niobium vacancy was not favorable'”. Moreover, Safaryan et a
mode frequency and Curie temperature (using ion mass, charge, and the distances
between them) to analyze the defect structure of LN crystals with various
compositions. The Li vacancy model achieved the simulation values most consistent
with the measured values.

In addition, there is also another viewpoint on intrinsic defects in LN crystals.
Abdi et al."” proposed a new model to describe the intrinsic defects in LN structure,
which is based on the coexistence of both Li and Nb vacancies. According to this
model, intrinsic defects should include Li vacancies, Nb vacancies and anti-site Nb,
and the Nb vacancy and Li vacancy models are simply the two opposite ultimate
states of this model. Li et al.?® also supported this type of model by their
first-principle analysis within the Slater-Janak transition state model.

In general, the origin of the intrinsic defects in LN/LT crystals is their
non-stoichiometric composition. All the models can be attributed to one point, which
is the solution of the non-stoichiometric crystal structure with a stable charge
equilibrium.?' Thus, the strategy to eliminate the intrinsic defects should lean on the
realization of stoichiometry, not only by near-stoichiometric LN crystal growth but
also by doping to fill the Li vacancy and achieve charge equilibrium.

3. The effect of anti-site defects on the physical properties of LN
As is well known, the physical properties of crystals are influenced and even

determined by the crystal defects. As the main class of intrinsic defects of LN crystals,
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anti-defects in LN crystals are among the most important factors for the preparation of
LN-based devices. Therefore, the effect of anti-site defects on certain physical
properties of LN crystals is always a hot research topic, and some great advances have
been achieved. Summarizing the research results and the effect of anti-site defects on
some important physical properties can not only provide some principle suggestions
for crystal growth but also greatly aid in the design and manufacture of LN devices.
1) Dielectric property

The relationship between the electric flux density D and the electric field E is
linear, D = €E, where ¢ is the second-rank permittivity tensor. As the LN crystal is
symmetrical along the c axis, the permittivity is the same for any electric field
direction in the plane perpendicular to the ¢ axis. Thus, the permittivity tensor can be

represented by the matrix

e, 0 0
&, =10 ¢, 0
0 0 &5

Permittivity is often normalized in terms of the permittivity of vacuum (g;). The
dimensionless constant gj/ey is called the relative permittivity or the dielectric
constant.”> To measure the dielectric constant, the concepts of &' and € will be
involved, where &' means the crystal is unclamped, such that the stress is zero, and &
reflects a clamped crystal in which the strain is zero. The measured values are
different and decrease with increasing Li/Nb ratios.”> As discussed above, the Li/Nb
ratio plays a key role in the formation of anti-site defects. As the Li/Nb ratio
approaches 1, fewer anti-site defects will be formed in the crystal. The same variation
trend is shown in the measured diclectric constants, which indicates that the dielectric
property decreases with increasing anti-site defect concentration. Moreover, Abarkan

et al.** have reported that the dielectric coefficients of LiNbO3 show a relationship
8
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with the doping of Hf. It is reported that Hf ion doping decreases the concentration of
anti-site Nb, so the dielectric constant is smaller than for the pure CLN crystal.
However, when the Hf doping concentration approaches its threshold, Hf ions will
occupy the Nb°" site in the lattice, inducing more anti-site Nb, 2and the dielectric
constant becomes larger than with lower concentrations of Hf doping.

Xue and Kitamura® have performed a comprehensive study on the relationship
between dielectric properties and anti-site defect concentration in LN single crystals.
It is proposed that the anti-site Nb would induce four Li vacancies, which would then
induce a certain lattice relaxation. The geometric characteristics of the Nby; anti-sites
or the (NbLi4p)—O bonds are weak compared to Nb ions at the normal Nb>* sites, and
the geometric characteristics of the Li" site vacancies or the (Vi;)-O bonds are
different from the characteristics of Li ions at the normal Li" sites. Therefore, via the
theoretical calculation, the Li" sites in the crystallographic frame of LN are the
sensitive lattice sites at which dopants (or vacancies) can modify the dielectric
properties most effectively. As the Li/Nb ratio decreases, more anti-site Nb and Li
vacancies form, decreasing the dielectric constant of the LN crystal. Therefore, by
tuning the stoichiometry of LN, the dielectric property of the LN crystal can be tuned.
It also provides a further explanation of how the stoichiometry of the LN crystal
influences its dielectric constant. It is believed that the macro state of the
stoichiometry of the LN crystal influences the macro dielectric property via the

micro-structure defect.

2) Piezoelectric property
The piezoelectric property is an important characteristic of the LN crystal, on which

many of its applications are based. In general, the piezoelectric effect refers to the
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induced polarization of the crystal under applied stress. The relationship between
polarization and stress is linear, and the stress tensor is a second rank tensor, so the
piezoelectric tensor should be a third rank tensor, which can be described by a 3x6
matrix. In view of the group symmetry and Neumann's principle, there are only 4
independent coefficients, labeled d;s, d, ds;;, and ds;. Similarly, a piezoelectric
crystal also exhibits deformation (strain) under an applied electric field, which is
called the converse piezoelectric effect. Its tensor property is the same as the
piezoelectric effect.

A few articles have described the relationship between the anti-site defects in LN
crystals and the piezoelectric property. Franke et al.”” researched the complex elastic
properties of stoichiometric and congruent LN single crystals using an Impedance
Analyzer. The results revealed an apparent difference between SLN (stoichiometric
LN) and CLN. Finally, they proposed that the difference was caused by defect
migration induced by the exo-diffusion of Li ions. In other words, Li ions occupy the
Li" site in SLN instead of the anti-site Nb ions in CLN, resulting in different
piezoelectric properties. Ishizuki et al.?® used MgO-doped CLN crystal as QPM
(Quasi-phase matching) device. They found that MgO-doped CLN crystal has a lower
coercive field of 4.5 kV/mm than pure CLN crystal at 21 kV/mm. Mg ions will
occupy the Li" site in the CLN crystal lattice, and such doping ions will help eliminate
anti-site defects in LN crystals. Therefore, the anti-site defects would restrict the
polarization process by inducing a high conversion voltage.*’

3) Optical properties
As a non-linear optical crystal, the optical properties of LN single crystal have
been studied widely, including the electro-optic, photovoltaic, photorefractive and

refractive index properties.

10
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Fig. 2 (a) The refractive index variation in SLN and CLN crystals with various MgO
doping concentrations, Reproduced with permission. *' Copyright 2001 American
Institute of Physics, and (b) the transmittance and absorption of CLN, SLN and

MgOSLN. SLN-T and SLN-H stand for the head and tail of a SLN crystal,

respectively.

The refractive index is a key coefficient of single crystals, and the LN crystal is a
type of uniaxial crystal, whose photorefractive effect is more attractive.”® Furukawa
et al.’! studied the photorefractive effect of MgO-doped LN using green-induced
infrared absorption (GRIIRA). The photorefraction in both SLN and CLN crystals
decreased monotonically with increasing MgO concentration (Fig. 2(a)). SLN crystals
with a high Li/Nb ratio showed a faster decrease of photorefraction than congruent
crystals. Finally, the photorefraction vanishes with MgO doping to the threshold. The
significant decrease in GRIIRA over the threshold concentration can be attributed to
the complete elimination of intrinsic defects via the incorporation of Mg at Li" sites.
Therefore, it can be concluded that the anti-site defects influence the refractive index
of LN crystals. In addition, when LN crystals are doped with Bi*", the crystals would

introduce new photorefractive centers, hence improving the photorefractive

property.32
11
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Moreover, the adsorption spectra of the LN crystal change with the Li/Nb ratio and
MgO doping. Yao et al. compared the transmittance and absorption of CLN, SLN and
MgO doped SLN crystals.*® Fig. 3(b) shows that SLN and MgOSLN crystals have
blue-shift absorption edges compared to the CLN crystal. The blue shift can be
attributed to the polarizability of O* in the crystal, and a lower polarizability results in
a blue shift of the adsorption edge. The adjacent cation plays an important role in
adjusting the polarizability of O*. Therefore, when the Li concentration in the LN
crystal increases, the adjacent cation changes from Nb to Li, resulting in lower O*
polarizability. Thus, the absorption edge shows a blue shift with increasing Li/Nb
ratio.”*

Xu et al. * have grown a Pr, Ce co-doped SLN crystal for holography
applications. They found that compared to Pr, Ce co-doped CLN crystals, the
co-doped SLN crystal has a shorter holographic response time. The diffraction
efficiency and the photorefractive sensitivity also show a large improvement. These
improved properties are all attributed to the sharp decrease in intrinsic defects in the
co-doped SLN crystal.

4) Thermal properties

The thermal properties of the LN crystal mainly include specific heat, thermal
expansion, thermal diffusion and thermal conductivity. These thermal properties not
only determine the growth habit of the crystal but also help guide the thermal field
design during the crystal growth.*

Many scientists have measured the thermal properties of the LN crystal. CLN and
SLN crystals have similar specific heat capacities, slightly larger for the SLN crystal.
The heat capacities of CLN and SLN crystals, as measured by Zhdanova et al.,>’ are

0.648 J-g" K" and 0.651 J-g"-K', respectively. The similar specific heat suggests

12
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that specific heat is not greatly influenced by the atomic defects in the crystal.

Thermal expansion obeys a similar rule but is a type of symmetric second-order
tensor. Yao et al.”® reported that CLN, SLN and MgOSLN also have similar
expansion coefficients along the same direction.

Thermal diffusion is also a second-order tensor. This thermal property is affected
by mostly temperature. Not only LN crystals doped with different ions but also the
different directions have similar diffusion coefficients, especially in high-temperature
regions.

In general, thermal conductivity is the most important thermal property for a
single crystal. A higher thermal conductivity is beneficial for the thermal dissipation
of LN crystals, which is significant in laser experiments and applications. As shown
in Fig. 3, the SLN crystal has the highest thermal conductivity, and the CLN crystal
has the lowest. Thermal propagation is the integral effect of phonon transfer. For LN
crystals, the anti-site and vacancy defects will significantly influence the phonon
transfer by inducing more scattering sites. Therefore, the lower the concentration of

atomic defects, the higher thermal conductivity the crystal will possess.
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Fig. 3 Thermal conductivity of CLN, SLN and MgOSLN crystals along a- and c-axis.
4. Elimination of anti-site defects and applications

As anti-site defects strongly influence the physical properties of LN/LT crystals,
the elimination of anti-site defects is an important issue for the application of these
crystals. The main strategies involve doping with metal ions and growing
stoichiometric crystals, all based on the reduction of ion vacancies at Li" sites.

In general, pure congruent LN/LT crystals are a type of large matrix with
anti-site defects, hence with relatively poor physical properties. Upon doping with
various metal ions, the crystals form different defect structures, resulting in different
properties, and can thus be used in various additional fields.” Dopant concentration,
ionic radii, valence states and others are among the influencing factors. The effects of
these factors on the elimination of anti-site defects have been studied. Kling et al.*
suggested that dopants with a lower normal valence state than Nb”" ions occupy Li"
sites; otherwise, they substitute for Nb>™ ions. On the other hand, Rebouta et al.!!
paid more attention to the size effect of dopants, or specifically to bond length. They
proposed that all dopants with a dopant-O bond longer than the mean length of the
Nb-O bond would occupy Li" sites. In addition, the doped ions would exhibit a shift
from the regular Li" sites if the bond is longer than the Li-O bond. Dopants with a
bond length less than or equal to the mean length of the Nb-O bond can occupy Li" or
Nb”" sites. Of course, dopant concentration is also a key factor. It is believed that the
dopant would occupy Li" or Nb”" sites at a low doping concentration but replace both
Li" and Nb" at a high doping concentration. Doping with such a high concentration
not only changes the structure of the crystal lattice but also greatly affects the
properties. Palatnikov et al. ** have observed the anomalous dielectric and

piezoelectric properties of heavily doped LiNbO;:Zn crystals, showing that doping

14
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concentration is a key factor in the properties and applications of metal-doped crystals.
Luo et al.** have studied many of the properties of In, Fe, Cu co-doped CLN crystals
at various In’" concentrations. In*" ions tend to occupy anti-site Nb and Li vacancies
below the threshold concentration. The results of typical two-wave coupling
experiments show that the response time shortens, the recording sensitivity improves,
and the light-induced scattering decreases with increasing In*" ion concentration,
while the diffraction efficiency and the gain coefficient also decrease. Thus, they
found an appropriate In*" concentration (2 mol%) to balance these effects.

As discussed by Xue et al.,** the valence of the dopant can induce priority
substitution. For instant, a dopant with +2 valence occupies Li" sites, while ions with
valence greater than or equal to +5 replace Nb”". However, dopants with +3 or +4
valence do not show clear priority substitution. Based on the analysis, the dopant
occupancy was proposed to be determined mostly by a parameter d;, which can be

regarded as a pseudopotential that forces the structure to distort:

d, =

VJ - Z Sii
J

where V;stands for the normal valence state of atom i, and s;; stands for the
bond valence between atom i and j. Thus, d; can be interpreted as the degree deviation
of the bond valence from the normal state. If the coordination octahedron around the
atom i is too large, the average bond length cannot satisfy the bond valence sum rule.
Therefore, the sum of the bond valences of the atom i increases as its bond lengths
decrease, and vice versa. By calculating the d; values of various dopant at the Li" and
Nb*" sites, denoted as d and d;"", respectively, the dopant would occupy Li" sites if

dH<d™®, otherwise Nb>' sites. However, the existence of anti-site Nb should be
considered. As d"<dn,-'=1.783 v.u., the dopant prefers to occupy Li" sites regardless

15



CrystEngComm

of the relative values of di" and d;™".

Many works have involved doping LN/LT crystals with various elements to
improve the crystal quality.” As reviewed by Kong et al. *°, among LN:Hf, LN:Zr,
LN:Sn; LN:Hf Fe, LN:Zr,Fe, LN:Zr,Fe,Mn, LN:Zr,Cu,Ce, LN:Ru, LN:V and LN:Mo
crystals, LN:Zr,Fe,Mn shows excellent nonvolatile holographic storage properties,
and LN:V and LN:Mo have fast response speeds and multi-wavelength storage
characteristics. LN:Mo crystals are also used to prepare unusual p-type crystals.*’
Moreover, the photorefractive properties and photovoltaic effect ** can be improved
by adjusting the ratio of Fe*"/Fe’” in the LN:Fe crystal. In addition, Pracka et al.*’
reported that the occupation of Cu®" ions in LN crystals depends on the doping
process. By a thermal diffusive process, Cu®" takes priority in occupying Li' sites,
whereas Nb™" sites seem to be occupied by Cu®" ions during the crystal growth. In the
research of Dai et al.*’, doping of Mg”" into Yb*", Ho’" co-doped LN crystals not only
improved optical damage resistance but also increased the optical homogeneity, which
improved with increasing Mg®* doping concentration.

While the doping process can eliminate the intrinsic defects, however, it induces
other defects called “extrinsic defects”. Different dopants exhibit different defect
structures, and studies on each type of dopant have been performed. Here, we take
Mg-doped crystal as an example to show a general idea. Mg-doped CLN/CLT crystal
is a common material with > excellent resistance to optical damage, but its defect
structure is still an unsolved question. It is reported that the dopants are able to
substitute for anti-site Nb/Ta, Li" and Nb’*/Ta’" at normal sites. Generally, Mg”"
would occupy Li" sites. Polgar et al.>* suggested that low-concentration doped Mg
first occupies the Li' vacancies and restricts the formation of anti-site Nb.

153

Furthermore, Tyi et al.>® thought that Mg®" would replace two Li* ions at normal sites
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and form a Li" vacancy after substituting all the anti-site Nb. Further doping with
Mg*" could result in the substitution of Nb>* at normal sites. However, Liu et al.>*
noted that occupying the normal Li" site and substituting for anti-site Nb occur
simultaneously. Mouras et al.”> proposed a theory, based on a Raman spectroscopy
study, that two Mg concentration ranges can be derived from this investigation. The
Mg ions substitute for anti-site Nb and Li vacancies at Mg contents lower than 4 mol%
and substitute for both Li and Nb ions at their own sites at Mg contents higher than 4
mol%. The highest doping concentration to eliminate anti-site defects rather than
inducing extrinsic defects is called the doping threshold. In practice, 5 mol% MgO
doping can achieve the best quality single crystal and is the most acceptable MgO
doping threshold for CLN crystals.

Researchers have confirmed the importance of the doping process to improve
the crystal quality. However, the traditional solid-state reaction method cannot achieve
homogenous doping during crystal growth. A homogenous doping technology is very
important for obtaining high-quality single crystals. The wet-chemical method is a
useful approach among the various methods for homogeneous ion doping.56 In this
method, MgO and Li,COs are all dissolved into citric acid solution, and Nb or Ta can
also be dissolved by a series of chemical reactions to form a type of coordination
complex. Thus, all the metal ions are dissolved into the liquid phase, achieving a
homogeneous mixture. The homogeneous mixing of different ions can be retained via
a spray drying process, followed by a heat treatment at 900-1100 °C.”” Fig. 4(a,b)
show the microstructure of the MgO-doped LN precursor and the calcined polycrystal
powder. The precursors are spherical particles approximately 5-10 pm in diameter,
transformed into 200-300 nm after calcining. Fig. 4(c,d) show the high quality of the

as-grown MgO:CLN crystal. The MgO-doped LN is well grown, and the interference
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rings are perfect. In every part of the crystal, the black cross is symmetrical, which

indicates that the crystal is of high optical homogeneity.

Fig. 4 (a) Scanning electron microscope (SEM) images of the MgO-doped LN
precursor and (b) MgO-doped LN powder at 800 °C. Optical image (c) and optical
conoscopic interference image (d) of the Mg:LN crystal grown from Mg:LLN powder
synthesized by the wet chemical-spray drying method. Reproduced with permission.”

Copyright 2012, Royal Society of Chemistry.

Moreover, we studied the importance of the homogenous doping of MgO in LT
crystals.”® MgO-doped CLT/SLT polycrystalline powders were synthesized via the
wet route method (labeled as W-Mg:SLT720) and solid-state reaction method (labeled
as S-Mg:SLT1200 and S-Mg:CLT1200), respectively, where SLT is stoichiometric LT.
The MgO doping by the solid method is not uniform. There are MgO particles

retained in the LT polycrystalline powders, as shown by the SEM and the TEM
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(transmission electron microscope) images combined with the Mg and Ta element
mapping (Fig. 5(a-d)). The anti-site Ta were analyzed via the XPS spectra of three
different samples. As shown in Fig. 5(e-g), there is no anti-site Ta in the Mg:SLT
sample obtained via the wet-chemical spray-drying method. For the Mg:CLT/SLT
samples obtained via the solid-state reaction method, there are two sets of doublets
corresponding to Ta>" and Ta4+Li. The anti-site Ta (Ta4+Li) contents for the Mg:SLT and
Mg:CLT are 4.9% and 9.8%, respectively. This result indicates that the homogeneous
doping of Mg in LT polycrystals can eliminate the formation of anti-site Ta defects,
and the proposed wet-chemical spray-drying method can achieve homogeneous
doping. Moreover, the anti-site Ta defect concentration of SLT polycrystals is lower
than in CLT polycrystals, which is consistent with the effect of stoichiometry on the

formation of anti-site defects.

—+
=

S-Mg: SLT1200 (g) S-Mg: CLT1200

(e)

Intensity
Intensity
Intensity

32 30 28 26 2 32 30 28 26 24 32 30 28 26 2
Binding energy(eV) Binding energy(eV) Binding energy(eV)

Fig. 5 SEM image of S-Mg:SLT1200 (a), TEM image of S-Mg:SLT1200 (b), Mg
element mapping (c) and Ta element mapping (d). The measured Tasr XPS spectra for
the three samples and the decomposition spectra for W-Mg:SLT720 (e),
S-Mg:SLT1200 (f) and S-Mg:CLT1200 (g). Reproduced with permission.58 Copyright

2015 International Union of Crystallography.
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Very recently, by combining the wet-chemical route and the solid-state route, we
have proposed a modified method to increase the mass production of homogeneous
MgO-doped LN/LT crystalline powders. The principle of this so-called partial-wet
process is to mix the Mg®" with other raw materials by ball-milling, then fix the
homogeneous dispersion via a spray-drying process followed by a proper heat
treatment. In this method,59 the doping ions and one of the raw materials, Li,COs3, are
dissolved into the citric acid, which consists only of C, H and O. However, another
raw material, Nb,Os, remains in particle form and mixes uniformly with the Li ions
and doped metal ions by forming a turbid liquid. This partial wet method provides a
new concept for crystal powder synthesis and can realize the mass-production of
homogeneously Mg-doped LN/LT polycrystalline powders. Moreover, these methods

are all universal and can be used broadly in other element doping processes.

As discussed previously, stoichiometric LN/LT single crystal growth is also an
efficient route to avoid the formation of high-concentration intrinsic defects. Fig. 6
shows the general process of crystal growth by the CZ method. Thus, there are two
steps that can be involved in realizing stoichiometric LN/LT crystal synthesis. The
first is SLN/SLT crystal growth. The stoichiometric LN/LT crystals are always grown
in melts with a high Li/Nb ratio (approximately 58.5 : 41.5) because lithium tends to
volatilize in the melts. The double-crucible method and hanging crucible method with
continuous charging system are proposed to achieve a stable Li/Nb ratio during the
SLN/SLT single crystal growth.

The second is modifying the CLN/CLT crystals into SLN/SLT crystals. The vapor
transport equilibration (VTE) technique® is the most accepted method. Briefly, the

congruent crystal wafer is heated in the presence of a Li,O-rich mixture of powders at
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a temperature near the melting point. As a result, Li ions diffuse into the wafer, and
the Li/Nb ratio in the wafer increases. With a long diffusion time, an almost
stoichiometric composition can be obtained. The flux method involves growing the
crystal using a K,O flux. In this technique, the melt composition of Li:Nb is

approximately 1:1, and K,O is added at more than 6 weight percent (6 wt%) as a flux.
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Fig. 6 Schematic diagram of the crystal growth by the CZ method.

SLN crystals and doped CLN or SLN crystals have been widely used because of
their excellent properties. ®'The anti-defects in the crystal have been restrained by
modifying the Li/Nb ratio or doping with metal ions. The elimination of anti-defects
will improve the crystal’s physical properties. In addition, the doped metal ions have
their own characteristics, which will also modify the whole crystal’s properties.

As a nonlinear optical crystal, lithium niobate has been widely applied in the
optical field,*> such as in the Q-switch, optical parametric oscillator (OPO), and
second-harmonic generation (SHG). Examples include the following:

(1) Simple guided optical elements®
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Fig. 7 Integrated waveguide optical polarizer (a). Reproduced with permission.63(a)

Copyright 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; A schematic of
the channel waveguide produced by implanting an O ion in a LN crystal (the m
plantation region is shown by the gray rectangular area) (b). Reproduced with
permission.*® Copyright 2010 Elsevier B.V.

As shown in Fig. 7(a), the basic device works by coupling away the TE polarized
light propagating in a Ti waveguide by means of coupling to PE (proton exchange)
lateral regions, in an X-cut sample with Y propagation. The TM polarization does not
couple to those guides and remains localized in the channel Ti waveguide. Moreover,
through structure design, other types of optical splitters can be fabricated. The design
is of a cascade Y-branch waveguide structure that distributes the input power equally
among four output waveguides (Fig. 7(b)).

(2) Nonlinear optical devices

The SHG properties of LN/LT crystals have been widely studied. Here, with a
high-quality LN/LT crystal, periodically poled LN/LT (PPLN/PPLT) crystals have
been achieved. This type of PPLN or PPLT crystal possesses periodically poled
rasters and ferroelectric domains arranged alternately on the crystals.®* PPLN or
PPLT can be used as SHG devices for visible light generation. This type of LN or LT
is usually grown by the vapor transport equilibration (VTE) method, which produces
different ferroelectric properties from growth by the CZ method. Rostislav et al.®

reported the SHG performance of periodically poled vapor transport equilibrated SLN
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crystals. A 10 W Nd:YAG laser at 1064 nm was used as a pump, and 1.3 W of green
light was generated inside the 1.5 cm long crystal. Similarly, Hum et al.%® used a 2
inch SLT crystal grown by the VTE method and generated 10 W of cw (Continuous
Wave) 532 nm radiation by SHG with a 2 inch SLT crystal wafer.

Nd- or Yb-doped crystals are mostly of interest for their laser properties. Wang et
al. obtained a three-wavelength green laser using the intracavity frequency conversion
of Nd:Mg:LiTaO; with a MgO:PPLN crystal.®” Samples with periods of 7.55 um (S1),
7.22 pm (S2) and 7.55 & 7.38 & 7.22 um (S3) were used for the SHG study. Light at
546, 542 and 538 nm was obtained by end pumping with an 808-nm laser diode. The
power was 62 mW. The speckle contrast ratio for the three-wavelength laser was only
3.36%, which was only a quarter of the value of the conventional 532-nm laser. PPLN
or periodically poled lithium niobate has excellent application prospects. Fig. 8(a)
shows a sketch of the laser experimental set, and Fig. 8(b-d) show the laser output
spectra of three samples, labeled S1, S2 and S3. With different periods, the samples

produced different laser wavelengths.

538 nm
(c) 546 nm (d)
£ =
E g 542 nm
£ 2 546 nm
— - /
500 520 540 560 580 600 500 520 540 560 580 600
wavelength/nm wavelength/nm
~(e) (f)
z 120 E—
i 546
| 1| o EIO{) —=82
Ml 80 { ——S3
Nd:MgLiTaO; M2 2 542 pm H s
/ | s3am 2
) ] < 40
L =
& 2
=
(=) 0
- SELN 500 520 540 560 580 600 | 2 3 4 5
wavelength/nm Absorbed power/W

Fig. 8 Periodic structure of S3 (a), experimental setup of the LD-pumped
Nd:Mg:LiTaO3/MgO:PPLN green laser (b), laser spectra for S1 (c), S2 (d), S3 (e),
and the output power of the three samples (f). Reproduced with permission.®’
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Copyright Springer-Verlag Berlin Heidelberg 2014.

Moreover, Wang et al.® studied a self-frequency-doubling (SFD) green laser
with a Nd:Mg:LiNbOs single crystal. The LN crystal is co-doped with Nd and Mg,
combining a laser medium and a high-efficiency second harmonic conversion crystal
into a single system. The SFD effect was realized via the PPLN crystal with a 7.41
pm poling period fabricated using an electric-field poling process. The laser output
power is linear with respect to the pump power (Fig. 9(a)). The maximum green laser
output power is 80 mW under 12.4 W of pump power (Fig. 9(b)), which is the best

performance reported in the literature.
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Fig. 9 (a) Output power versus pump power of PPNdMgLN crystal; (b) typical

laser spectrum of SFD green laser. Reproduced with permission.®® Copyright 2015

Optical Society of America

5. Summary and perspective

There is increasing work related to the formation and elimination of anti-site
defects, implying the importance of this topic to the growth of high-quality single
LN/LT crystals. The application of these crystals requires high quality with low
intrinsic defect concentrations. Therefore, we summarize the recent advances related
to the fundamental studies of anti-site defects and methods elimination, along with the
recent applications using these crystals at low defect concentrations. Briefly, the
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formation of these intrinsic defects in LN/LT crystals is induced by the
non-stoichiometric composition during single crystal growth, resulting in a shortage
of Li in the lattices. The relatively excess Nb partly occupies Li vacancies, forming
anti-site Nb defects. In addition, there should be complex occupation to reduce the
concentration of Li vacancies, which has been described by several proposed intrinsic
defect models, such as the oxygen vacancy model, the niobium vacancy model, and
the lithium vacancy model.

Based on the original formation of anti-site defects, the key point in eliminating
these intrinsic defects is reducing the Li vacancy concentration. Elemental doping and
stoichiometric crystal growth are the most accepted routes to reduce the Li vacancy
concentration. The doped or stoichiometric LN/LT crystals possess improved
electro-optic, birefringence, nonlinear optic, photorefraction, and piezoelectricity
properties, compared with the crystals grown by conventional technique. Meanwhile,
ion doping and stoichiometric crystal growth make the crystal growth more difficult.
In this situation, the homogeneity of chemical composition, crystal structure, and
physical properties of the doped crystals and SLN or SLT should be paid more
attention. For instant, the relationship between local crystal structure or chemical
composition and electric domain structure in micro-scale should be clarified, which
can provide basic guide for PPLN fabrication. In addition, the influence of applied
electric field or light on the crystal structure or size of unit cell should be in situ
studied in micro-scale, which is important to understand the behaviour of laser in
crystal, and to develop new applications in laser related fields. Moreover, because
most of the modern applications of LN/LT crystals require crystals with high quality
and large size to match the requirement of microfabrication process, the large-size

crystals, especially large-size stoichiometric LN/LT crystals, are urgently demand.
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Therefore, more reliable simulation method software and more fine controllable
growth technique are required to get rid of problems about the inhomogeneity of the
as-grown crystals. A technique for growth of large-size crystal with strict
stoichiometry will be highly demanded, which is still a great challenge.
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Defects in

LiNbO5; and
Elimination

Kang et al. summarized the mechanism of formation of anti-site defect in
LiNbO3/LiTaO3 crystals and the measures for growth of anti-site defect free
LiNbOs/LiTaOs3 crystals to give the readers an overview in this field.



