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STUDY OF THE DEFECTIVE STRUCTURE OF LITHIUM
NIOBATE CRYSTALS OF DIFFERENT COMPOSITIONS
AND THEIR INFLUENCE ON THE OPTICAL

AND ELECTRICAL PROPERTIES

N. V. Sidorov', N. A. Teplyakova'*,
and M. N. Palatnikov'

The work considers the influence of various types of equilibrium defects on photovoltaic and diffusion
fields and on the band gap of nominally pure and zinc-doped lithium niobate crystals. Concentrations of
OH groups and point defects in the Nby; cationic sublattice (the deepest electron traps) and the Li/Nb ratio
are calculated from the IR absorption spectra to estimate their contributions to proton conductivity. The IR
absorption spectra reveal a correlation between the concentration of Nby; defect and the intensity of bands
at ~3480 cm™.
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INTRODUCTION

Lithium niobate (LiNbO;) is a heterodesmic nonlinear optical variable-composition crystal with a complex range of
various types of defects (point and complex) possessing a number of unique physical properties. Constant interest to its study
is due to wide applications of LiNbOj; crystals in optical memory devices, electro-optical modulation and conversion,
generation of optical harmonics, etc. Of considerable interest are comparative studies of optical and electrical characteristics
of LiNbOj; crystals within the practically important temperature range (near 7,o,m) depending on the structure's composition
and defectiveness. There are many uncertainties regarding the nature of the conductivity of LiNbOj; crystals near T;oom [1-6].
The character and quantitative parameters of conductivity in variable composition phases, including the LiNbOj; crystal, are
largely determined by characteristics of point defects in the cationic sublattice and by the charge carriers localized on these
defects. It is therefore important to study the conductivity mechanisms in the structure of LiNbO; crystals of various
compositions and genesis, namely, nominally pure structures with different Li/Nb ratios and doped structures with different
degrees of defectiveness.

The electrical conductivity of LiNbOj; crystals was studied mainly at relatively high temperatures in the region of
predominant lithium ionic conductivity [1, 3, 7-11]. At near room temperature, the conductivity in LiNbO; crystals is of

mixed ion-electronic nature (proton, polaron, or impurity hopping). The mechanism of impurity hopping conductivity is
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typical of LiNbOj; crystals containing sufficient amounts of multiply charged photorefractive cations (e.g. iron); in this case,
conduction proceeds through Fe*'—Fe®" pairs [4]. The electrical conductivity of nominally pure crystals grown from charges

of special purity and the conductivity of LiNbOj; crystals doped with non-photorefractive cations of constant valence (Zn,
Mg, etc) are mainly due to the contribution of small polarons Nb%fir [5]. The pyroelectric properties and conductivity of

nominally pure LiNbO; samples with different Li/Nb ratios were studied at 290-450 K in [6]. It was shown that electronic
contribution to the electrical conductivity decreases markedly in these crystals as their composition approaches the
stoichiometric ratio (Li/Nb=1) [6]. Strong anisotropy of electrical conductivity was reported in nearly stoichiometric
LiNbO; crystals. The authors of [6] explain this fact by the changes in the properties of charge carriers: the proton
contribution to electrical conductivity increases as the composition becomes more stoichiometric.

Supposedly, the nature of conductivity in the LiNbOj; crystal is determined, among other factors, by point defects of
the cation sublattice and by complex defects due to the localization of hydrogen bonds in the crystal. The niobium ion at
lithium ion positions (Nby; defect) is the kind of point defect that leads to the formation of many other types of more complex
defects in the LiNbOj; crystal. The number of such defects in the structure of a nominally pure crystal is determined by its
stoichiometry, and the perfectly stoichiometric crystal (Li/Nb=1) should contain no Nby; defects. Consequently, the
probability that hydrogen atoms in the LiNbOj; crystal lattice are localized inside complex defects containing the Nby; point
defect decreases [12], in some contradiction with conclusions of [6].

The number of Nby; defects in the congruent LiNbO; crystal (Li/Nb = 0.946) is ~1 mol.%. The Nby; defects have

an effective charge of 4+ with respect to the lattice. The charge is compensated by other point defects, in particular, vacancies

in lithium positions (¥};) [13]. The Nby; defects are deep electron traps which form small polarons (Nbi}“) and bipolarons

(Nbi:r—Nbii*) as a result of electron trapping [14]. In the temperature range from 7}y, and slightly above, the mechanism of
polaron conductivity prevails [5]. Decreasing the crystal temperature to that of liquid nitrogen leads to the “freezing” of small
polarons; as a result, the motion of Heitler—London bipolarons over vacant sites (complex defects (Nb?j—Nbfj)) becomes

the main mechanism of electrical conductivity in the LiNbO; crystal [15]. Real stoichiometric crystals with small numbers of
Nby; defects and, consequently, small polaron contribution to the conductivity have shallow electron traps (“sticking levels”
near the bottom of the conduction band) whose formation mechanism is still unclear [16].

The ionic component of conductivity is due to lithium ions (Li") and protons (H"). Hydrogen enters the LiNbO;
crystal structure in an uncontrolled manner during the growth and post-growth processing and can occur in the crystal in the
bound state (hydrogen bonding with oxygen) or in the form of interstitial protons H". The amount of bound hydrogen
depends on the composition of the LiNbO; crystal and on the method of its preparation and falls within a range of 10"'-
10" cm™ [12]. Assumingly, the concentration of interstitial protons H' increases together with the concentration of bound
hydrogen in the crystal and with the degree of the crystal's imperfection. The Li" ionic conductivity occurs below 450 K with
an activation energy of ~1.15-1.35 eV [7]. The Raman spectra (which provide important indirect data on conductivity)
recorded for LiNbO; crystals of various compositions at 100-450 K showed that the widths of bands corresponding to Li"
vibrations do not exhibit exponential behavior, which is characteristic of thermal activation mechanisms (jumps or
reorientations of structural units between equilibrium positions); therefore, it was concluded that Li" cations do not contribute
notably to the crystal's ionic conductivity at Tyoom [17]. Also, it was mentioned in [2] that oxygen vacancies (V) can possibly
participate in the conduction with an activation energy of ~ 1.3 eV.

In the present work, the IR absorption spectra in the region of OH™ stretchings are used to conduct comparative
studies of hydrogen content and its relation to point defects in LiNbO; crystals of various compositions. The study aims at
establishing the type of charge carriers responsible for the conductivity near Ty,om depending on the composition of the
LiNbO; crystal and the imperfection degree of its structure. Nominally pure nearly stoichiometric crystals (crystal
LiNbOsgoich (6.0 wt.% K,0)) and congruent crystals (LiNbOscong) as well as doped LiNbOs:Zn crystals with a ZnO molar
content of 0.04, 0.07, 1.19, 1.40, 2.01, 4.46, 4.54, 4.68, 6.50 were considered. The studied lithium niobate crystals differ as

far as the number and type of point defects in the form of deep and shallow electron traps, deformation degree
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(“perturbation”), doping addition of oxygen octahedra Og4 (determining their polarizability), ordering of structural units of the
cationic sublattice along the polar axis, and, consequently, the band structure and electro-optical properties of the crystal.
Since diffusion and the photovoltaic effect are the main factors of charge transfer in the undoped LiNbO; crystal, we

estimated quantitatively photovoltaic and diffusion fields as well as band gaps for all studied crystals.
EXPERIMENTAL

Crystals LiNbOscong, LiNDbO3:Zn (0.04-6.50 mol.% ZnO) were prepared from a congruent melt using a standard
technique [18]. The lithium niobate charge of congruent composition (48.6 mol.% Li,O) was prepared in the Tananaev
Institute of Chemistry and Technology by the method of granulation synthesis [19]. The dopant concentration in the crystals
was determined by the electron microprobe analysis. The nearly stoichiometric LiNbOsgien crystal (6.0 wt.% K,0) was
prepared using high temperature top speed solution growth (HTTSSG) [12, 18-20] from a congruent melt with an addition of
6 wt.% potassium oxide flux. The technological regimes of growing nominally pure and doped lithium niobate crystals are
described in more detail in [20].

The grown crystals were monodomainized by high-temperature electrodiffusion annealing in a LANTAN
installation. The degree of monodomainization was estimated by analysing the static piezoelectric effect [21, 22].

The IR absorption spectra were registered on a Bruker IFS 66 v/s spectrometer. The band gap was determined by
recording the transmission spectra of the crystals on an MDR-41 monochromator. Photo-induced light scattering (PILS) in
the crystals was registered on a setup described in [23] using a MLL-100 Nd:YAG laser (A =532 nm, p ~ 6.3 W/cm?) was
used. The kinetic dependencies of the photorefractive effect and photoelectric fields (photovoltaic and diffusion) were studied
by the interference-polarization method on a setup described in [24] using a Spectra Physics 2018-RM laser (A = 514.5 nm,
P =282 mW). The photovoltaic and diffusion fields were calculated according to the equations proposed in [25]. The
refractive indices of extraordinary and ordinary beams were determined from empirical equations reported in [26].

RESULTS AND DISCUSSION

Exposing the photorefractive LiNbOj; crystal to laser irradiation causes photoinduced light scattering by static and
fluctuating defects with a modified laser-induced refractive index [27, 28]. Fig. 1 shows the PILS images of studied LiNbO;
crystals of various compositions. The Table 1 lists calculated values of PILS opening angles, photovoltaic Epy and diffusion
Ep fields, and band gaps of LiNbO; crystals of various compositions. It is known that photovoltaics is the main
photorefractive mechanism in the crystal LiNbO; [13, 29, 30]. In this case, the magnitude of the electro-optical effect
determines the PILS opening angle (6, deg) [27, 28], while the indicatrix opening velocity and angle 0 affect the speed of
photorefractive data record and the speed of optical shutter in lithium niobate crystals [28, 31].

On the other hand, the properties of crystal LiINbO; can be brought closer to those of semiconductors by decreasing
the band gap as a result of doping and creating new energy levels, which allows developing novel ferroelectric materials with
cross-effects.

As can be seen from the Table 1, the strongest photovoltaic fields are observed in crystals LiNbOs3¢ong, LiNbO3:Zn
(0.07 mol.%, 4.46 mol.%, 4.54 mol.%, 6.50 mol.% ZnO) where no PILS occurs at the utilized laser power (Fig. 1). Note that
crystals LiNbOsgicn (6.0 wt.% K,0) and LiNbO;:Zn (0.04 mol.%, 1.19 mol.%, 1.40 mol.%, 2.01 mol.% ZnO) exhibiting
PILS indicatrix opening (Fig. 1) have stronger diffusion fields and smaller band gaps (see the Table 1).

In nominally pure crystals LiNbOscne and in LiNbOj; crystals doped with non-photorefractive impurities (in
particular, LiNbOs:Zn crystals), the Nby; defects are deep electronic traps [13, 29] ensuring polaron conductivity [15].

According to the model of Nbﬁr defect compensation by Li vacancies (V|;) [13], the concentration of Nbﬁr point defects in

the structure of nominally pure LiNbOj; crystals can be calculated according to the following equations [32]:
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Fig. 1. PILS images of crystals LiNbOscong (1), LiNDOjgoicn (6.0 wt.% K,0) (2), LiNbOs:Zn (0.04) (3),
LiNbO;:Zn (0.07) (4), LINbO;:Zn (1.19) (5); LiNbOs:Zn (1.40) (6); LiNbO;:Zn (2.01) (7); LiNbO3:Zn (4.46)
(8); LiNbO5:Zn (4.54) (9); LiNbO5:Zn (6.50 mol.% ZnO) (10); A = 532 nm, p ~ 6.3 W/cm®.

TABLE 1. Photovoltaic PILS Parameters, Band Gaps, Li/Nb Ratios, Concentrations of OH Groups (C(OH")), Numbers
of Point Defects Nby; and Vy; in Lithium Niobate Crystals at T,oom

Crystal E,eV | E,, kV/iem | Ep, kV/em | 0, deg | Vii, mol.% | Nby;, mol.% | Li/Nb [ C(OH), cm™

LiNbOs4icn (6.0 wt.% K,0) | 3.379 |  6.855 2.508 46 0.60 0.15 0.991 | 4.03-10'
LiNbOj3cong" 3.780 |  6.232 0.81 - 3.64 0.91 0.946 | 8.15-10'°
LiNbO;:Zn (0.04) 3.685 4.82 1.256 18 3.24 0.81 0.952 | 1.52-10"
LiNbO;:Zn"' (0.07) 3.659|  6.075 0.65 - 4.88 1.22 0.928 | 1.55-10"
LiNbO;:Zn (1.19) 3.609 4.73 2313 23 2.68 0.67 0.960 | 1.65-10"
LiNbO;:Zn (1.40) 3.626 | 8.203 1.159 16.5 2.16 0.54 0.968 | 1.44-10"
LiNbO;3:Zn (2.01) 3.632| 4.783 1.384 20 2.16 0.54 0.968 | 1.58-10"
LiNbO;:Zn"' (4.46) 4001 | 6.551 0.491 - 3.60 0 0.928 | 2.66-10'°
LiNbOs:Zn"! (4.54) 3.953| 6.823 0.22 - 2.40 0 0.952 | 2.66-10'°
LiNbO5:Zn"" (6.50 mol.%) |3.950 | 7.721 0.48 - 1.35 0 0.973 | 4.00-10'

I 'No indicatrix opening occurs in these crystals at p ~ 6.3 W/em®.
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4—4(Li/Nb
C(VLi): loo(ﬁj (1)
C(Nb;;)=C(V;)/ 4. 2

The concentration of point defects in the structure of heavily doped LiNbO;:Zn crystals (4.46-6.50 mol.% ZnO) was
calculated by equations proposed in [32] for magnesium doped crystals at concentrations above the threshold value
(5.5 mol.% MgO):

C(¥,;) =100 : 3)

1—4(Li/Nb)
=5
C(Nby;)=0. 4
The Li/Nb ratio was determined from IR absorption spectra using procedure proposed in [32]. The calculated Li/Nb

ratios and numbers of Nby; and V/|; defects are summarized in the Table 1. The highest concentration of Nb; defects is

observed in crystals LiNbOscong and LiNbO3:Zn (0.07 mol.% ZnO), which is the closest one to the congruent composition,
while the lowest concentration is observed in the LiNbOjgicn, crystal (6.0 wt.% K,0). The structure of heavily doped crystals
LiNbO;:Zn (4.46-6.50 mol.% ZnO) contains no point defects Nby; [29]. The obtained data indicate that polaron contribution
to conductivity is significant in the lithium niobate crystal of congruent composition and in LiNbOs:Zn crystals (0.04-
2.01 mol.% ZnO) with a relatively low dopant content. As the content of zinc increases, the concentration of Nby; defects in
the structure of crystals LiNbO;:Zn decreases, while the photoelectric fields and PILS opening angles depend ambiguously
on zinc concentration (see the Table 1).

The number of Nby; defects can be estimated also from the IR absorption spectra in the region of hydrogen bond
stretchings (3420-3550 cm ™). Fig. 2 shows the IR absorption spectra in the studied LiNbO; crystals of various compositions.
The band at 3465 cm ' is considered to be characteristic of the structure of a highly perfect stoichiometric lithium niobate
crystal where hydrogen atoms occupy only one position [12, 33]. The band at 3480 cm™' is characteristic of the lithium
niobate crystal of congruent composition and is assigned to hydrogen bond stretchings in the V' ;—OH complex [34]. The
authors of [35, 36] proposed a method to calculate the Li/Nb ratio from the intensity ratio /) = l3480/[3465. This intensity ratio
of bands at 3480 cm™' and 3465 cm ™' decreases almost linearly with increasing Li/Nb value [35, 36]. Since the structure of
crystal LiNbOsong differs from that of crystal LiNbOsgich by the presence of Nby; defects, we plotted the intensity of the band

at 3480 cm™' as a function of the calculated number of Nbii+ defects (Fig. 3). Fig. 3 shows that the concentration behavior of

the band intensity at 3480 cm ™' correlates well with the calculated number of Nby; defects independently on the crystal
composition, with the exception of LiNbO;:Zn crystals (4.46-6.50 mol.% ZnQO). The authors of method [32] (utilized in the

present work to calculate the Nby; defects) assume that the structure of heavily doped crystals contains no point defects Nbi?-

However, the analysis of Fig. 3 shows that the intensity of the band at 3480 cm™' in crystals LiNbO;:Zn (4.46-6.50 mol.%
ZnO) is not zero. Apparently, the structure of crystals LiNbOs:Zn (4.46-6.50 mol.% ZnO) contains Nby; defects. This
assumption is confirmed by the results reported in [37]: according to the full-profile XRD data, the structure of heavily doped
crystals LiNbO5:Zn (4.76-5.19 mol.% ZnO) contains Nbii+ defects.

The content of hydrogen atoms in the structure of the crystals was determined using the IR absorption spectra in the
region of hydrogen bond stretchings. As hydrogen bonding is formed, the wave functions describing the electron orbitals of
oxygen ions and their electron polarizability values are changed significantly while the NbOg octahedra, determining optical
and electrical properties of LiNbO; crystal, are distorted [38, 39]. The Table 1 lists the concentrations of OH™ groups
calculated from the IR absorption spectrum according to the method proposed in [40] for the studied LiNbO; crystals.

As can be seen from the Table 1, the lowest number of OH™ groups is observed in the LiNbOsgich crystal (6.0 wt.%
K,0) and in heavily doped crystals LiNbO3:Zn (4.46-6.50 mol.% ZnO). It can be assumed that decreasing the number of

bound OH™ groups increases the number of interstitial protons in heavily doped LiNbOj;:Zn crystals, thus possibly enhancing
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Fig. 2. IR absorption spectra in the region hydrogen bond
stretchings in crystals LiNbOjgien (6.0 wt.% K,0) (1),
LiNbOseong (2), LINDbO3:Zn (0.04) (3); LiNbOs3:Zn (0.07)
(4); LiNbO;:Zn (1.19) (5); LiNbO;:Zn (1.40) (6);
LiNbO;:Zn (2.01) (7); LiNbO5:Zn (4.46) (8); LiNbO;:Zn
(4.54) (9); LiNbO;:Zn (6.50 mol.% ZnO) (10).
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Fig. 3. Intensity of the IR absorption band at 3480-3483 cm ™' in the
region of OH stretchings (/) and concentration of Nby; point defects
(2) as functions of the composition of LiNbOj; crystals: LiNbOjgyich,
LiNbOs¢ong, LINDO;:Zn (0.04-6.5 mol.% ZnO).

the proton conductivity and the rate of thermal fixation of holograms in these crystals compared to the LiNbOj;qy, crystal
[13, 29]. The electrical conductivity of nearly stoichiometric crystals LINbO;gicn (6.0 wt.% K,0) also exhibit sharply lower
electronic contribution and increased proton contribution [6]. At the same time, none of the studied lithium niobate crystals
showed strong correlation between the Li/Nb ratio and the content of OH™ groups in crystals (see the Table 1); therefore, no
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unambiguous conclusions can be drawn concerning direct relationship between proton conductivity and the Li/Nb value.
Apparently, proton conductivity is determined, in addition to they Li/Nb ratio, by the nature of O—H bonds in various types of
defective centers formed by hydrogen in the structure of crystals of lithium niobate of various compositions.

In strictly stoichiometric LiINbO; crystals, hydrogen atoms are more ordered, since hydrogen bonds are formed with
only one oxygen ion (the one located on the polar axis Z) of the NbOg octahedron [38]. Thus, the highly ordered structure of
the stoichiometric crystal contains only one position for the hydrogen atom and one IR absorption band in the frequency
range 3420-3550 cm™' [12, 38]. The presence of several positions of hydrogen atoms in the structure of nonstoichiometric
LiNbO; crystals is clearly manifested in the IR absorption spectrum in the region of hydrogen bond stretchings. The spectrum
of such crystals contains several bands corresponding to these positions. Crystal LiNbOsgpicn (6.0 wt.% K,0) also exhibits
several absorption bands, indicating that the structure of this crystal does not completely correspond to the structure of
a highly perfect strictly stoichiometric crystal. Nevertheless, Fig. 2 shows that the widths of all IR absorption bands the
LiNbOsgicn (6.0 wt.% K,0) crystal are much narrower than those in all other studied crystals, meaning that the structure of
this crystal has a higher degree of order of hydrogen atoms.

The hydrogen atoms in the structure of crystals LiNbOj., and LiNbO;:Zn can be localized in three different
positions within complex defects Me—OH and Me—OH-Me(7;) (Me is an impurity cation (Zn) or the main cation (Li, Nb))
[39]. The presence of such complex defects can affect positions of energy levels localized in the band gap and lead to the

formation of new levels.

CONCLUSIONS

Thus, heavily doped crystals LiNbO;:Zn (4.46-6.50 mol.% ZnO) exhibited increased band gaps and a noticeably
decreased concentrations of OH groups. The structure of heavily doped crystals LiNbO;:Zn (4.46-6.50 mol.% ZnO) clearly
show increase in the number of interstitial protons and, consequently, stronger proton conductivity. Weakly doped crystals
LiNbO3:Zn (0.04-2.01 mol.% ZnO) demonstrate no correlation between concentrations of OH™ groups, magnitudes of
photovoltaic fields, band gap values, PILS opening angles, and Li/Nb ratios. Therefore, the localization features of hydrogen
atoms in the structure of lithium niobate crystals of various compositions should be taken into account when estimating the
proton conductivity. In the nearly stoichiometric crystal LiNbO;gyich (6.0 wt.% K,0), hydrogen atoms form hydrogen bonds
mainly with one of the oxygen ions of the NbOg octahedron; as a result, these oxygen octahedra are strongly distorted, the
band gap diminishes, and the contribution to the proton conductivity increases. In the structure of LiNbO;:Zn crystals,
hydrogen atoms are part of complex defects Me—OH and Me—OH-Me(V1;) (Me is an impurity cation or the main cation) and
do not have such a noticeable effect on the distortion of NbOg octahedra, band gap decrease, and increase in the contribution
to proton conductivity as in nominally pure crystals LiNbOsgeicn (6.0 wt.% K,0). The calculated number of Nby; defects
correlates with the intensity of the IR absorption band at ~3480 cm™'. Obviously, this allows estimating comparative
concentrations of Nby; point defects in lithium niobate crystals of various compositions in the cases when calculating the

number of Nby; defects is complicated, e.g., for heavily doped crystals LiINbO3;:Me (Me = Zn, Mg, etc.).
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