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1. Introduction

Lithium niobate (LN) single crystal has been found to be an excellent material for various
optical applications and is under study during last 30 years because of its attractive set of non-linear
optical, electro-optical, piezoelectrical, acoustical and photorefractive properties. This crystal is
widely used for optical waveguides and photorefractive devices as well as self-frequency doubled and
self Q-switched solid state lasers. Nevertheless, recently done two discoveries, that is: i) the growth
of stoichiometric LN crystals, and ii) the preparation of bulk periodic poled LN (PPLN) crystals have
essentially improved the perspectives of this material.

2. Stoichiometric LN

Commercially available LN crystals are grown from a melt of congruent composition with
molar fraction of Li;O in the range of 48.6-48.35 % [1-4] by the conventional Czochralski technique,
and generally have good optical quality and uniformity. Serious disadvantages of congruent LN
crystals are the presence of high amount of intrinsic (nonstoichiometric) defects i.e. Nb anti-site
defects occupying Li-ion sites and cation vacancies, as well as phenomena called “optical damage”. It
is obvious that structures and densities of the mentioned intrinsic defects substantially influence the
optical properties including photorefraction. This is the reason that the strong interrelation between
the subsystems of intrinsic and extrinsic defects as well as relationship between the defects and
properties are significant subjects to be studied and are the most important features of LN crystals.
Only a complex study of both defect subsystems and properties can lead to the improvement of this
material for already existing or possible new applications.

Several attempts have been done to grow LN crystals of stoichiometric composition free of
intrinsic defects. Among the techniques for the preparation of LN crystals with stoichiometric
composition should be noted the method of vapor transport equilibration (VTE) which is a post-
growth method, with annealing a congruent crystal in a Li-rich atmosphere [5,6]. By this method LN
crystals close to stoichiometric composition have been obtained. Nevertheless, due to very slow ion
transport in LN crystals this procedure is rather long and is thus limited to thin samples. Rather large
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and uniform crystals have been grown by the double crucible Czochralski method [7,8]. But they
seem to be not stoichiometric [9]. The most promising method of growing stoichiometric LN crystals
is that of growth from the potassium-containing melts, firstly reported in [10,11]. In growing the first
crystals by this method, a final correction electric current was passed through the crystal-melt system.
The method of passing an electric current through the crystal melt system during the LN crystal
growth process in order to control its composition and physical properties was reported in [12]. The
LN crystals grown by the above mentioned method are free from intrinsic defects and practically free
of potassium. The first characterization of the stoichiometry of these crystals by EPR, NMR, Raman
spectroscopy [13,14], birefringence [15], precise measurements of lattice parameters [1] and shift of
the fundamental absorption edge [16] have been reported in [10,11,17]. The latest characterizations
were published in [9,18-20].

Table 1 shows the above mentioned data and compares the results for congruent and
stoichiometric crystals.

Table 1. Physical characteristics of stoichiometric LN crystals grown from the potassium-
containing melts as well as of congruent LN.

Parameter Congruent LN Stoichiometric LN | References
Lattice constants a(A), c(A) 5.1497(3) 5.1469(3) [1n
13.8656(13) 13.8594(14)
Wavelength of fundamental 320 (@=15 cm™) 305 (a=15 cm™) [11]
absorption edge (cm™) 319.1 (@=20 cm™) 303.2 (@=20 cm™) [9]
320,8 (@=15 cm™) 304 (e=15cm™) [19,20]
Raman linewidths (cm™)
- for phonon 153 cm™ 9.5 6.0 [11]
- for phonon 876 cm’! 237 18.0 [11]

Optical birefringence ne-n,
for optical wavelengths

A= 404 nm -0.108 -0.126 [11]
A= 633 nm -0.085 -0.096 [11]
A=1176 nm -0.075 -0.09 [11]
Phase matching angle (deg) 87 66.5 [19,20]
for SGH at room
temperature for A=1064 nm
90° phase matching 4 243 [19,20]

temperature (° C) for SHG

A detailed analysis of the peculiarities of the growth processes of LN crystals from potassium
containing melts and compositional relationship between crystal and melt have been done in
[9,17-20]. On the base of data of LN crystal composition determinated by means of measurements of
refractive indexs, lattice constants, fundamental absorption edge as well as second harmonic
generation phase-matching angle (Fig. 1, [19,20]), phase-matching temperature, fundamental
absorption edge, compositional relationship curves between LN crystal and melt during the growth
from potassium containing congruent melts have been presented in [18] and [19,20] (Fig. 2 and Fig. 3
respectively). In the last figure a new presentation, first time reported on ICCG-12, of the melt
composition, that is as (Li;O+K,0) mol fraction was used. The data were drawn on the well known
compositional relationship graph [21,22] for LN crystals replacing the meaning of the abscissa
“mol% Li20 in the melt” by “mol% (Li2O + K20) in the melt”. The reason for this presentation in
the opinion of the authors was the practically identical dependence of the grown crystals composition
on the molar fraction of Li,O and (Li,O + K;0O) in the melt. The potassium in LN melt provides the
same chemical medium as lithium does and the melt practically doesn’t “sense” the change of Li,O to
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K,0. The suggestion of the authors was that for growing LN crystals from the potassium-containing
melts the pseudo-binary Li;O-Nb,Q;s phase diagram can be used as a base, with only a change to the
meaning of the abscissa. It should be noted that the compositional relationship data of [9,18] could
also be drawn on above mentioned graph with the same success.

Due to high average of intrinsic defects, congruent crystals have very complicated local
distribution of crystalline field. As a result unavoidable loss of information about the defect centers
appears because of difficulties of analyzing their complex and rich spectra. In spite of this, because of
the absence of intrinsic defects and ideal crystalline structure in stoichiometric LN, crystal impurity
and defect centers are presented without “masks” and, as a result, high resolution and sensitivity of
all kinds of spectra of impurity centers in these crystals are possible [10,11,23-25].
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Fig. 1. SHG phase-matching angle of LiINbO; crystals for fundamental wavelength 1064 nm as
a function of (Li,0 + K,0) mole fraction in the melt.
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Fig. 2. Li;O content in the crystals as a function of the K,O content in the melt; ® -- lattice

volume calculated on the base of measurements of lattice parameters by X-ray diffraction;

A -- fundamental absorption edge position; ® - (n,”-n.") obtained by photorefractive
measurements.
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The evolution of EPR spectra of Cr’* ions in LN ecrystals from congruent composition to
stoichiometric one is well demonstrated in Fig. 4 [24]. And at last the discovery of new centers of
well known impurities, such as Cr, Fe, Yb in stoichiometric LN [25-27] which were not observable in
congruent one brightly illustrates the above mentioned advantages of the stoichiometric LN crystals.
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Fig. 3. The variation of the crystal composition as a function of Li,O and (Li;O + K,0) mole
fraction in the melt. The points ( e; O} correspond to the abscissa 1. mol % Li;O in melt and
the triangles (A) to the abscissa 2. mol % (Li,O + K>0) in melt.
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Fig. 4. Dependence of Cr’' EPR spectra on crystal composition: a — 48.5 mol% Li,O;
b~ 49.85 mol% Li;O; ¢ — 50.0 mol% Li;O. Blly, Cr=0.02 wt%, T=42 K.

The problem of “optical damage” in congruent LN crystals, which essentially limits the
possible applications of this material, is solved by heavily doping (about 5 mol%) of LN with MgO.
The heavy doping with MgO remarkably increases the laser damage threshold, but at the same time
the high concentration of MgO required to achieve the sufficient damage resistance subsequently
gives rise to a difficulty in growing high optical quality crystals, which, as a result, limits the usage of
these crystals for optical device applications. In spite of this, stoichiometric LN crystals, while
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showing higher photorefractive sensitivity when doped with MgO in concentration about three times
less than the above mentioned value, exhibit four orders of magnitude increased optical damage
resistance as compared to that of the congruent crystals [28].

All above mentioned characteristics in addition to the single domain nature of stoichiometric
LN crystals [9,29], and compared to larger electro-optic coefficient r;; [30], shorter fundamental
absorption edge [9,11,18], smaller electric field required for ferroelectric domain switching [31] of
congruent LN, illustrate the excellent potential of stoichiometric LN both for fundamental research
and various optical device applications.

3. Periodic poled LN

The idea of quasi-phase-matching (QPM) was first proposed by Armstrong et. al. [32]. It
predicts that the nonlinear optical effects can be enhanced in both birefringent or non-birefringent
crystals with periodic modulation of nonlinear susceptibilities, that is in optical superlattice crystals.
Compared with birefringent phase matching QPM permits access to longer components of the
nonlinear tensor of the material and to wider wavelength ranges. QPM can be achieved by an
appropriate periodic modulation of nonlinearity, thus compensating for the phase mismatch between
the generated field and its corresponding induced nonlinear polarization. In LN crystals this is
realized by means of periodic inversion of the ferroelectric domains since the sign of the nonlinear
coefficient is related to direction of the spontaneous polarization. Since d;; for LN crystal is about 7.5
times larger than the ordinary used ds), for PPLN crystals one can expect a QPM enhancement factor
of (ds3/dsy)*(2/m)* ~ 23.

A lot of post-growth methods such as direct electron-beam writing [33], corona discharge
[34], proton exchange and rapid heat treatment [35], applying external electric fields to patterned
electrodes prepared by photolithography [36,37], as well as direct growth methods such as laser heat
pedestal [38], and Czochralski (CZ) methods [39] are used for obtaining PPLN crystals. The most
extensively used electric field poling technique giving excellent results of high uniformity of domain
lengths is restricted to obtain domain inversion depth no more than 0.5 mm and therefore is
insufficient for some applications, such as angle tuning optical parametric oscillators. According to
the above mentioned comments, the CZ technique has advantages of obtaining thick periodic poled
structures in LN crystals with greater useful surfaces. This is the reason that the authors of the present
paper focus their attention to this method as the most perspective one.

During the last 5 years this technique connected with rotation-induced growth striations
during center-off growth process was used for obtaining PPLN crystals doped with Y, Yb, Eu, Er,
Nd:MgO, Yb:MgO, Cr and Hf ions [40-47]. In [46.47] beside the center-off growth, the periodic
structures were obtained by using the growth striations caused by the influence of the applied
periodic electric current to the crystal-melt system. The addition of impurities besides the role of
helping in creation of periodic structure in the crystals offers the potential of combining nonlinear
processes taking place in the host crystal and optical processes originated by the ion. In this case Nd,
Eu, Er and Yb ions are introduced as trivalent rare earth active optical ions [41-45], Er for emission
of green light through upconversion [43], and Hf for strong suppression of phofotorefractive effect in
PPLN crystals [46-48].

For PPLN crystals obtained by the above mentioned method, a conventional CZ method is
used with growing of the crystal along the a-axis (in [49] along the normal to the (0 1 1 2) face),
which is displaced about 5 mm away from the rotational symmetry axis of the temperature field. The
period of the domain structure is controlled by the change of rate ratio of pulling to rotation. SEM
micrograph of PPLN crystals doped with Er and preliminary etched in HF:HNO; mixture is shown in
Fig. 5 [51] and brightly illustrates the good uniformity of the domains. SHG experiments were used
for characterization of the homogeneity of the periodic structures [47,50,51]. Fig. 6 shows QPM SHG
tuning curve for a PPLN crystal doped with Er ions [51].
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Fig. 5. SEM micrograph of periodic domain structure in LN crystal doped with Er,
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Fig. 6. Quasi-phase-matching second harmonic generation tuning curve for PPLN crystal
doped with Er.

The little change of the form of the curve from sinc” was due to the dispersion of the domain
lengths. The measurement of SHG efficiency at the wavelength peak shows for the effective
nonlinear coefficient a value of about 15 pm/V which was close to the theoretical one (21 pm/V). The
comparison of the obtained and expected values of FWHM (full bandwidth at half maximum) shows
a few percent dispersion errors in domain lengths for the above mentioned crystal. The average
scattering of domain lengths for PPLN crystals grown by this method is about 5% [41,47,50,51].

There are some disagreements in the literature concerning the mechanism of formation of
periodic domain structure in as grown LN crystals. In [39,40,42] it is shown the existence of one to
one correspondence between a periodic domain structure and the variation of the dopant
concentration, where the domain walls of the periodic structures are always located in the maximum
and minimum of dopant concentration gradient, which is in agreement with [52] where was suggested
that an impurity gradient concentration in LN crystals influence the orientation of the polarization
vector. In [53] a convex solid-liquid interface was introduced to be beneficial for generating the
periodic domain structures. Nevertheless, in opposition to the facts mentioned in [54] it has been
reported that the dopant concentration remains constant along the domain structure and the periodic
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structures are directly related to the variation in the Nb ion composition (Fig. 7, [54]), which has been
shown to be in one to one correspondence with the domain structure.

Fig. 7. SEM images along with the Nb (-) and dopant (---) concentration profiles measured by
WDX (wavelength dispersive X-ray) for the PPLN crystals doped by: (a) Er 0.7 mol%; (b) Nd
and (c) Y.

The combination of nonlinear optical properties of PPLN and spectral properties of Er’* in
this host gives the possibility of simultaneous emission of second harmonic light through QPM and
green light through upconversion at room temperature. The mentioned result was well demonstrated
in [43] by generation of violet-and-green and blue-and-green light while pumping by infrared diode
laser the PPLN:Er crystal.

Self-frequency doubling (SFD) is one of the most important techniques for constructing
compact and reliable short wavelength light sources. The best LN crystal for this purpose in the past
was LN:Nd:MgO, which requires for SFD operation a temperature higher than 100 °C and was
limited only to generate green light.
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SHG measurements indicate that PPLN crystals co-doped with Nd:MgO and Yb:MgO both
are suitable for self-frequency-doubling operation using high-gain x polarization at room temperature
[45,50]. The blue and green SFD operation were both achieved in optical superlattice LN:Nd:MgO
[50]. About 18% of overall efficiency of green output power during SFD performance for the PPLN
crystal co-doped with Yb:MgO was achieved [45] (Fig. 8). The mentioned value is comparable with
those one for other well known SFD laser systems [55,56].
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Fig. 8. Self-frequency-doubling performance in PPLN crystal co-doped with MgO:Yb.

4. Conclusion

All the above mentioned results brightly illustrate that CZ technique might be successfully
used for obtaining PPLN crystals with uniform and controlled domain structure, thus recommending
PPLN crystals as an excellent material for sum and mixed harmonics generation for blue-green laser
technology and optical parametric oscillators both throughout the QPM technique and as a media for
compact polifunctional laser systems.
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