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Abstract—This paper reports a process for the growth of zinc—erbium codoped lithium niobate single crys-
tals using a growth charge synthesized from a Nb,Os:Zn:Er precursor and Li,COj3. Characterization of the
LiNbO5:Zn:Er crystals by high-speed evaluation of the number of scattering centers, piezoacoustic measure-
ments, photoinduced light scattering, and laser conoscopy has demonstrated that they have high optical qual-
ity. The proposed technological approaches are aimed at designing functional materials with fundamentally
new characteristics for electronics, acoustoelectronics, and integrated, quantum, and laser optics.
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INTRODUCTION

Lithium niobate (LiNbO;) is one of the most
important ferroelectric, nonlinear optical, pyroelec-
tric, and piezoelectric materials [1—4]. Doping of
LiNbO; with various elements (rare earths, alkaline-
earth and transition metal, and others) makes it possi-
ble to significantly modify its properties [5—7] and
appreciably extend its application field. The photore-
fractive effect and photoinduced light scattering are
known to cause severe laser beam destruction in lith-
ium niobate crystals and be interfering factors in light
generation and conversion by the crystals [8]. For this
reason, studies aimed at optimizing the photorefrac-
tive properties of LiNbOj; crystals are of great current
interest for designing materials with tailored charac-
teristics.

An important scientific and practical issue is the
development of new lithium niobate-based materials
codoped with a few impurities. The purpose of such
studies is to find effective ways of modifying the struc-
ture of crystals in a controlled manner, improving their
electro-optical and nonlinear optical properties, and
raise their optical damage threshold. The properties of
doubly doped LiNbO; crystals have been the subject
of a rather limited number of studies [9—17], which
used crystals grown from charges prepared by solid-
state synthesis [18]. However, in such a case optically
homogeneous crystals with a sufficiently high dopant
concentration are difficult to grow. For obtaining dou-
bly doped LiNbO; crystals, a homogeneous doping
method proposed previously [19] is of interest.
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The functioning of apparatus basic to advanced
optoelectronic and telecommunication technologies
depends in many respects on lithium niobate crystals.
In particular, they are widely used in cellular commu-
nication and for ultra-high-speed internet. Crystals for
such applications should meet rather stringent
requirements for their optical homogeneity and opti-
cal damage threshold. Doping of lithium niobate crys-
tals with nonphotorefractive impurities (Zn, Mg, Sc,
and others) is known to markedly improve their opti-
cal damage threshold. At the same time, LiNbO;:Er
crystals are used as materials for optical amplifiers in
optical fiber communication systems. Raising the
optical damage threshold of such materials by codop-
ing with Zn and Er, yielding LiNbO;:Zn:Er crystals,
makes it possible to amplify higher power optical radi-
ation without signal distortion, which accordingly
leads to an increase in optical fiber data rate.

The objectives of this work were to develop a
process for the growth of optically homogeneous
LiNbO;:Zn:Er crystals using a charge synthesized
from a Nb,Os:Zn:Er precursor and lithium carbonate
and study the properties of the crystals using high-
speed quality assessment methods, piezoacoustics,
photoinduced light scattering (PILS), and laser
Cconoscopy.

EXPERIMENTAL

A LiNbO;:Zn:Er (5.5 mol % Zn and 1.0 wt % Er)
charge for Czochralski growth of lithium niobate crys-
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Fig. 1. Flow diagram illustrating the preparation of a single-phase zinc—erbium codoped lithium tantalate crystal growth charge.

tals was synthesized according to the flow diagram
shown in Fig. 1.

In our preparations, we used a high-purity nio-
bium-containing solution (142.8 g/L of Nb,O5 and
139.7 g/L of F~) prepared by dissolving Nb,O; (extra-
pure grade) in HF (extrapure grade). High-purity nio-

bium hydroxide was prepared via precipitation with
ammonia from the starting solution. The precipitate
was washed three times with deionized water at a solid :
liquid ratio of 1 : 4. During the precipitation process,
the solution was maintained at pH 8 in order to reduce

the content of NH, cations (which react with zinc to
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form highly soluble ammonia complexes [20]) in the
wet precipitate. After drying at 90°C, the hydroxides
(with a relative humidity of ~65%) were mixed with
zinc and erbium nitrate solutions of preset concentra-
tion. The mixing process was run for 3 h. The precipi-
tate was separated from the solution by filtration,
washed once with deionized water at a solid : liquid
ratio of 1 : 1.5, dried at 140°C, and calcined at 1000°C
for 3 h. A granulated growth charge of congruent com-
position was synthesized from a prehomogenized mix-
ture of a Nb,O5:Zn:Er precursor and Li,CO; (extra-
pure grade), which was thermally calcined in a com-
partment furnace at ~1250°C for 5 h. Zn(NO,), +
Er(NO;); solutions were prepared by dissolving the
ZnO (extrapure grade) and Er,0; (extrapure grade)
oxides in HNO; (extrapure grade).

Dopant (Zn and Er) concentrations in the precur-
sor and growth charge were determined by X-ray fluo-
rescence spectrometry (XFS) on a Spectroscan MAX-
GV spectrometer. The quantitative amount of nio-
bium in the starting solution and lithium niobate
growth charge (after dissolution) was determined
gravimetrically. Fluoride ions were determined poten-
tiometrically using an EV-74 ion-selective meter fitted with
an EVL-1M3 F-selective electrode. The LiNbO;:Zn:Er
doped growth charge was analyzed for fluorine by the
pyrohydrolysis method. The concentration of cation
impurities (Mg, Al, Si, Ca, Ti, V, Cr, Mn, Fe, Co, Ni,
Cu, Zr, Ta, Mo, Sn, and Pb) was determined by spec-
tral analysis with a DFS-13 instrument. Li concentra-
tion in the LiNbO;:Zn:Er growth charge was evalu-
ated by inductively coupled plasma atomic emission
spectroscopy.

The phase composition of the Nb,Os:Zn:Er pre-
cursor and LiNbO;:Zn:Er growth charge was deter-
mined by X-ray diffraction on a DRON-2 diffractom-
eter at a continuous scan rate of 2°/min 20 (Cuk,
radiation, graphite monochromator).

LiNbO;:Zn:Er lithium niobate single crystals were
grown in the [001] direction by the Czochralski tech-
nique from 80-mm-diameter platinum crucibles in
air, using a Kristall-2 induction furnace. Growth con-
ditions of heavily doped lithium niobate crystals were
studied by Palatnikov et al. [21], in combination with
measurements of the temperature gradient across the
solid—liquid interface. Their results [21] made it pos-
sible to design a heating unit that ensured an axial tem-
perature gradient of ~3°C/mm near the melt surface
and an extended isothermal region with a temperature
of 1210°C in the post-growth lithium niobate single
crystal annealing zone after the crystal was lifted to a
platinum shield. Other crystal growth process param-
eters were chosen experimentally so as to ensure a flat
solidification front. The translation rate was
0.8 mm/h, and the rotation rate was 14 rpm.

To relieve the thermoelastic stress, the crystals were
heat-treated at 1240°C for 24 h in a Lantan high-tem-
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perature annealing furnace. After that, to determine
the dopant concentrations in each crystal, plates were
cut from the upper part (cone) and the lower cylindri-
cal part (tail end) of the boule. Erbium was determined
by XFS and zinc was determined by atomic absorption
spectroscopy on an Analyst 400 spectrometer. The rest
of the boule was converted into a single-domain state
via high-temperature electrodiffusion annealing by
applying a direct current during cooling of the samples
in the temperature range from 1241 to 800°C.

The optical quality of the grown crystals was quan-
tified by the number of scattering centers. Conversion
of the crystals into a single-domain state and their
piezoelectric modulus d;;; were evaluated by tech-
niques and with equipment described elsewhere [22].

In our PILS experiments, we used an MLL-100
yttrium aluminum garnet laser emitting at 514.5 nm. A
sample to be studied was placed in the path of the laser
beam so that the wave vector of the light wave was
directed along its Y axis, that is, along the normal to
the input crystal face, and the electric field vector E of
the light wave was parallel to the z axis of the sample,
that is, to the polar axis of the lithium niobate crystal
(P). In this scattering geometry, the photorefractive
effect in LiNbOj; crystals shows up most clearly. To
obtain large conoscopic patterns, we used a laser conos-
copy method [23, 24] (MLL-100 laser, A = 514.4 nm,
P=1 or 90 mW). In our conoscopy experiments, a
crystalline sample was placed on a two-axis optical
translation stage, which allowed us to scan the entire
input face of the sample by the laser beam and obtain
numerous conoscopic patterns corresponding to dif-
ferent areas in a cross section of the sample under
investigation.

RESULTS AND DISCUSSION

Preliminary results demonstrate that, to obtain a
lithium niobate growth charge with a predetermined
Zn dopant concentration, a 3% excess of Zn with
respect to its nominal amount is needed. Analysis of our
experimental data on the Zn (Er) content of LiNbO;
growth charges showed that, to within admissible
uncertainty of the analytical technique used by us, the
Zn (Er) dopant passed almost quantitatively from the
zinc (erbium) nitrate solutions to the Nb,Os:Zn:Er pre-
cursor and that the Zn content of the LiNbO;:Zn:Er cor-
responded to the intended one (Table 1).

X-ray diffraction results indicated that, at the dop-
ant concentrations used by us, the Nb,Os:Zn:Er pre-
cursor was not single-phase. The X-ray diffraction
pattern of the sample calcined at 1000°C for 3 h, has a
sharp peak at 2.95 A, corresponding to the ZnNb,O,
phase [25]. The other reflections are attributable to
Nb,O5 as a major phase. At the same time, analytical
data indicate that the LiNbO;:Zn:Er lithium niobate
growth charge consists of single-phase material corre-
sponding to LiNbO; [26].
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Table 1. Zinc and erbium concentrations in the
Nb,05:Zn:Er precursor and LiNbOj3:Zn:Er growth charge
(intended Zn and Er concentrations in the growth charge:
2.44 and 1.0 wt %, respectively)

Weight percent
in the LiNbO;5:Zn:Er
growth charge

Weight percent in the
Nb,Os:Zn:Er precursor

Zn

Er

Zn

Er

2.70

1.069

2.48

0.98

Table 2. Zinc and erbium concentrations in the LiNbOj:

Zn:Er crystals
Crystal Portion wt % Zn wt % Er
| Cone 1.66 0.77
Tail end 1.68 0.78
) Cone 1.7 0.85
Tail end 1.68 0.82
3 Cone 1.51 0.78
Tail end 1.55 0.76

For Czochralski growth of zinc—erbium codoped
lithium niobate single crystals, we prepared a single-
phase LiNbO;:Zn:Er growth charge (Table 1). Chem-
ical analysis data showed that the percentages of nio-
bium (62.26 wt %) and lithium (4.38 wt %) in it corre-
sponded to the congruently melting composition of
lithium niobate. The growth charge contained the fol-
lowing cation impurities (wt %): Mg, Mn, Pb, Ni, Sn,

Fig. 2. Appearance ofa LINbO;:Zn(2.48 wt %):Er(0.98 wt %)
crystal.

Co, Mo, Cu, V, Cr, Ti, Fe, Al, Zr, <2 x 10~%; Ca, Si,
<1 x1073; Ta, <1 x 10~2. This allowed it to be used for
the growth of doped lithium niobate crystals. Fluorine
concentration was below the detection limit of the
analytical technique used (<1 x 1073 wt %).

One of the LiNbO;:Zn:Er single crystals grown by us
(Fig. 2), 32 mm in diameter, with a 34-mm-long cylindri-
cal body, weighing 128.3 g, was prepared using a homoge-
neously doped granulated LiNbO;:Zn:Er growth charge.
The dopant concentrations in the LiNbO;:Zn:Er growth
charge and, accordingly, in the starting melt were
2.48 wt % Zn and 0.98 wt % Er (Table 1). The other
two LiNbO;:Zn:Er crystals, 32 and 30 mm in diame-
ter, with a 38- and 40-mm-long cylindrical body,
weighing 123.7 and 129.3 g, respectively, were grown
by adding a nominally pure LiNbO; lithium niobate
growth charge to the melt left after the preceding
LiNbO;:Zn:Er crystal growth run, that is, by sequen-
tially diluting the starting melt. In this process, no
more than 8 wt % of the melt was used for the growth
of each LiNbO;:Zn:Er crystal.

Table 2 presents data on the percentages of Zn and
Er in the cone and tail end of the LiNbO;:Zn:Er crys-
tals grown by us. The percentages of Zn and Er in the
LiNbO;:Zn:Er crystals are considerably lower than
the dopant concentrations in the LiNbO;:Zn:Er
growth charge and, accordingly, in the starting melt
(Tables 1, 2). To evaluate a melt—crystal system, use is
commonly made of the effective distribution coeffi-
cient K, (the ratio of the impurity concentration in the
crystal in the first instance of crystal growth to the
impurity concentration in the melt) and the parameter
AC, which characterizes the chemical homogeneity of
the crystal (dopant concentration difference between
the cone and tail end of the crystal). The effective dis-
tribution coefficient K; in the melt—crystal system
under consideration is noticeably less than unity for
both zinc and erbium (Tables 1, 2). At the same time,
the LiNbO;:Zn:Er single crystals have rather uniform
dopant distributions along their length (Table 2).

Some fundamental aspects of crystallization pro-
cesses in the growth of heavily doped lithium niobate
crystals were analyzed in previous reports [27, 28].
Whereas the K, of heavily doped LiNbO; crystals is a
function of the electronic structure of the dopant, the
situation with the parameter AC is not so unambigu-
ous. The parameter AC of all the LiNbO;:Zn:Er crys-
tals studied by us is rather small, comparable to the
uncertainty of the method used to evaluate impurity
concentration (Table 2). This points to a high unifor-
mity of the impurity concentration distribution in the
crystal growth direction, with K, noticeably less than
unity.

This finding can be accounted for as follows: As a
result of doping, the composition of the lithium nio-
bate melt is no longer congruent. This means, in par-
ticular, that the spectrum of variations of ionic com-
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plexes in the melt in structure and components con-
siderably increases. The melt is captured in a limited
zone with a constant temperature near the solid—lig-
uid interface. Therefore, those ionic complexes will
crystallize for which this temperature corresponds to
their solidus (T7},), clearly, with allowance for some
supercooling. As some of the melt is consumed, in the
rest of the melt, with K < 1, the zinc and erbium con-
centrations increase and, accordingly, the relationship
between the concentrations of various ionic complexes
varies. As a result, the fraction of the complexes for
which T, is the solidus temperature varies, becoming
smaller. This will continue until the system will reach
some critical state in which the concentration of com-
plexes with a solidus temperature T, will be insuffi-
cient for crystal growth at a constant impurity concen-
tration. This limits the fraction of the melt that can be
solidified to form a chemically homogeneous crystal.
In our case, chemically homogeneous LiNbO;:Zn:Er
crystals can be obtained if no more than 8 wt % of the
melt solidifies. After the described critical state is
reached, the system can exhibit different behaviors:
from a considerable variation in the impurity concen-
tration in the crystal along its growth direction to cel-
lular growth and crystallization of a phase with a dif-
ferent composition [27, 28].

The conditions needed for such a critical state to be
reached and, therefore, the size of a crystal with a con-
stant impurity concentration throughout are influ-
enced by many factors. They include the melt compo-
sition, the thermodynamics of the starting compo-
nents (which are graphically represented by the phase
diagram of the system), the structure of the melt (con-
sisting of ionic complexes with different thermody-
namic and kinetic characteristics), and even the engi-
neering performance of the growth control and monitor-
ing system [27, 28]. It certainly follows from the above
reasoning that doped lithium niobate crystals with a uni-
form dopant distribution over their bulk can only be
grown by the Czochralski technique in the case of solidi-
fication of a certain fraction of the melt [27, 28].

The higher zinc and erbium concentrations in crys-
tal 2 (Table 2) are attributable, one the one hand, to a
possible increase in K; with decreasing dopant con-
centrations in the melt (after the addition of a nomi-
nally pure LiNbO; growth charge) [28, 29]. On the
other hand, the addition of a nominally pure LiNbO;
growth charge after the growth of crystal 1 to the melt
obtained from a homogeneously doped growth charge
certainly leads to changes in the structure of the ionic
complexes. Note that, in the case of crystallization of
such complexes, the impurity distribution coefficient
K, can in general exceed that of the complexes with a sol-
idus temperature 7;;, which ensure the growth of crystal 1
as a result of the solidification of the starting melt.

Evaluation of the optical quality of the LiNbO;:Zn:Er
single crystals from the number of scattering centers asso-
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ciated with the structural defects and internal stress
produced during the growth process and subsequent
technological processing or due to the presence of cat-
ion impurities showed that there were no extended
optical defects, nor did we detect any microscopic or
mesoscopic defects. Continuous laser beam scanning
also did not detect any optical defects anywhere in the
bulk of the crystals under investigation.

To ascertain whether the crystals were in a single-
domain state, we used a piezoacoustic method [22].
Characteristically, z-oriented lithium niobate single
crystals have one main and one side electroacoustic
resonance peaks. The amplitude—frequency response
(AFR) curves of the crystals under study (Fig. 3)
demonstrate that, in all cases, the height of the main
resonance peak is about nine times the background.
The curves of crystals 1, 2, and 3 have the main peak
(main resonance) at frequencies of 163.5, 163.9, and
163.5 kHz, respectively. At the same time, the curve of
crystal 1 (Fig. 3a) has three secondary peaks, at fre-
quencies of 56.0, 81.1, and 112.5 kHz; the curve of
crystal 2 (Fig. 3b) has two side peaks, at frequencies
82.7 and 116.8 kHz; and that of crystal 3 (Fig. 3¢) has
three side peaks, at frequencies of 57.8, 83.2, and
117.0 kHz. The results obtained by the piezoacoustic
method indicate that, as a result of the transition to a
single-domain state, the crystals reached a rather high
degree of unipolarity. At the same time, the presence
of two or three rather strong secondary resonances in
their AFR curves suggests that the crystals have a
residual domain structure.

To confirm this fact, we studied the static piezo-
electric effect in the crystals. In accordance with a
technique described previously [22], we plotted the
polarization charge Q, against force F (Fig. 4) and
used these data to calculate the piezoelectric modulus

component dy;; of each crystal: dis; = 6.15 x 10-2C/N,

d\2 =272 x 1072 C/N, and d) = 2.7 x 10-12 C/N.
For comparison, Fig. 4 presents @, measurement
results for the single crystal 1 before transition into a
single-domain state (crystal 4). The calculated piezo-
electric modulus component in this case is dj;; =
0.85 x 1072 C/N.

In the case of single-domain lithium niobate crys-
tals, the piezoelectric modulus (d));3; is known to lie in

the range (8—12) x 102 C/N. It is seen that the piezo-
electric modulus components of the crystals under
investigation fall beyond this range. Thus, the data
obtained in this study are consistent with the AFR
measurement results and suggest that the crystals
undergo an only partial transition to a single-domain
state. The above leads us to conclude that previously
developed standard procedures for converting doubly
doped (for example, Zn—Mg codoped) lithium nio-
bate crystals into a single-domain state are unsuitable
in the case of codoping with zinc and erbium. To reach
a higher conversion of LiNbO;:Zn:Er crystals into a
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single-domain state, the procedure for conversion into
a single-domain state should be modified.

Figure 5 illustrates how PILS patterns of the
LiNbO;:Zn:Er crystals very with time. The appear-
ance of the speckle structure of the PILS indicatrix is
characteristic of lithium niobate crystals. At the same
time, the speckle structures of PILS in crystals grown
by different techniques and differing in composition
have their own fine features, which can be used to
study the structure of the crystals and assess their
micro- and macroscopic homogeneity. It is seen from
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Fig. 5 that, even after exposure to 160-mW laser light
for 6 min, there is no photorefractive response, the
PILS indicatrix does not open, and we observe only
scattering by static structural defects. The results
obtained by us suggest that the lithium niobate crystals
under study are promising as nonlinear optical materi-
als with a weak photorefractive effect and weak PILS,
that is, with an insignificant laser beam distortion.

The optical quality of the grown crystals was evalu-
ated using laser conoscopy, a clear and affordable
method providing information about the structure,
optical properties, and orientation of crystals and the
presence of various defects in them [24, 31].

We obtained conoscopic patterns of the crystals
under excitation by the MLL-100 laser beam at a low
(1 mW) and a high (90 mW) incident light power. The
conoscopic patterns obtained under excitation at
1-mW power characterize the structural perfection of
the crystal in the absence of a photorefractive effect.
The conoscopic patterns obtained under laser exci-
tation at 90-mW power characterize both the intrinsic
defects in the crystal (determined by its composition
and growth conditions) and defects produced by laser
light. Since the LiNbO;:Zn:Er crystals studied by us
exhibited no photorefractive effect, their conoscopic
patterns obtained at the increased laser output power
had no additional anomalies (Figs. 6, 7). Figures 6 and
7 show conoscopic patterns of 1- and 3-mm-thick
plates at an incident light power of 90 mW.

The results obtained by laser scanning over the
plane of the input face of the LiNbO;:Zn:Er crystals
studied by us demonstrate that there are two types of
conoscopic patterns, corresponding to uniaxial crys-
tals (Figs. 6a, 6¢c, 6e, 7a, 7c, 7¢) and crystals with an
anomalous biaxiality (Figs. 6b, 6d, 6f, 7b, 7d, 7f). The
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Fig. 5. PILS patterns of the LiINbO5:Zn:Er crystals 1—3 after exposure to laser light for 1 s, 30's, and 6 min (A = 532 nm, P= 160 mW).

conoscopic patterns in Figs. 6a, 6¢, 6e, 7a, 7c, and 7e
have circular symmetry, with the black “Maltese
cross” remaining continuous in the center of the field
of view and with isochromes in the form of concentric
circles having their center at the point of outcrop of the
optic axis. It is this appearance of conoscopic patterns
which points to optical homogeneity and good optical
quality of the samples. The conoscopic patterns in
Figs. 6b, 6d, 6f, 7b, 7d, and 7f have slight signs of an
anomalous optical biaxiality, which is responsible for
the distortion in the center of the black “Maltese
cross” in the form of bleaching and an outward shift of
parts of the cross in the direction corresponding to the
direction of distortion of the optical indicatrix of the
crystal. The isochromes acquire slight ellipticity,
retaining a regular geometric shape. It should be noted
that the signs of slight optical biaxiality become stron-
ger in going from crystal 1 to crystal 3, which is best
seen in the conoscopic patterns of the 3-mm-thick
plates (Figs. 7b, 7d, 7).
INORGANIC MATERIALS  Vol. 57
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Thus, the present results demonstrate that the
LiNbO;:Zn:Er crystals studied by us have no photore-
fractive response and that exposure to 160-mW laser
light does not cause their PILS indicatrix to open.
According to laser conoscopy results, the crystals have
a rather good optical quality. The slight signs of anom-
alous optical biaxiality present in the conoscopic pat-
terns of all the crystals are attributable to cross-sec-
tional composition fluctuations, detectable when a
laser beam propagates through the bulk of a crystalline
sample.

CONCLUSIONS

We have developed a process for the preparation of
a Nb,Os:Zn:Er precursor with tailored composition
for the synthesis of a LiNbO;:Zn:Er growth charge
containing 2.48 wt % Zn and 0.98 wt % Er. The growth
charge has been shown to be single-phase and satisfy
relevant technical specifications in terms of regulated
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Fig. 6. Conoscopic patterns of the LiINbO5:Zn:Er crystals
(1-mm-thick plates): (a, b) crystal 1, (c, d) crystal 2, (e, )
crystal 3 (A =532 nm, P=90 mW).

Fig. 7. Conoscopic patterns of the LiINbO5:Zn:Er crystals
(3-mm-thick plates): (a, b) crystal 1, (c, d) crystal 2, (e, f)
crystal 3 (A =532 nm, P=90 mW).

impurities, which makes it possible to use it for
Czochralski growth of lithium niobate crystals.

Using high-speed evaluation of the optical quality
of the LiNbO;:Zn:Er crystals grown using the synthe-
sized charge and diluting the melt with an undoped
LiNbO, growth charge, we have demonstrated that the
crystals are free of microscopic defects. The piezoelec-
tric modulus of the grown LiNbO;:Zn:Er crystals
points to an incomplete transition to a single-domain
state, suggesting that the procedure for converting
such crystals into a single-domain state should be fur-
ther improved.

Results obtained by assessing optical characteris-
tics of the LiNbO;:Zn:Er crystals clearly demonstrate
that they have high optical quality.
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