
ISSN 0020-1685, Inorganic Materials, 2023, Vol. 59, No. 2, pp. 164–170. © Pleiades Publishing, Ltd., 2023.
ISSN 0020-1685, Inorganic Materials, 2023. © Pleiades Publishing, Ltd., 2023.
Russian Text © The Author(s), 2023, published in Neorganicheskie Materialy, 2023, Vol. 59, No. 2, pp. 169–175.
Preparation and Characterization of Lithium Niobate 
Single Crystals Doped with 4.02–5.38 mol % Zn

I. V. Biryukovaa, S. M. Masloboevaa, *, I. N. Efremova, N. A. Teplyakovaa, and M. N. Palatnikova

a Tananaev Institute of Chemistry and Technology of Rare Elements and Mineral Raw Materials (separate subdivision), 
Kola Scientific Center (Federal Research Center), Russian Academy of Sciences, Apatity, Murmansk oblast, 184209 Russia

*e-mail: sofia_masloboeva@mail.ru
Received June 29, 2022; revised December 21, 2022; accepted December 26, 2022

Abstract—Using homogeneous doping, a Nb2O5:4.5 mol % Zn precursor, and lithium carbonate, we have
synthesized a single-phase LiNbO3:4.1 mol % Zn growth charge, which was then used to grow lithium niobate
crystals by the Czochralski technique. High-speed optical quality evaluation results for the crystals and their
calculated piezoelectric modulus d333 demonstrate that they have high optical quality. Photoinduced light scatter-
ing and laser conoscopy characterization results for homogeneously and directly doped crystals containing 4.02–
5.38 mol % Zn confirm their high optical homogeneity and laser damage resistance. The crystals have absolutely
no photorefractive response. Our results can be used in the growth of large LiNbO3:Zn crystals with a small coer-
cive field, which are of interest for making laser light converters based on periodically poled structures.
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INTRODUCTION
LiNbO3:М (Mg, Zn, In, Sc, and others) doped

lithium niobate single crystals have been the subject of
intense research for many years now [1–7] and are
regarded as optical materials widely used in nonlinear,
integrated, and polarization optics, as well as in laser
engineering and optoelectronics. However, despite the
recent advances in their technology, the preparation of
optically homogeneous single crystals remains a topi-
cal issue. Results obtained by researchers are some-
times contradictory. One of the main causes of this is
that, in most studies, LiNbO3:М crystals were investi-
gated with no allowance for their prior history: specific
features of growth charge components, the growth
charge synthesis method, the way in which the single
crystals were doped, physicochemical features of the
melt, and growth conditions. The effect of melt struc-
ture on the properties of lithium niobate crystals was
studied in greatest detail by Uda and Tiller [8] and
Kimura et al. [9]. Not only did they present theoretical
calculations of the equilibrium coefficient of molten
lithium niobate with a dopant, but they also experi-
mentally determined the electromotive force using the
micro-pulling-down method, which made it possible
to find an optimal composition for growth of chemi-
cally homogeneous defect-free LiNbO3:Mg single
crystals [9]. In most other reports, at best only some
growth process parameters were specified. The effect
of the doping procedure on the structure and proper-

ties of LiNbO3:Mg crystals was examined by Palat-
nikov et al. [10], who demonstrated that LiNbO3:Mg
crystals identical in dopant concentration but grown
under different conditions differed markedly in prop-
erties. In studies of LiNbO3:Zn single crystals by
Palatnikov et al. [11–13], varying the doping level in
small steps allowed three dopant concentration ranges
between which the properties of the crystals changed
sharply to be located with sufficiently high accuracy:
from 4.02 to 5.38 (first), from 5.38 to 6.8 (second), and
from 6.8 to 9.0 mol % Zn (third).

The objectives of this work were to grow LiNbO3:Zn
single crystals from a growth charge synthesized via
homogeneous doping (HD) using a Nb2O5:Zn precur-
sor with Zn concentration lying in the first concentra-
tion range; to study their single-domain state, photo-
refractive properties, and structural and optical homo-
geneity; and compare them with directly doped
crystals.

EXPERIMENTAL
Nb2O5:Zn niobium pentoxide containing 4.5 mol %

Zn was prepared according to a technological scheme
described by Masloboeva et al. [14]. The Zn dopant
was introduced via sorption of zinc ions into high-
purity niobium hydroxide while it was mixed with a
nitric acid solution of Zn(NO3)2 (extrapure grade)
with a predetermined concentration. After filtration
164



PREPARATION AND CHARACTERIZATION 165
and washing, the hydroxide precipitate was dried and
calcined at 1000°C for 3 h.

For LiNbO3:Zn (HD) crystal growth, a zinc-
doped granulated growth charge of congruent compo-
sition ([Li2O]/[Nb2O5] = 0.946) was prepared by a
synthesis/granulation process using a mixture of Li2CO3
(extrapure grade) and Nb2O5:Zn as a precursor. The
required amount of Li2CO3 was calculated for pure
Nb2O5. After mechanical activation of the starting
materials for 24 h in a tumbling drum, the mixture was
placed in a platinum crucible and slightly compacted.
It was heat-treated in a PVK-1.4-25 annealing fur-
nace. Below 1100°C, the heating rate was 200°C/h.
After holding for 3 h, the mixture was heated to
1243°C at a rate of 100°C/h and then held there for 5 h.

LiNbO3:Zn (HD) crystals 40 mm in diameter, with
a 40-mm-long cylindrical body, were grown in air in
the [001] direction by Czochralski pulling from plati-
num crucibles 75 mm in inner diameter. We used
induction-heated growth units equipped with an auto-
matic crystal diameter control system. The translation
speed was 1.1 mm/h, and the rotation rate was 14 rpm.
The axial temperature gradient was ~1°C/mm. The
total charge weight in the crucible was 1150 g, and no
more than 25% of the melt was used for crystal growth.

To relieve the thermoelastic stress, the crystals were
heat-treated at 1200°C for 24 h. The Nb2O5:Zn pre-
cursor, LiNbO3:Zn growth charge, and grown crystals
were analyzed for zinc by atomic emission spectros-
copy (Shimadzu ICPS-9000 spectrometer). The error
of determination by this method was estimated at
~2%. The phase composition of the growth charge and
solidified residual melt was determined by X-ray dif-
fraction on a Shimadzu XRD-6100 X-ray diffractom-
eter. The phases present were identified using the
JCPDS–ICDD database (release 2002).

The LiNbO3:Zn (HD) crystals were converted to a
single-domain state via high-temperature electrodif-
fusion annealing (HTEDA) in a dc poling field during
cooling of the samples at a rate of 20°C/h in the tem-
perature range from 1241 to 888°C.

The degree of conversion of the LiNbO3:Zn crys-
tals to a single-domain state was evaluated by measur-
ing the static d333 piezoelectric modulus of a crystalline
boule using a procedure described by Masloboeva
et al. [15]. The optical quality of the material was
assessed from the average number of scattering centers
per unit volume of the crystals under study.

The laser damage resistance and optical homoge-
neity of the single crystals were assessed using pho-
toinduced light scattering (PILS) and laser conos-
copy—methods described in detail elsewhere [16–19].

RESULTS AND DISCUSSION
To grow LiNbO3:Zn (HD) crystals in the first dop-

ant concentration range, we synthesized a growth
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charge containing 4.1 mol % Zn. According to chemi-
cal analysis data, the percentages of niobium and lith-
ium in the growth charge (62.3 and 4.36 wt %, respec-
tively) corresponded to the congruent melting compo-
sition. The individual contents of cation trace
impurities in the growth charge, determined on a
DFS-13 spectrograph, were Pb, Ni, Cr, Co, V, Ti, Fe,
Al, <2 × 10–4; Ca, Si, <1 × 10–3; and Та, <1 × 10–2 wt %,
which allowed it to be classified as “high-purity.”
According to X-ray diffraction results, the growth
charge was single-phase.

The synthesized growth charge was used to grow
two single crystals by the Czochralski technique: from
growth charges containing 4.10 mol % Zn (crystal 1)
and 4.15 mol % Zn (crystal 2). To prepare crystal 2, the
starting growth charge was added to the solidified
residual melt after the growth of crystal 1.

The experimental data processing results for the
grown LiNbO3:Zn (HD) crystals (Table 1) demon-
strated that the zinc concentration varied very little in
the growth direction: the difference in dopant concen-
tration between their cone and tail end was near the
accuracy of the method used to determine zinc con-
centration (±0.1 mol %). Such a dopant distribution
attests to a high chemical homogeneity of the crystals,
characteristic of growth conditions with Keff = 1,
whereas the single crystals under investigation have a
distribution coefficient Keff < 1. A uniform dopant dis-
tribution over LiNbO3:Zn crystals is observed as well
in melt–crystal–dopant systems in the case of direct
doping (DD) [12], where a ZnO oxide dopant is added
to a growth charge before melting in a crucible (Table 1,
crystals 3, 4). At the same time, Keff is larger in the case
of LiNbO3:Zn (HD) single crystals. We find that the
use of a homogeneously doped growth charge with
zinc concentrations near the first concentration
threshold makes it possible to obtain crystals contain-
ing ~10% more zinc. It seems likely that HD of lithium
niobate crystals leads to a qualitatively different melt
structure, which results in smaller dopant distribution
coefficients throughout the concentration range studied.

X-ray diffraction results for the solidified residual
melt after the growth of crystals 1 and 2 (HD) showed
that they were grown from single-phase melts, consist-
ing of LiNbO3 [20] (card no. 88-0289). At the same
time, X-ray diffraction characterization of the tail end
of crystals 3 and 4 (DD) indicated the presence of two
phases, LiNbO3 and Li3NbO4 (card no. 75-0902),
suggesting that a part of the crystalline boules should
be rejected.

High-speed evaluation of the optical quality of the
LiNbO3:Zn (HD) samples showed that they were
absolutely free of extended defects and scattering cen-
ters, demonstrating high optical purity of the material.

Figure 1 shows plots of polarization charge (Qp)
against applied force (F) for the crystals before and
after conversion to a single-domain state. We per-
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Table 1. Zinc concentration in the melt (Cm), crystal cone (Cc), and tail end (Ct) and zinc distribution coefficient (Keff = Cc/Cm)
in crystals 1 (HD), 2 (HD), 3 (DD), and 4 (DD)

Crystal Сm, mol % Сc, mol % Сt, mol % ΔС = Сc – Сt, mol % Keff

1 4.10 3.87 3.76 0.11 0.944
2 4.15 3.85 3.78 0.07 0.928
3 4.02 3.43 3.53 0.1 0.853
4 5.38 3.95 3.86 0.09 0.734
formed three series of measurements on the LiNbO3:
Zn (HD) samples, short-circuiting them between the
series for 1 h. In plotting the data, we used average val-
ues. It is seen from Fig. 1 that the as-grown crystals
exhibited essentially no piezoelectric effect and that
Qp was only a weak linear function of F, with d333 < 1.
HTEDA of the single crystals in a dc poling field
during cooling of the samples at a rate of 20°C/h in the
temperature range from 1241 to 888°C gave rise to a
well-defined piezoelectric effect (Fig. 1, plots 1', 2')
due to stable unipolarity of the crystals under investi-
gation.

We calculated the piezoelectric modulus d333 of
each sample: d333 = 10.7 × 10–12 and 8.5 × 10–12 C/N
for crystals 1 and 2, respectively. Despite the rather
large piezoelectric modulus of the crystals, approach-
Fig. 1. Plots of Qp against F for crystals (1, 1') 1 and (2, 2') 2 (1, 2
is the polarization charge and F is the applied force. 
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ing reference data (d333 ≥ 8 × 10–12 C/N) [21], the plot
of Qp against F for crystal 2 (plot 2') shows a small
jump in polarization charge Qp and, accordingly a
deviation from linearity. This suggests that the load-
induced field influenced residual domains or unbal-
anced charges, probably left after conversion to a sin-
gle-domain state. Crystal 1 had a larger piezoelectric
modulus and a linear plot of Qp against F.

In our PILS experiments (Fig. 2), the electric field
vector E of the laser light was parallel to the polar axis Z
of the crystal and the laser beam was directed along the
X axis. Both crystals studied showed no photorefrac-
tive response, the PILS indicatrix did not open, and
there was only circular scattering by static structural
defects. The scattering pattern did not vary over time
and its shape remained unchanged throughout the
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Fig. 2. PILS patterns of the LiNbO3:Zn crystals (a–c) 1 and (d–f) 2 (λ = 532 nm, Р = 160 mW). 
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Fig. 3. Conoscopic patterns of crystal 1 (3-mm-thick plate, λ = 532 nm, Р = 1 and 90 mW). 
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experiment. At the same time, the PILS patterns of
crystal 2 (Figs. 2d–2f) were slightly more blurred,
pointing to a somewhat larger scattering power of this
crystal compared to crystal 1, which was attributable to
the lower degree of conversion of crystal 2 to a single-
domain state.

We studied conoscopic patterns of the LiNbO3:Zn
(HD) crystals 1 and 2 (Figs. 3, 4). The patterns
obtained by scanning over the plane of the input face
differ markedly (panels a and b against c and d). It is
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seen from Figs. 3a, 3c, 4a, and 4c that the conoscopic
patterns are almost perfect and correspond to those of
a uniaxial crystal of good optical quality. The conos-
copic patterns in Figs. 3b, 3d, 4b, and 4d have small
signs of anomalous optical biaxiality, showing up as a
slight elongation of the “Maltese cross” in the vertical
direction from the center to the corresponding optical
indicatrix distortion direction of the crystal, with no
discontinuity in the center of the “Maltese cross.” Iso-
chromes retain circular symmetry. The presence of
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Fig. 4. Conoscopic patterns of crystal 2 (3-mm-thick plate, λ = 532 nm, Р = 1 and 90 mW). 
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Fig. 5. PILS patterns of the LiNbO3:Zn (DD) crystal (Cm = 5.38 mol % Zn, 3-mm-thick plate, λ = 532 nm, Р = 160 mW). 
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anomalous optical biaxiality in the conoscopic pat-
terns may be due to nonuniform incorporation of the
dopant into the structure of the crystals. Raising the
laser output power to 90 mW caused no further distor-
tion of the conoscopic pattern. Thus, the conoscopic
patterns and PILS data for both crystals demonstrate
that they have no photorefractive response and suggest
that they have rather high optical homogeneity.
In addition, the LiNbO3:Zn (DD) crystal grown from
a melt with Cm = 5.38 mol % Zn (crystal 4) was character-
ized by PILS measurements and conoscopy. The PILS
and conoscopy results are presented in Figs. 5 and 6.

The crystal showed no photorefractive response,
the PILS indicatrix did not open, and there was only
circular scattering by static structural defects. The
scattering pattern varied slightly during the first min-
INORGANIC MATERIALS  Vol. 59  No. 2  2023
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Fig. 6. Conoscopic patterns of the LiNbO3:Zn (DD) crys-
tal (Cm = 5.38 mol % Zn, 3-mm-thick plate, λ = 532 nm,
Р = 1 and 90 mW). 
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ute and then remained unchanged, retaining its shape
for 6 min. It is worth noting that the PILS patterns had
no central layer, corresponding to the cross section of
the laser beam. This points to laser beam energy dissi-
pation by structural defects in the crystal, which is also
evidenced by the observed decrease in the scattering
pattern diameter during the first minute.

Scanning over the plane of the input face of the
crystal, we obtained slightly different conoscopic pat-
terns (Figs. 6a and 6b against 6c and 6d). We observed
slight bleaching in the top left of the “Maltese cross.”
In the conoscopic patterns in Figs. 6b and 6d, the
“Maltese cross” is slightly elongated in the vertical
direction, corresponding to the optical indicatrix dis-
tortion direction of the crystal, with no discontinuity
of the “Maltese cross.” Isochromes retain circular
symmetry. Such distortion of the conoscopic patterns
is associated with the small anomalous optical biaxial-
ity of the crystal.

The present results demonstrate that the crystal has
high optical homogeneity, comparable to that the
LiNbO3:Zn (HD) crystals 1 and 2.

CONCLUSIONS
Lithium niobate crystals have been grown from a

LiNbO3:4.1 mol % Zn growth charge synthesized via
HD using a Nb2O5:4.5 mol % Zn precursor. It has
been shown that, in the composition range 4.02–
5.38 mol % Zn, the homogeneously doped crystals
contain ~10% more zinc than do directly doped crys-
tals and have a larger effective distribution coefficient.
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LiNbO3:Zn (HD) crystals grow from a single-phase
melt and have no limitations on the fraction of the
solidified melt at which a transparent single-crystal
boule free of second-phase inclusions can be obtained.

High-speed optical quality evaluation results
demonstrate that the crystals are absolutely free of
microdefects and scattering centers. Their single-
domain state has been confirmed by piezoacoustic
measurements. The d333 piezoelectric modulus of
crystals 1 and 2 has been determined to be d333 = 10.7 ×
10–12 and 8.5 × 10–12 C/N, respectively. The PILS and
laser conoscopy characterization results show that the
LiNbO3:Zn crystals have a high degree of optical
homogeneity without a photorefractive response, sug-
gesting that the material is laser damage resistant.

LiNbO3:Zn crystals of similar quality can be grown
via DD of a melt containing 4.02 or 5.38 mol % Zn,
but their size (cylindrical body length) is limited
because of the presence of second-phase inclusions.
Therefore, which of the processes should be chosen for
the growth of large LiNbO3:Zn single crystals for com-
mercial purposes will be determined by assessment of
their cost effectiveness.
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