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Several optical methods including ultraviolet absorption, infrared absorption of the hydroxyl ions, Raman spectros-
copy, and the Z-scan method have been used to determine the damage resistance threshold in 0–0.72 mol. %
Zr-containing, flux-grown, nearly stoichiometric LiNbO3 single crystals. All spectroscopical methods used indicate
that samples containing at least ≈0.085 mol:% Zr in the crystal are above the threshold while Z-scan data locate the
photorefractive damage threshold between 0.085 and 0.314 mol. % Zr. © 2013 Optical Society of America
OCIS codes: (160.5320) Photorefractive materials; (190.4400) Nonlinear optics, materials; (300.6340) Spectroscopy,

infrared; (300.6450) Spectroscopy, Raman; (300.6540) Spectroscopy, ultraviolet.
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The suppression of optical damage related to photore-
fraction is one of the most important objectives for
ferroelectric LiNbO3 (LN) devices. The optical damage
resistance of LN crystals can be improved by doping
with certain divalent, trivalent, or tetravalent cations
(e.g., Mg2�, Zn2�, In3�, Sc3�, Hf4�) above a critical
amount [1]. Increased damage resistance in the visible
optical range has been reported recently in tetravalent
Zr- [2,3] and Sn-doped [4] LN crystals as well. Ferroelec-
tric domain engineering with auxiliary UV light is of
growing interest in damage-resistant lithium niobate
[5]. High resistance against UV photorefraction has been
reported in Zr-doped LN [6]. However, for the Hf and
Sn dopant enhanced UV photorefractive properties,
especially at the band edge, have been observed [7,8]; a
summary was recently given by Kong et al. [9].
For LN grown from congruent melt the threshold

concentration of the optical damage resistant (ODR) ions
is roughly 5, 4, and 2 mol. % for di-, tri-, and tetravalent
ions, respectively. For example, the threshold concentra-
tion for Zr-doped congruent LN crystals was found to be
at about 2 mol. % [3,10,11]. Another factor beside the
ODR ions and their valency strongly effecting the thresh-
old concentration is stoichiometry of the crystal. The in-
corporation of ODR ions reduces the amount of antisite
NbLi in the lattice. In nearly stoichiometric LiNbO3 (sLN)
crystals where the NbLi concentration is almost zero, the
threshold value of the dopant concentration can be lower
than 0.2 mol. % as was observed for Mg-doped sLN [12]
used for instance for terahertz pulse generation [13].
Zr-doped nearly stoichiometric LN crystals prepared by
the vapor transport equilibration method were found to
have high resistance against optical damage when doped
above 0.5 mol. % Zr [14]. The basic advantage of choosing
tetravalent ODR dopants comes from their lower damage
threshold concentrations; lower built-in dopant content
facilitates the growth of more homogeneous crystals,
resulting in high-quality samples for device applications.
The aim of the present work is to characterize the dam-

age resistance properties of tetravalent Zr-doped sLN

crystals by ultraviolet (UV), infrared (IR), and Raman
spectroscopies as well as by the Z-scan method. These
methods proved earlier very efficient to determine the
threshold concentration of the dopants.

A series of stoichiometric LN crystals doped with Zr
in the 0–0.45 mol. % concentration range were grown by
the high-temperature top-seeded solution growth method
using K2O flux [12]. The Zr concentration in the crystal
was determined by inductively coupled plasma mass
spectroscopy (ICP-MS). As shown in Fig. 1, the amount
of incorporated Zr, at least in the range 0–0.715 mol. %
realized in our samples, monotonously increases with
increasing concentration of Zr in the starting flux. The
relatively high distribution coefficient of Zr as compared
to that observed in the melt-grown congruent crystals
[3] may be related to the different growing technique,
similarly to the case of Mg [12].

For optical spectroscopical measurements 1-2 mm
thick z-and y-cut samples have been prepared. The
UV–visible absorption spectra of z-cut sLN:Zr crystals
were measured by a Jasco V-550 spectrometer at room
temperature. The spectra of the stretching vibrational
bands of the hydroxyl ions (OH−) in sLN:Zr were

.

Fig. 1. Zr concentration in stoichiometric LiNbO3 crystal as a
function of the concentration in the flux. Errors are smaller
than or comparable to symbol sizes.
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recorded by a Bruker IFS 66v/S FTIR spectrometer. The
Raman spectra of sLN:Zr crystals were measured in
backscattering geometry by a Renishaw 1000 B micro-
Raman spectrometer using a 785 nm laser source. The
light-induced refractive index change was investigated
by the Z-scan method using a standard single-beam
setup with an all-lines visible argon ion laser with dom-
inant wavelengths of 514 and 488 nm and intensities up
to 300 kW∕cm2.
The UV absorption edge of LiNbO3 is very sensitive to

the Li/Nb ratio of the crystal, that is, the concentration of
NbLi antisite niobium, and to the incorporated ODR ions
[15,16]. The UV edge is usually defined as the wavelength
where the absorption coefficient value reached 20 cm−1.
The observed UV edge values monotonously increased
between 304.2 and 305.4 nm with increasing Zr concen-
tration (Fig. 2) in good agreement with the data of Liu
et al. [14]. According to the simple, widely accepted
model the ODR dopants push out the antisite Nb ions
from the Li sites up to the threshold concentration where
no NbLi ions are left in the crystal. Thus the Li/Nb ratio
increases up to the threshold, which results in a shift of
the UV edge toward shorter wavelengths [15]. The incor-
poration of ODR ions by itself causes a redshift of the
UV edge which can clearly be detected above the thresh-
old as described in detail for sLN:Mg [16]. Consequently
the observed redshift of the UV edge in sLN:Zr is charac-
teristic for crystals containing Zr ions above the thresh-
old concentration. While the shift of the UV edge for
divalent Mg is about 1 nm∕mol:%, it is about twice this
amount for tetravalent Zr-doped sLN.
Another very sensitive method to study the incorpora-

tion of ODR ions in LiNbO3 is the IR absorption spectros-
copy of hydroxyl ions always present in air-grown

crystals. In crystals above the photorefractive threshold
a new absorption band related to OH− ions appears due
to their stretching vibration in a Mn�

Nb -OH
− complex,

where Mn�
Nb is a di-, tri-, or tetravalent ODR ion occupying

an Nb site in the lattice [1]. For congruent LiNbO3 this
band is not always clearly seen due to the overlapping
broad absorption band characteristic for the pure crystal.
However, the pure stoichiometric crystal contains a
single narrow band at about 3466 cm−1 which allows the
identification of nearby new bands. In Zr-doped sLN,
beside the 3466 cm−1 band present also in this crystal to-
gether with a weak shoulder at about 3480 cm−1 charac-
teristic for some kind of residual disorder in the crystal,
the appearance and the continuous growth of an OH−

vibrational band at 3475 cm−1 was observed (see Fig. 3).
The relative intensity of the Zr4�Nb-OH

− band increased
with increasing Zr content, confirming its assignation.
Kong et al.. reported the appearance of the Zr-OH band
at about 3487 cm−1 in congruent Zr-doped crystal, but
no spectrum was presented in their paper [3]. Fan et al.
studied Zr and Fe codoped LiNbO3 with various Li/Nb
ratios, and in a crystal grown from a melt with Li∕Nb �
1.2 they found a vibrational band at 3475 cm−1, which
they attributed to ZrNb-OH complexes [17], in agreement
with our observation.

The Raman spectra of sLN:Zr crystals were measured
in y�zz�y and y�xz�y backscattering geometries between
70 and 1000 cm−1 [Fig. 4(a)]. The A1�TO� and E(TO)
modes observed are sensitive to the Li/Nb ratio and
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Fig. 2. UV absorption edge as a function of Zr concentration in
stoichiometric LiNbO3 crystals. The open circle corresponds to
an undoped sLN crystal with Li2O content equal to 49.96 mol. %.
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Fig. 3. (a) Stretching vibrational bands of hydroxyl ions in
Zr-doped stoichiometric LiNbO3 and (b) intensity ratio of the
two bands, as a function of Zr concentration. The spectra were
normalized to the OH band at 3466 cm−1. The open circle in
Fig. 3(b) corresponds to the undoped sLN crystal where no
Zr4�Nb-OH

− band at 3475 cm−1 can be observed.
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the concentration of the ODR dopants. As an example,
Fig. 4(b) shows the damping of the A1�TO1� and A1�TO2�
modes between 200 and 300 cm−1 as a function of Zr
concentration. The higher the amount of Zr in the crystal,
the broader the Raman lines. Similar broadening was
also observed, for example, for the E�TO1� and E�TO7�)
modes [Fig. 4(c)]. These results are in good agreement
with those measured on Mg-doped sLN crystals [18]. The
damping of Raman modes linearly increases with the Zr
content, which corresponds to over-threshold behavior
as described in [18].
The light-induced refractive index change was investi-

gated by the Z-scan method. It was shown by Pálfalvi
et al. [19] that Z-scan measurements can be used to dis-
tinguish crystals with Mg doping levels below and above
the photorefractive threshold. Below the threshold the
photorefractive effect was found to be dominant with
negative refractive index change resulting in Z-scan
curves with a peak–valley sequence. On the contrary,
above the threshold the Z-scan curves with a valley–peak
sequence showed a positive refractive index change
caused by thermal effects. As clearly seen in Fig. 5, only
the 0.085 mol. % Zr-containing sample shows photore-
fractive damage, while those having higher Zr content

reveal Z-scan curves with opposite sign and are well
above the threshold.

All methods (Z-scan, UV, IR, and Raman) used to char-
acterize the sLN:Zr crystals indicate that almost all
investigated samples are at or above the photorefractive
damage threshold. Although the threshold is assumed
to appear at the doping concentration where all antisite
Nb ions disappear from the crystal, the transition be-
tween the below- and above-threshold behavior may
not be sharply defined. The Z-scan measurement showed
clearly that the crystal containing 0.085 mol. % Zr is
below the photorefractive threshold, while the results
obtained from other methods indicate that the threshold
is below or at this concentration. A similar observation
was presented by Nava et al. for congruent Zr-doped
LiNbO3 crystals [11], showing that the photorefractivity
is reduced at somewhat higher Zr concentration than
the threshold determined from refractive index measure-
ments. Nevertheless the earlier expectations are con-
firmed: the closer the crystal to the stoichiometric
composition, the lower the attainable threshold. The
extremely low damage threshold found for tetravalent
Zr in stoichiometric lithium niobate is expected to facili-
tate the growth of high-quality homogeneous crystals for
device applications.
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Fig. 4. (a) Raman spectra of Zr-doped stoichiometric LiNbO3
crystals. A1�TO� and E(TO) modes measured in y�zz�y and
y�xz�y geometry, respectively; (b) broadening of the A1�TO1�
and A1�TO2� modes, and (c) widths of several Raman lines
as a function of Zr concentration in the crystal.

Fig. 5. Z-scan curves of Zr-doped stoichiometric LiNbO3 crys-
tals measured with 310 kW∕cm2 intensity.
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