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Abstract

The Mg-doped and undoped, Fe near-stoichiometric LipNbfystals were grown from the Li-rich melt by Czochralski technique.
The UV-Vis absorption spectra and infrared transmittance spectra were measured to study the structure and defects of the crystals. Ti
photo-damage resistance ability of the crystals was characterized by observing transmission facula distortion directly. The photo-damag
resistance ability of Mg (3.0 mol%):Fe (0.01 wt.%):SLN is higher than that of Fe (0.01 wt.%):SLN and Fe (0.01 wt.%):CLN. This difference
is attributed to the photoconductivity increase.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Since Zhong et al[16] reported the photo-damage resis-
tance ability of LiNbQ was greatly improved with Mg
Lithium niobate (LINb@, LN) single crystal is one of  impurity if more than 4.6 mol% MgO was added to the
the most useful optical materials because of its potential congruent composition melt, some other photo-damage re-

applications, such as optical signal procesdibg imag- sistance impurities have been discovered, such as divalent
ing [2,3], holographic recording of informatiof,5], and ~ Zn®* [17], trivalent I** [18], and Sé* [19], which also
optical waveguideg6,7]. Almost all commercially avail- suppress photorefraction and increase photo-damage resis-

able LiNbG; crystals are typical non-stoichiometric com- tance ability in LiNbQ. Photo-damage is affected strongly
positions, which are grown from a congruent composition by the Li/Nb ratio, and improved remarkably by a small
melt ([Li] /[Nb] = 0.946, atomic ratio) by Czochralski tech- amount of MgO doping for LiNb® single crystals in
nique. Although congruent LiNb§crystals (labeled CLN)  near-stoichiometric compositida4].

generally have good quality and uniformity, a high concen-  In this paper, both the co-doped near-stoichiometric and
tration of intrinsic defects, i.e. Nb (Nb occupied Li site) congruent single crystals were grown to observe the ferro-
and \{; vacancies according to Li-site vacancy model re- electric domain structure. The UV-Vis absorption spectra
ported by lyi et al[8,9], usually appear in single crystals. and infrared transmittance spectra were measured to study
The near-stoichiometric crystals (labeled SLN) are thought the structure and defects of the crystals. The microscopic
to have superior behaviors with fewer defects because ofmechanism of photo-damage resistance ability increase in
higher Li content in crystal lattice. Thus, the improvement of the crystals is explored.

optical properties in SLN crystals, i.e. faster response time

[10], bigger exponential gain coefficient[11], higher sen-

sitivity and dynamic rangg12], and stronger photo-damage 2- Experimental

resistance ability13,14] were reported compared with that

of CLN crystals. 2.1. Crystal growth
It is known that undoped congruent LiNBQusually
shows a low threshold for photorefractive damdg@e]. The crystals were grown in our laboratory from a melt
of Li-rich composition, [Li}/[Nb] = 1.38, by Czochralski
* Corresponding author. technique in air atmosphere. The raw materials used to grow
E-mail address: zhangt02@163.com (T. Zhang). crystals are LiCOs, NbyOs, FeoO3 and MgO with the purity
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Table 1
Summary of doping levels and composition for the crystals
No. 1 No. 2 No. 3
[Li}/[Nb] starting composition 0.946 1.38 1.38
10° [FexO3] doping (wt.%) 10 10 10
[MgQ] doping (mol%) 0 0 3
Crystal size (mrf) @40 x 30 d24x 28 B22x 26
Wafer size (mr) 10 x 2 x 10 10x 2 x 10 10x 2 x 10
Appearance Transparent Transparent Transparent
[Li2O] in crystal (mol%} 48.56 49.60 48.45
10® [Fe, O3] in crystal (wt.%Y 9.93 9.77 9.53
[MgO] in crystal (mol%$ - - 2.12
2The Li,O concentration in crystal was calculated by the methof2@j.
b1t was measured by X-ray fluorescence analysis.
of 99.99%. The compositions and doping levels are listed in C-axial
Table 1 In order to form polycrystalline bulk, the raw mate- \ 08

rials were precisely weighed, thoroughly mixed for 12 h, and
fully calcined at 700C for 2 h and then sintered at 1150

for 2 h, respectively. The initial weight of the reached mate-
rials that was charged in a platinum crucible with the size of
80 mm in diameter and 50 mm in height was approximately
1000g. The SLN crystals were pulled from the melt along
the direction of [001] at a growth rate of 0.2-0.3 mmth

the seed rotation rate was 15-20 rpm, and the axial temper

ature gradient above the melt surface was 30-63&m L.
Since the growth rate was considerably lower for the SLN
versus the CLN, automatic diameter control (ADC) system
was not employed during the growth of SLN.

To keep the composition homogeneity, the crystal growth
was abruptly stopped when about 5wt.% of the initial
charge had pulled out, and slowly cooled down to room
temperature at a rate of 8C h~1. The typical as-growth
crystal sizes of SLN (No. 2 and No. 3) were20 mm
in diameter and~30mm in length. For comparison, Fe
(0.01 wt.%):CLN crystal was also grown, and then polarized
in another resistive furnace at about 12@with an applied
d.c. electric current density of 5mA cri for 30 min at the
end of the crystal growth. However, the SLN crystals were
single-domain structure without polarizing treatment. The
samples of the size of 10mm2mmx 10mm @ x b x ¢)
were cut along (010) lane from the middle of crystals,
ground by using SiC powder, and then polished by using
a 0.25um diamond solution. The crystal appearance was
also listed inTable 1

2.2. Measurement

The domain structure was observed by a method de-

scribed elsewherf1]. After growth, the as-growth crys-
tals were sliced perpendicular to the growth direction, then
polished. The slices were etched in a mixed acid solution
(HF:HNO3 = 1:2, volume ratio), then the slice surface was
observed under an optical microscope.

The UV-Vis absorption spectra of the crystals were
recorded by a wavelength range 300-900nm UV-Vis

|
S o= 1P
| BS

LS
A=2

Fig. 1. Experimental setup of the photo-damage resistance ability mea-
surement: LS, light shed; BS, beam splitter; D, detector; CL, convex lens;

Ar'-laser

Crystal

OS, observation screen.

spectrophotometer (CARYIE model) at room temperature.
The infrared transmittance spectra of the crystals were
recorded by an IR spectrophotometer (Fourier model) with
the wavenumber range of 3000-4000¢mat room tem-
perature.

The direct observing transmission facula distortion
method was used to measure the photo-damage ability of
these crystals. The experimental setup is showRign L
The Art:Laser ofA = 4880 nm was used as light source
and its light intensity was regulated by an attenuator. The
beam passed through the light shed and convex lens, and
then was focused on the crystal. The polarization direc-
tion of the laser beam was aligned along thexial of
crystal. When the laser intensity was low, there was no
photo-damage and the facula was round. As the laser beam
intensity was increased gradually, the photo-damage took
place in the crystal and the facula was elongated along the
c-axial of the crystal. The threshold laser beam intensity,
which initiated the facula beginning to distort, was defined
as the photo-damage resistance ability of the crystal.

3. Results and discussion

It was observed that both doped as-growth SLN crys-
tals (No. 2 and No. 3) without polarizing treatment shown
single-domain structures under the optical microscope.
Therefore, this is a big advantage because the polarizing
treatment at high temperature creates cracks or scattering
centers in the crystals.
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Fig. 2. The UV-Vis absorption spectra of the crystals.

Wavenumber (cm™)

Fig. 2shows the UV-Vis absorption spectra of the crystals. Fig. 3. The infrared absorption spectrum of the crystals.
The absorption edge of Fe:SLN shifts to ultraviolet band
compared with that of Fe:CLN, while shifts to infrared band i .
compared with that of Mg, Fe:SLN. There is a broad absorp- Model) [24]. The OH" absorption peak of Fe:SLN shifts
tion band located at 450-520 nm, which is attributed 9'Fe 10 @ narrow line at 3466 crt (FWHM less than 3cm?),
ions absorptiorj22] or bipolaron absorptiof23] in which ~ Which is always present in nominally pure or weakly doped
the bipolarons are electrons trapped at Nind Nhyy, sites. near—st_0|ch|ometnc L|NbQ The appearance of 3535 ch .
The LiNbO; crystal is oxygen octahedron structure. There Sharp line of Mg:Fe:SLN indicates that the Mg content in
are two NB*, two Li2+ and two vacancies, respectively, the .crystal is over the threshold. It is proposed that' the
around every & . The fundamental optical absorption M ions over the threshold concentration replace anti-site
edge, decided by valence electron transition energy from pNDb firstly, and then the additional Mg ions entering Li
states of the oxygen ions to d states of the niobium transition @nd Nb sites form (Mgs)*~~(MgLi)™ pairs. Because the
metal ions, is sensitive to dopants. The valence electronicPairs have a stronger force to attract Hhe H* in the
state of the oxygen ions directly affects the position of the O©H —(VLi)~ complexes are pulled to (M@)* —(MgLi)*
fundamental absorption edge. If impurity ions increase the Pairs.  Thus (Mgp)* —OH —(MgL;)* complexes are
polarization of the oxygen ion increase, the electron clouds formed, which is responsible for the absorption peak at
distortion level will increase and result in the decrease of the 3535 cn ™. _ _ _
energy gap. The increasing polarization causes the absorp- !N holographic storage experiment, higher photo-damage
tion edge shift toward the infrared band. On the contrary, it esistance ability can improve the quality of the storage in-
shifts to the ultraviolet band. The polarization ability values formation, suppress noise generation, and reduce the bit er-
of Li*, Nb>*, and Mg+ are 2.9, 26.1, and 9.4, respectively. Or rate. Table 2lists the damage resistance ability for the
In Fe:SLN, there are much less intrinsic defects Ndince crystals. The results show clearly that the resistance abil-
it has higher Li concentration than Fe:CLN (s&ble ), ity of Mg (3.0 mol%):Fe (0.01 wt.%):SLN (No. 3) is higher
so the extent of & polarization is reduced, and results than that of Fe (0.01wt.%):SLN (No. 2), and is three or-
in its absorption edge shift towards ultraviolet band. When der of magnitude higher than that of Fe (0.01wt.%):CLN

Mg?* is incorporated into lattice of Mg, Fe:SLN, a part (NO-_ 1). ) _
of Mg+ start to enter the normal Nb sites after replacing Itis well-known that the photorefraction can be described

all the anti-site N completely. The substitution makes DY the scalar expressidie2] §An = Rjph/o ~ Rkal/o,
the extent of & polarization decrease, and the energy whereR is the generalized electro-optical coefficiefs

gap increases. Therefore, the absorption edge of Fe:SLN € photovoltaic currenty = og + opn the conductivity;
compared with that of Mg, Fe:SLN, shifts to infrared ©d @ndopnare dark conductivity and photoconductivity, re-
band. spectivelyk the Glass constant; the optical-absorption co-

Because of KO vapor existing in atmosphere, the vapor efficient; andl the light intensity. The formula shows that
can be introduced into crystals during the growth of crystals, increase in conductivity will decrease photorefraction. The
which brings H into crystals and forms O—H bond. The
OH~ infrared spectra are related to the circumstance aroundTable 2 ) y
them. The position of ions can be conjectured by analyz- ~noto-damage resistance ability of the crystals

ing the change of OH spectraFig. 3 shows the infrared  Crystal Photo-damage resistance Photo conductivity,
transmission spectra of the crystals. ability (W cm?) oph (2 Tem?)
The OH absorption peak of Fe:CLN is located at about No. 1 1.8x 107 8.4 x 10716
3484cnt! (FWHM of about 30cm?), corresponding to ~ NO- 2 6.1x 10° 16x 1071
No. 3 40x 10° 2.7 x 10718

the vibration of OH—(V;)~ complex (Li-site vacancy
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