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Abstract

A series of In:Fe:LiNbO3 crystals with various concentration of In2O3 doping were grown in an air atmosphere using the Czochralski

method. Spectroscopic properties (fundamental absorption edge, OH vibrational band) were used for an exploration of the defect structure.

Light-induced scattering and direct observation of the transmitted laser beam distortion were used to characterize the optical damage. It was

found that the threshold intensity of In (3 mol%):Fe:LiNbO3 was 2 orders of magnitude higher than that of Fe:LiNbO3 and was able to

withstand higher power level. The increase in damage resistance could be attributed to the Fe3 + losing their electron acceptor properties and

therefore an increase in photoconductivity.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The combination of excellent linear, nonlinear properties,

and good mass productivity of lithium niobate (LiNbO3)

single crystals has made them important for extensive

industrial applications [1–4]. However, when LiNbO3 devi-

ces, such as frequency doubling converters, waveguide

lasers, optical switches, and parametric oscillators, are

operated at a high laser intensity, their optical performance

is severely restricted by the laser-induced refractive index

inhomogeneity, which has been labeled ‘‘optical damage’’

or ‘‘photorefraction.’’ Investigations of these photorefractive

effects have pointed out the involvement of a variety of

impurities and intrinsic defects [5], and past efforts to reduce

or even eliminate the problem have mainly focused on both

purification of the starting materials for the crystal growth

and post-growth treatments, such as oxidation or electro-

diffusion [6,7]. Since it has been reported that LiNbO3

doped with 4.6 mol% MgO has the ability to resist light

intensity about 100 times greater than pure LiNbO3 [8],

doping impurity ions into crystals to affect photorefractive
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properties receives a lot of interest. Other optical damage

resistance impurities, Zn [9] and Sc [10], have been found

subsequently. Indium reported by Volk and Rubinina [11] is

a new kind of impurity similar to Mg and Zn and can

noticeably reduce the photorefractive effect in LiNbO3

crystals. These authors demonstrated that Zn (6.5 mol%):Fe

(0.01 wt.%):LiNbO3 co-doped with 1.5 mol% In could

reduce optical damage comparable to that of Zn (7.2

mol%):Fe (0.01 wt.):LiNbO3.

In general, the photorefractive effect in LiNbO3 crystals is

due to the space charge formed between the acceptor centers

that trap free electrons and the donor centers that release

electrons, which are excited by the laser beam irradiation

[12]. Doping ions incorporated into the host lattice of

LiNbO3 will result in a large amount of extrinsic defects,

change the environment around photorefractive center ions,

and therefore affect the photorefractive effect. Thus, it will

be of great interest to investigate the correlation between the

changes in defect structure of crystals and photorefraction.

In this paper, the infrared transmittance spectra and

ultraviolet–visible absorption spectra were measured in

order to investigate the defect structure of the crystals. The

effect of doping In ions on the optical damage resistance of

In:Fe:LiNbO3 crystals was systematically discussed.



Fig. 1. Experimental setup.
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2. Experimental details

2.1. Crystal growth and sample preparation

In:Fe:LiNbO3 crystals were grown in an automatic di-

ameter control (ADC) system using the conventional Czo-

chralski method in an air atmosphere. The starting materials

used were all ultrapure. The congruent ratio of Li/

Nb = 0.946 (molar ratio) was selected as melt composition.

Fixed 0.03 wt.% Fe2O3 and varying levels of In2O3 (0.5, 1,

and 1.5 mol%) were added to the melt, respectively. After

being weighed accurately and mixed thoroughly for 12 h,

the materials were put into a platinum crucible (60 mm in

diameter and 40 mm in height) and calcined at 700 jC for 2

h to decompose the carbonate; they were then sintered at

1150 jC for 2 h to form polycrystalline bulk.

The crystal was pulled along [001] direction at a rate of

f 2 mm/h, rotated at a rate of f 20 rpm, and the temper-

ature gradient above melt surface was about 35–40 jC/cm.

After growth, the crystals were cooled down to room

temperature at a rate of 80 jC/h; they were then polarized

in another resistive furnace in which the temperature gradi-

ent was almost close to zero using an applied DC electric

current density of 5 mA/cm2 for 30 min at 1200 jC. All as-
grown crystals appeared to be transparent, crack-free, and

inclusion-free. Lastly, from the middle of the crystals, they

were y-cut into slices with the size of 10� 2� 10 mm3

(a� b� c). The (010) faces were ground using SiC powder

and then polished to optical grade using a 0.25-Am diamond

solution for experimental characterization. Table 1 listed the

growth conditions for these crystals.

2.2. Measurement

The infrared transmittance spectra of the crystals were

recorded by a Fourier infrared spectrometer with a wave

number range of 3000–4000 cm� 1 at room temperature.

The nonpolarized light ultraviolet–visible absorption spec-

tra of In:Fe:LiNbO3 crystals were measured with a wave-

length range of 350–500 nm by a CARYIE-model UV–

Visible spectrophotometer at room temperature.

The optical damage resistance of the crystals was char-

acterized by measuring the light-induced scattering intensity

change as a function of the incident light intensity. A
Table 1

Crystal growth conditions for In:Fe:LiNbO3 crystals

Sample No. 1 No. 2 No. 3 No. 4

[Fe2O3] in melt (wt.%) 0.03 0.03 0.03 0.03

[In2O3] in melt (mol%) 0 0.5 1.0 1.5

Melt weight (g) 530 540 530 550

Heating equipment RFa RF RF RF

Crystal size (mm2) Ø30� 30 Ø30� 35 Ø30� 30 Ø30� 32

Growth atmosphere Air Air Air Air

Seeding temperature (jC) 1240 1250 1254 1246

a RF denotes resistive furnace using SiC rods.
schematic drawing of the experimental arrangement is

shown in Fig. 1. An argon-ion laser at the wavelength of

514.5 nm was used as light source, and the incident beam

power level could be adjusted by an attenuator. The crystal c-

axis was set parallel to the polarization direction of the laser

beam and placed on the back focal plane of the convex lens.

The power density of the beam spot passing through a

pinhole on a light shield was measured by a photodiode

connected with a computer. When the laser intensity reached

or exceeded a certain value, the transmitted beam spot

through the crystal was smeared and elongated along the c-

axis, with a decrease in the intensity at the central part: the

optical damage phenomenon thus occurred inside the crystal.
3. Results and discussion

3.1. Infrared transmittance spectra

The infrared transmittance spectra of crystals mainly

reflect the vibrational absorption peak change of OH com-

bined with the defect group and can suggest the doping ions

location in the crystal lattice [13]. Fig. 2 shows the infrared

transmission spectra of these crystals. Nos. 1–3 crystals

revealed similar positions of the OH absorption peak at

approximately 3482 cm� 1, while in the case of the No. 4

crystal, the absorption peak position was somewhat differ-

ent, which shifted to 3507 cm� 1.

Many intrinsic defects, such as anti-site Nb and Li

vacancies, existed in the LiNbO3 crystals. The H+ ions

congregated around Li vacancies due to their electronega-

tivity and formed (VLi)
�–OH� complexes, which corre-

sponded to the vibrational absorption peak at 3482 cm� 1
Fig. 2. Infrared transmittance spectra of crystals.



Fig. 4. Dependence of the ratio R of the light-scattered intensity to the

incident light intensity vs. the incident light intensity.
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[14]. When In ions entered the crystal lattices, below the

threshold concentration (Nos. 2 and 3), they substituted anti-

site Nb and existed in form of (InLi)
2 +. The H+ ions did not

assemble around these defects because of being repelled by

them. So the IR absorption peak still reflected the vibration

of the above-referred complexes at the same position. When

the concentration of In3 + ions exceeded the threshold (No.

4), after the anti-site Nb’s were canceled, a part of In3 + ions

occupying Nb sites formed (InNb)
2� defects. Because the

defects had a stronger force to attract H+ than (VLi)
�, the H+

ions drifted to the (InNb)
2� defects, and the (InNb)

2�–OH�

complexes were formed, which was mainly responsible for

OH� absorption peak of 3507 cm� 1.

3.2. Ultraviolet–visible absorption spectra

Fig. 3 shows the nonpolarized light ultraviolet–visible

absorption spectra of the crystals. It can be clearly seen that

the absorption edges of Nos. 2–4 crystals successively

shifted to the violet band, in comparison with that of the

No. 1 crystal.

As is well known, the absorption edge in LiNbO3

corresponds to the electron transition from the valence band

(p state of the oxygen ion) to the conduction band (d state of

the transition-metal niobate ions) under the action of pho-

tons, and the intensity of the NbUO bond will affect the

energy gap between the valence band and the conduction

band, i.e. the forbidden band gap [15]. Therefore, the

valence electronic state of oxygen ions will directly influ-

ence the position of the absorption edge. In Fe:CLN, when

Fe ions were incorporated into the lattice of crystal, two

valences of Fe (Fe2 + and Fe3 +) substituted Li ions and

located Li sites [16]. This increased the deformation level of

the electron clouds of oxygen ions and resulted in a decrease

in the energy gap since the polarization ability of Fe ions

was greater than that of the Li ions. The absorption edge

thus shifted to the red band, compared with the undoped

LiNbO3. In the case of In:Fe:LiNbO3 crystals, instead, In

ions below the threshold concentration preferentially
Fig. 3. Ultraviolet–visible absorption spectra of crystals.
replaced anti-site Nb ions and occupied NbLi sites. As the

In-doped concentration was increased, Fe ions on the Li

sites would be repelled by the In ions to the Nb sites. When

the concentration of In doping was over the threshold, after

the removal of NbLi, the additional In ions and most of the

Fe ions occupied Nb sites. This decreased the deformation

level of the electron clouds of the oxygen ions and the

energy gap due to the polarization ability of the In ions less

than that of the Nb ions. Thus, the absorption edges of Nos.

2–4 shifted gradually towards the violet band.

3.3. Optical damage resistance of crystals

When LiNbO3 crystals are used as holographic storage

media, higher light-induced scattering resistance ability can

improve the quality of the storage information, suppress the

generation of noise, and reduce the bit error rate. To estimate

the ability of these crystals to resist photorefraction, the light-

induced scattering change of a transmitted laser beam

through the 2-mm-thick plates of these crystals was mea-

sured (see Fig. 1). Fig. 4 gives the ratio R of the light-

scattered intensity I V to the incident light intensity I, R = I V/I,
in the crystals as a function of I.

From Fig. 4, it can be observed that the threshold

intensity, which induced the transmitted beam scattering,

increases with an increase in the In doping level in the

crystals. When the In doping concentration was up to 3

mol%, the threshold intensities of In (3 mol%):Fe:LiNbO3

(No. 4) were 2 orders of magnitude higher than that of

Fe:LiNbO3 (No. 1). Furthermore, even if the incident light

intensity exceeded the above-mentioned threshold intensity,

the light-scattered intensity in highly doped LiNbO3 crystal

was also much weaker than that of Fe-doped LiNbO3 (see

Fig. 4).

The distortion of the Ar+ ion laser beam at the same

power level for the equal time of irradiation on these crystals

was shown in Fig. 5. Fe:LiNbO3 (No. 1) displayed a severe

diffusion along the c-axis [Fig. 5(a)]. For In:Fe:LiNbO3



Fig. 5. Distortion of the transmitted Ar+ ion laser beam spots. (a) Fe:LiNbO3 (No. 1); (b) In (1 mol%):Fe:LiNbO3 (No. 2); (c) In (2 mol%):Fe:LiNbO3 (No. 3);

(d) In (3 mol%):Fe:LiNbO3 (No. 4).
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crystals, lower In doping concentration’s crystals (Nos. 2

and 3) showed slight distortion in the beam [Fig. 5(b) and

(c)], while In (3 mol%):Fe:LiNbO3 (No. 4) was found to be

able to withstand the same laser power level without

obvious beam smearing [Fig. 5(d)].

In Fe-doped LiNbO3, Fe
3 + ions are the most probable

electron acceptors. Other doping ions incorporated into the

host lattice will change the substitution site of electron

acceptor Fe3 +. An abrupt decrease in the capture cross

section of electrons by Fe3 + is then responsible for the

observed increase in photoconductivity and therefore causes

the increase in resistance ability to optical damage [17].

From the above discussion in Sections 3.1 and 3.2, it could

be seen that below the In3 + threshold concentration, a

portion of Fe3 + ions still occupied Li sites; the Fe3 + ions

did not completely lose their electron acceptor properties,

and therefore the resistance ability to the optical damage of

Nos. 2 and 3 crystals did not noticeably improve despite the

increase in photoconductivity [see Figs. 4, 5(b) and (c)]. As

the In doping level increased to 3 mol%, most of Fe3 + ions

were all pushed to Nb sites and lost their electron acceptor

properties since (FeNb)
2� defects were electronegative. This

drastically increased the photoconductivity. Therefore, the

resistance ability to optical damage of the No. 4 crystal was

much higher than that of the Nos. 2 and 3 crystals [see Figs.

4 and 5(d)].
4. Conclusions

In conclusion, we grew crack-free and inclusion-free In,

Fe co-doped LiNbO3 single crystals and studied the behav-
ior of OH vibrational band, fundamental absorption edge,

and optical damage as a function of In2O3 doping concen-

tration. It was assumed that In3 + ions initially occupied NbLi
sites and then replaced Nb sites when In doping was up to

the threshold concentration (3 mol%). Simultaneously, most

of Fe3 + ions were repelled to Nb sites from Li sites and lost

their electron acceptor properties. This caused an increase in

the photoconductivity. Therefore, the threshold intensity of

In (3 mol%):Fe:LiNbO3 was 2 orders of magnitude higher

than that of Fe:LiNbO3.
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