
ARTICLE IN PRESS
OpticsOptikOptik
Optik 120 (2009) 995–999
0030-4026/$ - se

doi:10.1016/j.ijl

�Correspond
510275, China.

E-mail addr
www.elsevier.de/ijleo
Influence of post-growth treatment on the optical properties

of In:Ce:Cu:LiNbO3 crystals

Wei Yuana, Biao Wanga,b,�, Decai Maa, Rui Wanga

aHarbin Institute of Technology, Harbin 150001, China
bSun Yat-Sen University, Guangzhou 510275, China

Received 27 November 2007; accepted 20 April 2008
Abstract

Congruent In (3mol%):Ce:Cu:LiNbO3 crystals have been grown by the Czochralski method in air. Some crystal
samples were reduced in Li2CO3 power, and others were oxidized in Nb2O5 power. The structure of crystals was
studied by an infrared transmittance spectrum. The resistance ability to optical damage and the photorefractive
properties were measured by light-induced scattering experiments and two-beam coupling, respectively. It has been
found that the reduction treatment increased the photoconductivity , which resulted in decreased erasure time and
diffraction efficiency, but higher light-induced scattering resistance ability. The oxidation treatment caused the inverse
affect. Finally, the nonvolatile holographic recording in In:Ce:Cu:LiNbO3 crystals is realized.
r 2008 Elsevier GmbH. All rights reserved.
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1. Introduction

LiNbO3 (LN) crystals were widely used in many areas
because of their excellent piezoelectric, electro-optic and
nonlinear optic properties [1,2]. Because of its excellent
photorefractive properties, LN crystals can be applied in
many areas, such as piezoelectric, electro-optic, surface
acoustic wave, waveguide and nonlinear optical devices
[3–6]. However, optical damage and long response time
severely limited its applications in practice. The essential
way to solve these problems is to optimize the crystal
itself by doping with damage-resistance elements (Zn,
In, Mg, Sc, etc.) [7–11] and photorefractive sensitivity
elements (Fe, Ce, Mn, Cu, etc.) [12–15]. In addition,
e front matter r 2008 Elsevier GmbH. All rights reserved.
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moderate post-treatment processes of oxidation and
reduction can also change the photorefractive properties
of the crystals. To obtain good photorefractive proper-
ties by different dopants and post-treatment have
attracted much attention in holographic optical data
storage.

Liu [16] et al. found that nonvolatile holographic
recording can be realized in Ce:Cu:LN crystals. But the
recording time was long, doped In ions can improve
these properties and moderate post-treatment processes
may obtain good photorefractive properties. We ob-
tained a series of high-quality doped In:Ce:Cu:LN
crystals grown from the congruent composition, and
studied their photorefractive properties after different
treatments (oxidation, reduction).On the basis of
experimental results, the dependence of the optical
damage resistance and photorefractive response time
on the defect structure are discussed.
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Fig. 2. Experimental set-up for photo scattering resistance

ability.
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2. Experimental procedure

2.1. Crystal growth and sample preparation

In(3mol%):Ce(0.1wt%):Cu(0.02wt%):LiNbO3 sin-
gle crystals were grown in an automatic diameter
control system by the Czochralski method using an
intermediate frequency (IF) furnace. The raw materials
used to grow the crystals were Li2CO3, Nb2O5, In2O3,
CeO2 and CuO. All raw materials were of 99.99%
purity. The Li/Nb ratio of the initial melts to grow the
congruent LiNbO3 is 0.946. The crystals were grown
along the c-axis in air from the polycrystalline material
in a diameter-controlled equipment at a rate of 2mm/h
and a rotating rate of 15–25 rpm. The growth tempera-
ture gradient of the IF furnace was 35–40 1C/cm. After
growth, the crystals were cooled down to room
temperature at a speed of 50 1C/h. They were then
polarized in another furnace, where the temperature
gradient was almost zero with a DC electric density of
5mA/cm2 for 30min. Finally, the crystals were y-cut
into slices with the size of 10� 2� 10mm3 (a� b� c).
Some of the samples were buried in Li2CO3 power to be
reduced at 550 1C for 30 h, and some were buried in
Nb2O5 power to be oxidized at 1150 1C for 15 h. All the
samples were polished by SiC power to optical-grade
smoothness.

2.2. Measurements

The IR transmittance spectra of the crystals were
recorded with a Fourier spectrophotometer at room
temperature. The measurement wave number range was
from 3300 to 3600 cm�1.

To measure the diffraction efficiency and the
erasure time, the two-wave coupling method was
carried out. A scheme of experimental set-up is
shown in Fig. 1. The holographic gratings were
written by two extraordinarily polarized beams, the
wavelength of the laser is 532 nm. After the grating was
built, the S beam was blocked and we obtained the
Fig. 1. Experimental set-up of detect diffraction efficiency: BS:

beam splitter; M1, M2: mirrors; D1, D2: detector; S: signal

beam; R: reference beam; PC: computer.
diffraction efficiency:

Z ¼
Id

Id þ I t

where It is the transmitting intensity of the signal
beam before the grating was built, and Id is the
diffractive intensity of the signal beam after the grating
was built.

Light-induced scattering was used to characterize the
resistance ability to the optical damage for crystals. It
was performed with a He–Ne laser at the wavelength of
632.8 nm. An attenuator could adjust the laser incident
power, and the beam polarizing direction was parallel to
the c-axis. The crystals were placed on the focal plane of
the convex lens; the central power density of the
transmitted beam was record with a detector. Fig. 2
shows the experimental set-up.
3. Results and discussions

3.1. Infrared transmittance spectra

Because of H2O vapor in the air, H+ ions were
introduced into the crystals during the growth process
and formed the O–H band. We can analyze the change
of the OH� absorption peak to conjecture the position
of doped ions. The infrared transmittance spectra of
crystals are shown in Fig. 3. The OH� absorption peak
of the Ce:Cu:LiNbO3 crystal is located at 3484 cm�1[17].
When the In3+ concentration is above its threshold
concentration, a part of In3+ ions begin to occupy Nb
sites and exist in the form of InNb

2�. Because InNb
2� had a

higher ability to attract H+ than that of Li vacancies,
OH� vibration needs more energy, the absorption edges
of the crystal shift to short wavelength, which is
responsible for the absorption peak at 3508 cm�1. After
treatment, the position of the absorption peaks of
In(3mol%):Ce:Cu:LiNbO3 is just equal to that of as-
grown. The treatments seem to have little influence on
the position of absorption peaks; this indicates that the
post-grown treatments do not influence the defect
structure of In(3mol%):Ce:Cu:LiNbO3. This indicates
that the In concentration in crystals is over the threshold
and the post-grown treatments do not influence the
defect structure.
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Fig. 3. Infrared transmittance spectra of In:Ce:Cu:LiNbO3.

Table 1. Photorefractive properties for In:Ce:Cu:LiNbO3

crystals under different treatments

State Dn (10�5) Zmax (%) te (s)

Oxidation 4.5 15 550

As-grown 3.8 10.3 320

Reduction 2.7 8.5 43
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Fig. 4. Dependence of erasure time on different light

intensities. (The lines are linear fits to the measured values.)
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3.2. Diffraction efficiency

Using the Kogelnik formula [18], the diffraction
efficiency can be

Zmax ¼ sin2
pdDnsat

l cos y

� �
(1)

where Zmax is the maximum of diffraction efficiency, d is
the sample thickness, l is the light wavelength, y is the
half angle of incident lights, the saturated photorefrac-
tive index change Dnsat can be calculated. The erasure
time constant can be obtained by fitting the experi-
mental data with the exponential function, the results
are listed in Table 1.

Because the donor concentration decreased by the
oxidization process, the photoconductivity of the crystal
becomes smaller. According to the expression
dDn ¼ (ne

3)[Kjph/(sd+sph)] [19], where ne is the extra-
ordinary light refractive index, K is the electro-optical
coefficient, jph is the photogalvanic current, sd and sph
are the dark conductivity and photoconductivity. As the
photoconductivity of the crystal is changed, the
saturated photorefractive index change of the oxidized
sample is much higher than that of the as-grown and
reduced samples.
3.3. Dependence of photoconductivity on light

intensity

It is well known that when laser irradiated the
photorefractive crystals, the response time tR could be
expressed as [20] tR ¼ ee0/(sph+sd), where e0 and e are
the dielectric constant in vacuum and the relative
dielectric constant. In the range of light intensity
studied, sd can be neglected in our experiment,
tR ¼ ee0/sph; so the response time was only dependent
on the photoconductivity sph.
The diffusion field in the crystals was [21]

Escðx; tÞ ¼ EscðxÞ expð�spht=��0Þ (2)

The square root of diffraction efficiency was almost
directly proportional to the diffusion field. So

q
qt

ln
Z
Z0

� �
¼

2spht

��0
(3)

Thus the photoconductivity could be derived from the
straight slope 2sph/ee0 of the rectilinear ln(Z/Z0)/t by the
least-squares method. The same as the light intensity
dependence of the photoconductivity can be determined
by measuring the erasure time at different light
intensities. The photoconductivity of the samples was
calculated by the erasure curve. The experimental results
are shown in Fig. 4.

It is observed that the photoconductivity was
proportional to the light intensity. It has been demon-
strated that when one energy level to join in the
photorefractive process in the LiNbO3 crystal exists,
the photoconductivity is linear with the light intensity.
There were two photorefractive centers in the In:Ce:
Cu:LiNbO3 crystals, so it implied that there is only one
energy level taking part in the photorefractive process.
The photoconductivity of the reduced crystal is the
highest, that of the as-grown is bigger and that of the
oxidized is smallest. In In:Ce:Cu:LiNbO3 crystals, Ce

4+

and Cu2+ are the dominant electron acceptors, and they
are the most probable electron donors. The donors of
the reduced sample are higher than that of the oxidized
and the as-grown samples. According to the formula
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Fig. 6. Sketch of the two-color holographic storage experi-

ment. BS: beam splitter; M1, M2: mirrors; D1,D2: detector; S:

signal beam; R: reference beam; PC: computer.
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Fig. 7. Dependence of the diffraction efficiency on time.
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sph ¼ emeNe[22], where e is the electronic charge, me is
electron mobility, Ne is average electron concentration
in the conduction band. The reduction treatment
increased the photoconductivity and photoconductivity
inverse ratio to the erasure time; it also indicated that
performing the reduction treatment can shorten the
response time.

3.4. Light-induced scattering

The light-induced scatter ability resistance is defined
as the ratio R of the light-scattering noise intensity I0

and the incident light intensity I. Fig. 5 shows that the
results of R depend on the incident light intensity. It can
be seen from Fig. 5 that the light-induced scattering
resistance ability is increased significantly by doping In
in comparison with that of the Ce:Cu:LiNbO3 crystal.
Only when the incident light intensity reached a certain
value, the light-induced scatter occurred. The reduction
treatment increases the light-scattering resistance ability;
on the contrary, the oxidation treatment made it
decrease in comparison with that of the as-grown.
Because the photorefractive index change is propor-
tional to the ratio of photovoltaic current to the
photoconductivity [23], the reduction treatment in-
creased the photoconductivity because of less electron
traps of Ce4+ and Cu2+ and larger carrier mobility
(Figs. 6 and 7).
4. Nonvolatile two-color holographic storage

The energy level of Cu in LiNbO3 cannot be excited
by He–Ne light. Therefore, the two-color holographic
storage can be achieved by the process of UV light
sensitizing and red light recording. The crystals were
pre-exposed to the UV light (wavelength 365 nm,
intensity 30mW/cm2) for 1 h. Two extraordinary
polarization coherent beams (wavelength 632.8 nm,
7000
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Fig. 5. Incident light intensity dependence of light-scattering

noise for different treatments of In:Ce:Cu:LiNbO3 crystals.
intensity 15mW/cm2) originating from a He–Ne laser
were incident on the crystals symmetrically, together
with UV light. All the crystals are of 3mm thickness and
the c-axis is parallel to the grating vector. The
diffraction efficiency was defined as the ratio between
diffractive and transmitting intensities, and only red
light was used during the readout process. Fig. 5 shows
the evolution of diffraction efficiency during recording
and readout process.

As shown, the red light only erases the grating
recorded in the shallow level, the grating recorded in
the deep level will be nonvolatile. The reduction
treatment shortens the recording time and decreases
the maximum diffraction efficiency, the oxidation
treatment made it reverse in comparison with that of
the as-grown. The reason for the difference may be that
the reduction treatment decreased the electron traps of
Ce4+ and Cu2+ and larger carrier mobility.
5. Conclusion

The infrared transmittance spectra indicated that
the defect structures were almost not influenced by the
post-treatment. But reduction treatments changed the
photoconductivity of crystals, which results in shorter
respond time and lower diffraction efficiency, and higher
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light-induced scattering resistance ability than that of
the as-grown. The oxidized treatment increased the
diffraction efficiency and respond time, and lower the
light-induced scattering resistance ability than that of
the as-grown.
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