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Abstract

A near-stoichiometric LiNbOj3 crystal with 0.02 wt% Fe, O3 doping was
grown from a Li-rich melt (Li/Nb = 1.38, atomic ratio) by the Czochralski
method in air atmosphere. The OH™ absorption band was characterized by
infrared transmittance spectra. The appearance of the 3466 cm™! absorption
band (2.89 um) manifests that the composition of the grown crystal is close
to the stoichiometric ratio. The photorefractive properties were measured by

a two-wave coupling experiment. The measured results show that the
Fe-doped near-stoichiometric LiINbOj3 crystal has a larger exponential gain
coefficient than the Fe-doped congruent LiNbOj crystal. The remarkable
gain can be attributed to the photovoltaic field being comparable with the

effective limiting space-charge field.

1. Introduction

Lithium niobate (LiNbO3, LN) possesses excellent electro-
optics, ferroelectric, piezoelectric, acoustic and nonlinear
properties, and is a promising material for many applications
in second harmonic generation (SHG) [1], holographic
data storage [2], optical parametric oscillation [3] and
coherent optical amplification [4].  Congruent LiNbO;
crystals generally have good optical quality and uniformity;
however, being a typical non-stoichiometric composition,
a high concentration of intrinsic defects, i.e. anti-site Nby;
(NDb occupied Li site) and Vi; (Li vacancy) according to the
Li-site vacancy model [5, 6], are always present in crystals.
Usually, the pure congruent LiNbO; has little practical
applications in the above-mentioned aspects because of its
many serious disadvantages such as low threshold for optical
damage, low diffraction efficiency, low sensitivity and long
response time.

So far, three main methods have been developed to
improve the photorefractive performance in LiNbOs3;. One
is by doping various impurity ions to tailor the properties
of LiNbO; crystals, such as Fe [7], Ce [8], Mn [9],
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Cu [10], Mg [11], Zn [12], In [13], Sc [14] and so on.
Another is by means of post-growth treatments (reduction or
oxidation) to improve the photorefractive properties [15, 16].
In addition, the control of the Li/Nb ratio in LiNbO;
crystals has been demonstrated to be of key importance for
the improvement of their properties [17,18]. The near-
stoichiometric LiNbO3 (SLN) crystal is expected to have
fewer defects and superior behaviours because of its more
ideal structure in the crystal ([Li]/[Nb] & 1, atomic ratio);
therefore the near-stoichiometric LiNbO;3 crystal has been
widely studied in the past few years. In two-wave coupling
experiments, undoped or doped near-stoichiometric LiNbO3
crystals have a larger exponential gain coefficient, faster
response speed and higher sensitivity than doped congruent
ones. However, the corresponding mechanisms are still
unclear.

In this paper, we choose transition element Fe for
increasing the photorefractive effect to grow an Fe-doped near-
stoichiometric LiNbOjs single crystal from a Li-rich melt by the
Czochralski method. The infrared (IR) transmittance spectra
and photorefractive properties in Fe : SLN were measured and
compared with Fe : CLN, and the underlying mechanisms were
discussed.
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2. Experimental methods

2.1. Crystal growth and sample preparation

The raw materials for crystal growth are LiCO3, Nb,Os, Fe, O3
with the purity of 4N. The Li-rich materials of Li/Nb = 1.38
(atomic ratio) and 0.02wt% Fe,O; doping were selected
as the starting melt compositions to grow an Fe-doped near-
stoichiometric LiNbOj3 crystal (Fe:SLN) by the convenient
Czochralski method in air atmosphere. In order to form a
polycrystalline bulk, the raw materials were precisely weighed,
thoroughly mixed for 12 h, and fully calcined at 700°C for 2 h
and then sintered at 1150°C for 2 h, respectively. The initial
weight of the reacted materials that were charged in a platinum
crucible, 80mm in diameter and 50mm in height, was
approximately 1000 g. To obtain a high homogeneity crystal,
the crystal growth was abruptly stopped when about 5 wt%
of the initial charge had been pulled out. The transparent,
crack-free and inclusion-free crystal, ~25 mm in diameter and
~25mm in length, was grown under the optimum growth
parameters: pulling rate of 0.3 mmh~!, seed rotation rate of
~15rpm and temperature gradient of ~20°Ccm™'. After
growth, the crystal was cooled to room temperature at a rate
of 80°Ch~!. In order to compare with the actual investigation,
a congruent LiNbO; (Fe:CLN) crystal of the same doping
level was also grown.

It was found by an etching experiment [19] that as-grown
Fe : SLN had almost single ferroelectric domain structures. For
optical characterization, the two crystals were y-cut into slices
of dimensions 10 x 2 x 10mm? (a x b x ¢) from the middle,
then polished to optical grade smoothness. Lastly, the samples
were short circuited to avoid space charge accumulation in all
experiments by covering the other four faces (x, z) with silver
paste.

2.2. Measurements

The IR transmittance spectra of the crystals were recorded
with a Fourier spectrophotometer at room temperature.
The measurement wavenumber range was from 3000 to
4000 cm~.

Holographic measurements were performed with a two-
wave coupling experiment at room temperature. A schematic
diagram of the experimental set-up is shown in figure 1. Two
mutually coherent and extraordinarily polarized green beams
from a doubled Nd: YAG laser (A = 532 nm) were used as
writing beams, i.e. signal beam S and reference beam R. The
grating vector of written holograms was set along the crystal’s
c-axis to utilize the largest electro-optic coefficient y33. The
intensity ratio of S to R could be adjusted by rotation of
the half-wave plate HW;. The diffraction efficiency n was
monitored during the recording process with a weak beam of
a He—Ne laser (A = 633 nm, ordinary polarization) that was
Bragg matched.

3. Experimental results and discussion

3.1. IR spectra analysis

It was reported that the location of the OH™ absorption peak
usually has a strong relationship with Li concentration in the
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Figure 1. Scheme of two-wave coupling experimental set-up.
M;, M,: mirrors; BS;: beam splitter; D, D,: detectors; R: reference
beam; S: signal beam; HW |, HW,: half-wave plates.
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Figure 2. The IR transmittance spectra of the crystals.

crystal [20,21]. Figure 2 shows the IR transmittance spectra
of Fe:SLN and Fe:CLN crystals. The congruent crystal
presents a broad non-symmetrical absorption band (FWHM
about 30 cm™') at approximately 3482 cm™!. But in Fe: SLN
the absorption band is shifted to a narrow line at 3466 cm™!
(FWHM less than 5cm™!). The appearance of the 3466 cm™!
absorption band (2.89 um) manifests that the grown crystal
is close to the stoichiometry, since this band occurs only in
near-stoichiometric LiNbOs.

3.2. Diffraction efficiency

The holographic gratings were recorded with two beams
(S,R) of equal intensity up to 450mWcm™2 at an
intersection angle of ~15.3° on the incident crystal surface
(see figure 1). The diffraction efficiency 75 is defined
as the diffracted intensity Iy of the probe laser beam
divided by the corresponding transmitted intensity I,
ie. n = 14/1; x 100%. The corresponding refractive index
change An and the space-charge field E are calculated by
Kogelnik’s formula [22] and electro-optic effect, respectively.
At the same time, the amplitude of the diffuse field E4 can be
determined as

o 2 kBT ])
T eA (
where kg is Boltzmann’s constant, e is the electron charge,
T the absolute temperature and A the grating period.
The experimental results are shown in table 1.
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Table 1. Summary of the photorefractive properties for crystals.

Diffraction Space-charge Diffusion

efficiency, Refractive field, E. field, Eq4
Sample (%) index, An~ (Vem™) (Vem™)
Fe:CLN 78 9.15x 107° 5.36 x 10° 792
Fe:SLN 55 7.06 x 1075 4.11 x 10 792

As is well-known, the photorefractive process in LINbO3
has been attributed to a photovoltaic effect, to diffusion and
to drift of photo-carriers. The photovoltaic effect, presumably
based on the polarity of the lattice, accounts for photocurrents
along the polar axis even in the absence of applied fields.
The diffusion current results from the density gradient of free
charge carriers by inhomogeneous illumination, whereas the
drift current is due to the Coulomb interaction of an electric
field with the photo-carrier. It can be seen from table 1 that
the space-charge field E is larger than the diffusion field Eg;
therefore, the additional contribution to E. is obviously the
photovoltaic field, i.e. the photovoltaic field is the dominant
effect during the recording process for the two crystals.

3.3. Exponential gain coefficient

The two-wave coupling experiment was employed to obtain the
steady-state exponential gain coefficient I" (see figure 1). The
total beam intensity was 900 mW cm™2. The reference—signal
intensity ratio m was adjusted to 250 by rotation of the half-
wave plate HW,. By measuring the signal beam intensity
I; (1)) after the beam passes through the crystal, with (without)
coupling to the reference beam, the amplification y is obtained
from the relation /

S

=7 )

Y
The exponential gain coefficient I' is experimentally
measured through the equation [23]

L)
Fr=—-In|———|, 3)

L l+m—vy
where L is the interaction length of two incident beams in the
crystal and m is the reference—signal intensity ratio. Figure 3
shows the dependence of the exponential gain coefficient I’
on the grating period A. It is found in Fe:SLN that the
gain increases quickly with the increase in grating period
in the range of small periods, and reaches the maximum value
27cm~! at A = 1.8 um, and then decreases with increase
in A. In contrast, in Fe: CLN, the gain change with grating
period is not as obvious as in Fe : SLN, and its maximum gain
(Tmax = 15cm™) is reduced by a fraction of ~2 compared
with that of Fe : SLN.

In fact, the photovoltaic field Ey, in the measurement
range of the grating periods exceeds the diffuse field E4. Thus,
the diffuse field E4 can be negligible in the photorefractive
effect for the two crystals. According to the theory of
two-wave coupling, the exponential gain coefficient I defined
in equation (3) is given by [24]

27 yeqr cos(26) cos(6) EE},
A EZ+E},

r 4

30

Gain (cm’l)

+—
0 2 4 6

Grating Period (um)

Figure 3. Experimental curves of I versus A. (a) Fe,03
(0.02 wt%) : SLN; (b) Fe,O; (0.02 wt%) : CLN. The lines represent
the fitting curves by the formula (4).

Table 2. Fitting data for the two crystals.

Grating Photovoltaic  Filled trap
Maximum gain, period, field, E;, density,
Sample [ (cm™!) A(um) (Vem™) N~ (cm™?)
Fe:CLN 15 1.8 5.83 x 10° 3.0 x 10'°
Fe:SLN 27 1.6 421 x 10> 2.6 x 10V
with N
E; = Esms (5)
and
eA NO _
Es = —N7, (6)
2mweeg N

where E;, E; and Ey, are the limiting space-charge field,
effective limiting space-charge field and photovoltaic field,
respectively; N~, N°, N are the filled trap density, empty trap
density and total trap density, respectively; n is the refractive
index; 6 is half of the angle between the recording beams inside
the crystal; yesr is the effective electro-optic coefficient; A is
the recording wavelength in vacuum; and e¢y is the dielectric
constant of the LiNbOj crystal. The phase shift ¢ between the
holographic grating and interference pattern is given by

E E
ph I~ ph )
E; AN~

tan g = @)
It is very clear that the exponential gain coefficient I" in
equation (4) is a function of the photovoltaic field Ep,, filled
trap density and grating period A. Fitting this expression to
the experimental data of gain I" by the least-square method, the
parameters Ey, and N~ can be obtained. Figure 3 shows the
fitting curve and, as we can see, the fit is very good. Table 2
lists the fitting values of E,, and N~ for the two crystals.
From figure 3, the following conclusions can be easily
obtained in the Fe : SLN crystal: (1) when the grating period A
is a little small, the photovoltaic field Ey, is much larger than
the effective limiting space-charge field E;, so the gain I'
is proportional to E; and therefore to A by equation (4);
i.e. I increases linearly with the increase of A; (2) when
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A is a little large, Ep, is much smaller than E(, so I' is
inversely proportional to E and therefore to A by equation (4),
i.e. decreases with increase in A; and (3) when A is exactly
equalto 1.8 um, Epy isequal to E; and I reaches its maximum.

It is well known that a phase shift between the holographic
grating and the interference pattern is necessary to get a
steady-state energy transfer from the reference beam to the
signal beam. The fitting results (as shown in table 2) indicate
that there is a large photovoltaic field and a small filled trap
density in Fe:SLN, which results in the photovoltaic field
being comparable with the effective limiting space-charge
field in our measurement range, so a large steady-state energy
transfer (M = 27 cm™') takes place due to equation (7).
In contrast, though the photorefractive effectin Fe : CLN is also
governed by the photovoltaic field, the filled trap density is
so large that the photovoltaic field is much smaller than the
effective limiting space-charge field in the measurement; thus
the phase shift is close to zero by equation (7), and there only
exists a small steady-state energy transfer (Mpax = 15cm™!)
in Fe : CLN.

4. Conclusion

Fe-doped near-stoichiometric LiNbO3 crystals grown from
a Li-rich melt by the Czochralski method were studied and
compared with Fe:CLN. The IR spectra demonstrate that
this grown crystal is near the stoichiometry, and shows that
its absorption band becomes narrow and shifts towards lower
wave numbers (3466 cm™!). The exponential gain coefficient
of Fe:SLN is much larger than that of Fe: CLN. The main
reason is that the photovoltaic field is comparable with the
effective limiting space-charge field in Fe : SLN.
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