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The Fe-doped near-stoichiometric LiNbOs crystal has been grown from the Li-rich melt by
Czochralski method. The UV-Vis absorption spectra, IR transmittance spectra and X-ray
diffraction were measured and used to study the defect structure of the crystal. Compared
with that of congruent Fe:LiNbQOs, in near-stoichiometric Fe:LiNbOs3, the lattice parameter
reduces, the basal absorption edge shifts towards shorter wavelength, and the OH
stretching vibration absorption band shifts towards the lower wavenumber side (3466 cm™")
in the Fe-doped near-stoichiometric LiINbOs;. © 2004 Kluwer Academic Publishers

1. Introduction

Lithium niobate (labeled as LiNbO3, LN) single crystal
exhibits excellent electro-optics, ferroelectric, piezo-
electric, acoustic and nonlinear properties. These at-
tracting features makes LiNbO3 widely used in second
harmonic generation (SHG) [1], holographic storage
[2, 3], optical waveguides [4, 5] and fiber sensors [6].
Although nominally pure congruent LiNbOj3 crystals
(labeled as CLN) generally have good quality and com-
positional uniformity, a high concentration of intrinsic
defects, i.e., Nbr; (Nb occupied Li site ) and Vy; (Li
vacancy) according to Li-site vacancy model [7, 8], are
always present in the crystals. The near-stoichiometric
LiNbOj5 (labeled as SLN) has fewer defects and a better
photorefractive ability because of its more ideal struc-
ture in crystal ([Li]/[Nb] & 1, atomic ratio). It has been
demonstrated that many optical properties of LiNbO3
are related to the [Li]/[Nb] ratio in the crystal, and com-
positions of the dopants [9, 10]. The effect of Li concen-
tration in crystals on the defect structure of LiNbOs is
still unclear, and the lattice site occupied by impurities
ions in LiNbOj is not universally accepted.

In this paper, we describe the growth of Fe-doped
near-stoichiometric LiNbOj3 single crystal. The as-
grown ferroelectric domain structure, X-ray diffraction,
UV-Vis absorption spectra and IR transmittance spec-
tra are measured to investigate the structure and defects
of the crystal.

2. Experimental procedure

2.1. Crystal growth

The Fe doped near-stoichiometric LiNbOj3 crys-
tal (Fe:SLN) was grown from a Li-rich melt,
[Li]/[Nb] = 1.38, by the conventional Czochalski
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method in air atmosphere. During the growth, the auto-
matic diameter control (ADC) apparatus was not em-
ployed because of its low growth rate, 0.3 mm/h. Com-
pared to the actual investigation the two congruent
LiNbOs3 crystals were also grown. The raw materials
for crystal growth are LiCO3, Nb,Os, Fe,O3 and MgO
with the purity of 99.99%. The compositions and dop-
ing levels are listed in Table I. A careful preparation of
the starting material for the crystal growth is necessary
for good quality crystal. So the appropriately weighed
materials were thoroughly mixed and calcined at 700°C
for 1 h then sintered at 1200°C for 2 h, respectively.

The transparent, crack-free and inclusion-free single
crystals were grown along the c-axis under optimum
growth parameters as listed in Table I. After anneal-
ing at 1200°C for 8 h in a furnace where the temper-
ature gradient was almost 5°C/cm, the CLN crystals
were polarized with a applied DC electric field of 5
mA/cm? for 30 min. While the polarization treatment
was not needed for Fe:SLN crystals. Then the crys-
tals were made into samples after being cut, polished.
The sample size is listed in Table I. For characteriza-
tion of the domain structure the 5 mm x 5 mm x 2
mm Z-cut slice from the bulk as-grown No. 3 was cut
and polished. In order to reveal the ferroelectric domain
structure, the slice was etched in a mixed acid solution
(HF:HNOj3 = 1:2, volume ratio) at 100°C for 30 min.
The etched samples were tested under the optical mi-
croscope to determine domain structure. The results
obtained show the single domain in the CLN and SLN
crystals.

2.2. Characterization
The X-ray powder analyses of the crystals were per-
formed for phase identification and lattice parameters

5799



TABLE I Compositions, doping levels, appearance and growth con-
dition for crystals

Crystals No. 1 No. 2 No. 3
[Li]/[Nb] starting 0.946 0.946 1.38
composition
[Fe203] (wt%) 0 0.01 0.01
Crystal size (mm) $25 x 30 $25 x 35 ¢15 x 15
Sample size (mm?) 10x10x3 10x10x3 10x10x3
Appearance Transparent ~ Transparent  Transparent
Growth temperature 1250 1250 1180
O
Temperature gradient 20 20 40
(°C/cm)
Pulling rate (mm/h) 2 2 0.3
Seed rotating rate (rpm) 15 15 20

TABLE II The lattice parameter for the crystals. According to Li-site
vacancy

Lattice No. 1 No. 2 No. 3
a (A) 5.14590 5.14599 5.14261
cA) 13.83909 13.83987 13.71938

were determined by a D/max-yB mode X-ray
diffractometer with a rotating anode. The measurement
conditions were with the wavelength of 1.5405000 A,
copper target and tube voltage/current of 40 kV/50 mA.
Calculation of the lattice parameters was carried out on
the computer using the least square fitting method, and
the data were listed in Table II.

The UV-Vis. absorption spectra of the crystals was
recorded by a CARYIE model UV-Vis. spectropho-
tometer at room temperature. The measurement wave-
length range was from 300 to 900 nm. The IR transmit-
tance spectra of the crystals were recorded by a Fourier
spectrophotometer with the wavenumber of 3000—-4000
cm~! at room temperature.

3. Results and discussions

The X-ray diffraction measurement shows that there
is no new peak in the diffraction patterns of Fe:SLN
compared with that of pure LN. It shows dopants has
entered into the lattice of crystals, exhibiting trigo-
nal structure. But due to the size difference between
dopant ions and Li*, Nb>7, it leads to the change of
size and shape in unit cell. So compared with the pure
LN, the site and diffraction intensity of peaks is slightly
changed.

Table IT shows the lattice parameter for the crystals.
According to Li-site vacancy model [7, 8], there is a
high concentration of intrinsic defects, such as anti-site
Nby; and Vij, in LiNbO; crystal. In Fe:SLN crystal,
more Li ions enter the defect sites of Nby; and Vi,
resulting into the decrease of lattice parameter in unit
cell compared with that of Fe:CLN.

The UV-Vis absorption spectra of the crystals are
shown in Fig. 1. It is seen that the absorption edge of
Fe:SLN shifts to the shorter wavelength compared with
that of Fe:CLN, while shifts to the longer wavelength
compared with that of the pure LN.
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Figure 1 The UV-Vis absorption spectra of the crystals (No. 1-No. 3).

It is well known that the basal absorption transition
in LiNbOj3 includes the direct transition and the in-
direct transition [11-14]. The former corresponds to
the electrons transition from the valence band (p state
of the oxygen ion) vertically to the conduction band
(d state of the niobium transition-metal ion) under the
action of photons. For the direct transition, the optical
absorption coefficient is usually is the order of larger
than 10° cm™', and the forbidden energy gap is over
3.8 eV [15]. The indirect transition is composed of the
transition absorption related to impurities of defects,
absorbing phonons and emitting phonons, respectively.
The corresponding optical absorption coefficient is less
than the order of 10° cm™!, and the forbidden energy
gap is near 3.2 eV [15]. When the photon energy ex-
ceeds the difference of the indirect transition energy gap
and the phonon energy, the absorption of phonons will
occur. While the photon energy exceeds the sum of the
indirect transition energy gap and the phonon energy,
the emission of phonons will take place. The electron
energy band structure of LiNbO3 shows the bottom of
the conduction band and the top of the valence band
are not at the same wavevector K [16]. Therefore, an
indirect transition may occur in the optical absorption
transition for the doped LiNbO; crystals.

Fig. 1 shows the indirect transition absorption edge
of Fe:SLN exhibits a slight shift to shorter wavelength.
The shift of the absorption edge may be explained as
follows. According to the theory of Didomenico el al.
[17], the intensity of the Nb—O band will affect the for-
bidden band gap. While the valence electronic state of
the oxygen ions will affect the position of the indirect
transition absorption edge. If the polarization ability
of the doped ion in the crystal lattice is higher that of
the replaced ion, the interaction of positive and nega-
tive ions (doped ion vs. oxygen ion) will result in the
electron clouds’ distortion level increase of O*~, i.e.,
the intensity of Nb—O band is weakened and therefore
the energy required for the electron transition decrease.
Thus the absorption edge shifts towards longer wave-
length. Otherwise, it shifts to shorter wavelength. In
Fe:SLN crystal, it has less intrinsic defects of Nby ; than
in Fe:CLN. This reduces the distortion level of oxygen
ions, so the basal optical absorption edge of Fe:SLN
shifts to shorter wavelength.

The stoichiometric character of these crystals has
manifested in the infrared transmission spectra as well.
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Figure 2 The IR transmittance spectra related to the OH stretching vi-
bration for the crystals.

In Fig. 2 the OH stretching vibration band is shown
for the crystals. The pure congruent sample (No. 1)
presents a broad non-symmetrical absorption band
(FWHM of about 30 cm™') at approximately 3482
cm™~! which has already been observed by Herrington
el al. [18]. The absorption band of Fe(0.01 wt%):LN
(No. 2) is similar to that of pure LN (No. 1). But
in Fe(0.01 wt%):SLN (No. 3) the absorption band
is shifted to 3466 cm™! which shows a narrow line
(FWHM less than 4 cm™1).

It has been reported that the behavior of the OH
stretching vibration in LiNbO3 has a strong relation-
ship with the concentration in the crystal and reflects
the defect structures [19, 20]. It means that the abrupt IR
absorption band is attributed to the change of hydrogen
in the oxygen planes of LiNbOs, i.e., the cationic cir-
cumstance change. Therefore, the a narrow line at about
3466 cm~! for the IR absorption band can be explained
by the smaller amount of defects such as anti-site Nby
and Vy; for Fe:SLN (No. 3) crystal.

4. Conclusions

In conclusions, we have grown the transparent, crack-
free and inclusion-free Fe-doped near-stoichiometric
LiNbO; crystal and studied the structure of the crys-
tal by X-ray diffraction, UV-Vis absorption spectra
and IR transmittance spectra. The analysis of the re-
sults suggests that smaller amount of Nby; and Vi
for Fe(0.01 wt%):SLN result in that the lattice pa-
rameter is reduced, the basal absorption edge shifts
towards shorter wavelength and the OH stretching
vibration absorption band shifts towards the lower
wavenumber side (3466 cm™!) in comparison with that
of Fe(0.01 wt%):CLN.
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