
specifications. The proposed dual-broadband semicircle slot an-
tenna also provides the frequency ratio of two operating modes
tuned in the range of 2.2–3.1. The measured peak antenna gains for
the operating frequencies across dual WLAN bands are measured
to be, respectively, 4.7 and 4.9 dBi with the gain variations within
0.5 dBi.
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ABSTRACT: In:LiNbO3 crystals with different Li/Nb ratios in the melts
(Li/Nb � 0.94, 1.0, 1.1, 1.2) have been grown. The changes of the crys-
tal structure on the Li/Nb were analyzed by the ultraviolet–visible ab-

sorption spectra. The holographic storage properties of In:LiNbO3 crys-
tals were investigated by two-wave coupling technique. The diffraction
efficiency, response time, and photoconductivity of the crystals were
measured. With increase in the ratio of Li/Nb, the diffraction efficiency
decreases, the response time shortens, and the photoconductivity in-
creases. © 2007 Wiley Periodicals, Inc. Microwave Opt Technol Lett
49: 2169–2171, 2007; Published online in Wiley InterScience (www.
interscience.wiley.com). DOI 10.1002/mop.22669

Key words: In:LiNbO3; Li/Nb ratio; crystal growth; absorption spectra;
holographic storage

1. INTRODUCTION

LiNbO3 crystal possesses excellent electro-optic, acousto-optic,
and nonlinear optical properties [1]. It is a promising material used
in holographic storage for its excellent photorefractive properties
[2, 3]. However, LiNbO3 crystal has two shortcomings, the long
response time and weak photodamage resistant ability, which
restrict its applications. The photodamage resistant ability of the
LiNbO3 crystal can be greatly improved by doping with MgO [4],
ZnO [5], or In2O3 [6], Sc2O3 [7]. On the other hand, the intrinsic
defects existing in LiNbO3 crystal will reduce with increase in the
Li content, and many optical properties will be changed accord-
ingly [8].

In this article, we propose to grow In:LiNbO3 crystals with
various ratios of Li/Nb. In3� ions doping and Li content increasing
are applied to improve the photodamage resistant ability and to
shorten the response time. The influences of Li/Nb ratios on the
ultraviolet–visible absorption spectra and the holographic storage
properties (diffraction efficiency, response time, and photoconduc-
tivity) are investigated.

2. EXPERIMENTAL

2.1. Samples Preparation
A series of In:LiNbO3 crystals were grown from the melt with
various ratio of Li/Nb from 0.94 to 1.2 by the Czochralski method
with the intermediate frequency furnace as the heater. A pure
congruent LiNbO3 crystal was also grown for comparison. The
composition and the growth conditions were shown in Table 1.
The starting materials were Li2CO3, Nb2O5, and In2O3 with a
purity of 99.99%. To prepare polycrystalline materials, the raw
materials were mixed thoroughly. Then, the raw materials were
filled in a platinum crucible, calcined at 850°C for 4 h, and sintered
at 1150°C for 4 h. All the crystals were grown along the c-axis.
The as-grown crystals were poled in another furnace where the
temperature was at about 1200°C for 4 h with a direct current of 5
mA/cm2. Then, the crystals were cut into wafers and all the
samples were polished to optical grade.

TABLE 1 Composition and Growth Condition of In:LiNbO3 With Different Li/Nb Ratios

Sample no.

1 2 3 4 5

Li/Nb (mol ratio) 0.94 0.94 1.0 1.1 1.2
In (mol %) 0 1 1 1 �1
Pulling rate (mm/h) 1.5 1.5 1.0 0.5 0.3
Rotation rate (rpm) 25 25 20 15 12
Temperature gradient (°C) 40 40 35 30 20
Crystal size (mm3) �30 � 40 �30 � 35 �30 � 35 �20 � 30 �20 � 20
Wafer size (mm3) 10 � 2 � 10 10 � 2 � 10 10 � 2 � 10 10 � 2 � 10 10 � 2 � 10
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2.2. Measurements of the Absorption Spectra
The ultraviolet–visible spectrophotometer of CARY mode was
used to measure the absorption spectra of the samples. The wave-
length range was from 300 to 1000 nm. The result was shown in
Figure 1.

2.3. Measurements of Holographic Storage Properties
The diffraction efficiency and the response time of the In:LiNbO3

crystals were measured by the two-wave coupling experiments.
The optical path was shown in Figure 2. The He–Ne laser (� �
632.8 nm) was used as the light source in the experiment. The
polarization of the output beam was in the incident plane. The
beam was separated into two by the beam splitter. One is signal
light Is and the other is reference light Ir. The intensity of Ir � Is

� 150 mW/cm2 and their crossing angle is 10–20°.

3. RESULTS AND DISCUSSIONS

Figure 1 shows the ultraviolet–visible absorption spectra of the
In:LiNbO3 crystals with different Li/Nb ratios. It can be seen that
the absorption edges of the In:LiNbO3 crystal shift to violet with
increasing the ratio of Li/Nb.

The principal structure of LiNbO3 crystal is formed by oxygen
octahedron. The optical absorption edge is decided by the valence-
electron energy from the 2p-orbits of O2� to the 4d-orbits of
Nb5�. So the valence-electronic state of O2� directly affects the
site of the absorption edge. If the O2� polarization ability in-
creases, the energy for the electron transition decreases and the
absorption edge shifts to infrared. On the contrary, the absorption

edge shifts to violet. From the viewpoint of Li-vacancy model,
there are Li� vacancies in congruent pure LiNbO3 crystal and the
Li� vacancies are filled by Nb5� to form antisite defects (NbLi)

4�

[9, 10]. In the case of In:LiNbO3 crystals, the In3� concentration
is invariable and the (NbLi)

4� concentration reduces with increas-
ing the ratio of Li/Nb. The decrease in (NbLi)

4� leads to the
polarization ability of O2� decreasing and the electron transition
energy increasing. So the absorption edges of In:LiNbO3 crystals
are shifted to violet with increase in the ratio of Li/Nb.

The diffraction efficiency is one important parameters for crys-
tal used in holographic storage. The diffraction efficiency � is
defined as the ratio of the diffracted light intensity Isd to the
transmitted light intensity Ist for the signal light, i.e.,

� � � Isd

Ist
� � 100% (1)

The response time � is defined as the time from the light begins
radiating to the time that the diffraction efficiency � is up to (1 �
e�1) of its maximum (�max).

By the logarithmic transformation of the diffraction efficiency
to the diffusion field, the later equation can be gotten [11],

ln��/�max� �
2�ph

�
t � constant (2)

where �max is the maximum of the diffraction efficiency, �ph is the
photoconductivity, and � is the dielectric constant of the material.
It can be seen from Eq. (2) that �ph is the slope rate of the line
ln(�/�max) � 2t/�. The results of the holographic storage proper-
ties of In:LiNbO3 are shown in Table 2.

As can be seen from the results, with increase in the ratios of
Li/Nb, the photoconductivity increases, response time is shortened,
and the diffraction efficiency decreases. In the In:LiNbO3 crystals,
the photoconductivity is related to the electron traps (NbLi)

4�. The
decrease in (NbLi)

4� with increase in the Li/Nb ratio leads to the
increasing of the photoconductivity �ph.

The relationship of diffraction efficiency �max, response time �,
and conductivity �ph can be described as follows

� �
��0

4	�
(3)

where ��0 is the dielectric constant and � is the conductivity [12].

�max�sin2�	dB
�I

�� cos�� (4)

where d is the thickness, B is the generalized electro-optical
coefficient, 
 is the glass constant, � is the optical absorption, I is
the intensity of the light, � is the wavelength, � is the incident
angle, and � is the conductivity (� � �d � �ph; �d is the dark

Figure 1 Ultraviolet–visible absorption spectra of samples

Figure 2 Sketch of two-wave coupling optical path

TABLE 2 Holographic Properties of the Samples

Sample no. �max (%) � (s) �ph (�10�15 	�1 cm�1)

1 32.4 568 2.8
2 22.6 294 3.4
3 19.7 128 3.8
4 9.7 86 4.3
5 6.4 27 6.7
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conductivity and �ph is the photoconductivity, �d 

 �ph, so � �
�ph) [13, 14].

From the formulas (3) and (4), we can see that the diffraction
efficiency and the response time are inversely proportional to the
conductivity �. So the photoconductivity �ph increases with the
increase in Li/Nb ratio. The diffraction efficiency decreases and
response time shortens simultaneously.

4. CONCLUSIONS

In:LiNbO3 crystals have been grown from the melt with various
ratios of Li/Nb. With increase in the ratios of Li/Nb, the absorption
edge shifts to violet, the photoconductivity increases, response
time shortens, and the diffraction efficiency decreases a little. All
these are induced by the intrinsic defects decreasing in In:LiNbO3

crystals. In:LiNbO3 crystals grown from high Li/Nb melt with
good quality are more promising materials used in the holographic
storage than congruent In:LiNbO3 crystals.
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ABSTRACT: A half-moon antenna is presented for wideband communi-
cation system. The proposed antenna radiates linear polarized wave
omnidirectionally in wide frequency band from 1.5 GHz to more than 5
GHz (��110%). The frequency bands of the proposed antenna are in-
vestigated from the variable current path lengths by tilting angles. The
overall radiation gain of the proposed antenna is 2–3 dBi. © 2007
Wiley Periodicals, Inc. Microwave Opt Technol Lett 49: 2171–2174,
2007; Published online in Wiley InterScience (www.interscience.wiley.
com). DOI 10.1002/mop.22656

Key words: half-moon antenna; tilt angle; wideband antenna; omnidi-
rectional radiation

1. INTRODUCTION

Patch antennas are broadly used in wireless communications be-
cause of the following characteristics: low profile, low cost, and
ease of fabrication [1–3]. However, it is well known that the
bandwidth of patch antennas is narrow [1–3]. As an example, for
triple-band option, more than 30% of the operating bandwidth is
required [4]. Bandwidth in excess of 70% can be achieved with
aperture-coupled stacked patches [4]. However, such configura-
tions occupy considerable space and are not always acceptable for
integration with other circuitry. Thus, many attempts have been
made to widen the bandwidth of printed antennas within specified
dimensions [4–6]. There are several types of antennas that exhibit
large bandwidths such as bowtie, spiral, planar-monopole antenna.
These can be easily constructed using inexpensive printed circuit
board (PCB) technology. Also, a half-moon antenna as a planar-
monopole antenna is introduced recently for the wideband antenna
applications in high frequency band (11–14 GHz) [7].

In this letter, we use a semicircular antenna. It is one of the
promising candidates for wideband applications by variable cur-
rent path lengths of the semicircle. The semicircle is tilted starting
from the center feed to lower the frequency band operation. The
proposed antenna satisfies the omnidirectional radiation and linear
polarization requirements for the commercial wireless communi-
cation systems.

2. DESIGN OF THE HALF-MOON ANTENNA

2.1 Operation Frequency Band
The proposed half-moon antenna printed on Roger’s TMM3 (�r �
3.27, tan  � 0.002) PCB is shown in Figure 1. The thickness of
PCB is 3.175 mm (h). The semicircle is printed and is fed by
coplanar waveguide (CPW), which has a width (W) of 4.95 and
0.225 mm of gap between the signal line and ground plane. Length
(lc) of CPW is 30 mm. The diameter (D) of semicircle is 50 mm.
Therefore, radius (r) is 25 mm. The antenna has tilt angles (�°) to
investigate the variation of the operation frequency bands by tilt
angles.

The vectors of surface current on the half-moon are simulated
using HFSS (FEM), and the surface current paths are also shown
in Figure 2. The shortest current path from the center feed-point
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