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ABSTRACT: The relations between conversion stabilities and photo-

excited electron-depletion effects have been experimentally evaluated in
a Zn-indiffused lithium niobate polarization converter, for the first time.
A simple method with a biased voltage and laser trimming was

performed to observe these phenomena. The results show that the stable
conversions for both polarities of applied polarization-conversion
voltages are achievable due to the depletion of photo-excited electrons

in the waveguides. VC 2010 Wiley Periodicals, Inc. Microwave Opt

Technol Lett 52: 1937–1941, 2010; Published online in Wiley

InterScience (www.interscience.wiley.com). DOI 10.1002/mop.25384
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Figure 11 The simulated S-parameters for the DGS microstrip direc-

tional coupler when L2 ¼ 3.0 mm. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com]

Figure 12 The Measured S-parameters for the DGS microstrip direc-

tional coupler when L2 ¼ 3.0 mm. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com]
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1. INTRODUCTION

Photorefractive effects are essential issues in the development of

lithium niobate (LN) optical waveguide devices. Because the

photoexcitable electrons can be released under the high irradiat-

ing powers of the visible lights, the spatially nonuniform distri-

butions of electrons easily build up a space-charge electric field

[1]. Then, the refractive index changes in the channel wave-

guides through an elelctrooptic (EO) effect. The changes of opti-

cal phase conditions easily cause the conversion wavelength

shifts of nonlinear optic devices and unstable bias operations of

EO phase modulators [2–4]. Consequently, the suppression of

photorefraction in LN is of great importance for improving de-

vice performance. Similar to the buck-type EO wave plates for

controlling the states of polarization [5], the waveguide-type LN

polarization controllers have the advantages of compact size and

low driving voltage [6]. However, most of the reported x-cut/z-
propagation Ti-indiffused (TI) polarization converters are used

in the infrared wavelengths [7], which are difficult to be used in

the visible wavelengths due to photorefractive effects [8]. To

obtain a compact LN polarization controller for the visible

wavelengths, stable polarization converters are necessary com-

ponents. In comparison with the TI waveguide devices, the Zn-

indifussed (ZI) waveguide devices have better phase stabilities

due to less photorefractive effects [9, 10].

In this article, we explore the relations between conversion

stabilities and the photo-excited electron-depletion effects in the

ZI polarization converter (ZIPC) by using the treatments of bi-

ased voltage and laser trimming at room temperature. After

treatments, the polarization conversions became stable due to

the depletion of the photo-excited electrons in the channel wave-

guides. Although the applied voltages for complete conversion

are increased from 5 to 8 V after treatments, the electron-deple-

tion effects to suppress the phase-bias drift are still worthwhile

evaluations for improving the stability of the ZIPC.

2. DEVICE PRINCIPLES AND MEASUREMENTS

Figure 1 displays the measurement setup and device structure of

the ZIPC. The ZIPC is same as discussed in a previous report

[4]. It consists of a channel waveguide of 4 lm-wide and

22 mm-long with three parallel aluminum electrodes of 300 nm,

which was formed parallel to the z axis on the �x surface of

LN substrate. The central electrode width WC is 8 lm; the elec-

trode gaps GC between the center and the two outer electrodes

are also 8 lm. The length of electrodes L is 15 mm. A silicon

dioxide buffer layer of 300 nm was deposited between the LN

substrate and electrode layer. One of the outer electrodes V2 is

grounded (V2 ¼ 0 V), and two independent voltages VC and V1

can be applied to the center and the other outer electrodes,

respectively. To characterize the phase-modulation and polariza-

tion-conversion characteristics under electrically driving vol-

tages, the device was placed between a pair of parallel polarizer

and analyzer (PL and AL). An incident He–Ne laser light of

Figure 1 (a) Measurement setup and (b) device structure of the ZIPC

Figure 2 Measured response curves of the ZI phase modulators: (a) before and (b) after treatments
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633 nm wavelength was coupled into the polarization converter

to be in the transverse magnetic (TM) polarization after passing

through the PL and objective lens L1. The output light was

focused with another lens L2. The throughput powers were

measured behind a pinhole. After the AL, the signal is received

by a photodetector. The normalized output power of TM polar-

ization PTM is represented as

PTM ¼ 1� j2

j2 þ d2
sin2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2 þ d2L

p� �
; (1)

where j is the coupling coefficient, d is the mismatch parameter

between the transverse electric (TE) and TM modes [7]. These

notations are further expressed by Eqs. (2) and (3).

j ¼ pC1n
3
or61=kGC

� � � VC � V1=2ð Þ; (2)

d ¼ Db=2þ pC2n
3
or22=kð2GC þWCÞ

� � � V1; (3)

where r61 and r22 are the EO coefficients, k is the incident-light

wavelength, and no is the ordinary refractive index of substrate.

C1 and C2 are the overlap integrals for the vertical and horizon-

tal electric fields between guided modes, respectively, Db is the

modal birefringence. When the value of j is much larger than

that of d and d is near to zero, the complete polarization conver-

sion is achievable at jL ¼ p/2 6 mp (m ¼ 0, 1, 2, …). The

applied voltages and measured conversion curves can be

obtained for calculating the overlap integrals of C1 written as

C1 ¼ ðkGC=n
3
or61Þ � ð1=ðVCb � VCaÞÞ � ð1=LÞ; (4)

where VCb and VCa are two adjacent VC voltages to achieve the

complete conversion under the same phase-matching voltage V1.

By floating the central electrode, the polarization converter is

like a polarization-phase modulator to provide the phase-retarda-

tion modulation through the applied V1 voltages. The normalized

interferometric intensity Pout is expressed as

Pout ¼ 1=2þ 1=2 � cos½/ðtÞ þ pV1ðtÞ=V1p�; (5)

where /(t) is a time-varying phase shift induced by the photore-

fractive effects. V1(t) is the applied triangular voltages. The cor-

responding interferometric signal can be measured to decide

V1p, which is the applied voltage for p phase retardation

between the TE and TM modes. According to the measured V1p,

C2 is given as

C2 ¼ ðkð2GC þWCÞ=2n3or22LV1pÞ: (6)

3. RESULTS AND DISCUSSION

Through the focused modes of irradiating with a high power,

the core region of the ZI waveguides can be heated due to the

material absorptions. The induced temperature gradient enhances

the diffusion abilities of free electrons. At the same time, the

applied voltage provides a net electric force to make the elec-

trons drift to the edge of waveguides. By using the treatments of

biased voltage and laser trimming, we have observed the rela-

tions between the polarization-conversion stability and electron-

depletion effects. The conversion performance of the same ZIPC

was investigated before and after treatments. The proposed bi-

ased voltage and laser trimming were performed with a triangu-

lar voltage of AC peak-to-peak 20 V at a frequency of 100 Hz

and a biased DC voltage of 10 V, under a throughput power of

30 lW and a long-term irradiation of 60 min at the incident

light of 633 nm wavelength. The temporal changes of phase

drifts induced by the photorefractive effects can be observed.

Figure 2 presents the response curves of the phase modulator

when measuring at a throughput power of 15 lW before and

Figure 3 Phase variation rate as a function of time

Figure 4 Polarization-conversion characteristics measuring at a throughput power of 25 lW before treatments: (a) initial measurement and (b) after

60 min
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after treatments. The measurement results show that the values

of V1p are the same, namely, about 11.5 V before and after

treatments, as shown in Figure 2. However, the phase biases

gradually changed during the observation period of 60 min. The

phase variation rate is defined as a ratio of temporal phase-bias

variations to the initial phase bias, as shown in Figure 3. This

phenomenon was attributed to the time-varying space-charge

field [Esc(t)] forming due to the photorefractive effects. After

long-term irradiating, the saturated phase drift implies that the

waveguide region is depleted of the photoexcitable electrons.

Figure 4 shows the conversion properties of the ZIPC before

treatments. In the initial measurement, the applied voltages of

VCa ¼ �4 V and VCb ¼ 6 V achieve complete conversion at the

phase-matching voltage of V1 ¼ 12 V. However, the spatial dis-

tribution of photoexcitable electrons is dependent on the polarity

of VC voltages. In the case of VCb > 0, the horizontally nonuni-

form electrons induce the Esc(t) to compensate the optimized

phase-matching voltages. It will cause an incomplete conversion

Figure 5 Polarization-conversion characteristics measuring at a throughput power of 80 lW after treatments: (a) initial measurement and (b) after

60 min

Figure 6 The schematic explanations of the electron-depletion effects on the stability improvements before and after treatments in different polarities

of VC voltages: (a) before treatments at VC > 0, (b) before treatments at VC < 0, (c) after treatments at VC > 0, and (d) after treatments at VC < 0
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through an increase of time duration. After treatments, the

phase-matching voltage of V1 ¼ 12 V is unchanged for a com-

plete polarization conversion. Figure 5 shows the conversion

results when measuring in the throughput powers of 80 lW with

the same wavelength of 633 nm. In these measurements, the

complete conversions from input TM polarization to TE one

were achieved at the applied voltages of VCa ¼ �7.5 V and VCb

¼ 8.5 V. These values are higher than those before treatments

(�4 and 6 V). However, the conversion properties are stable in

both applied VC voltages. Figure 6 gives the schematic explana-

tions for the relations between depletion effects and conversion

stabilities in different polarities of applied voltages VC. Before

the treatments, the distributions of photo-excited electrons (Cpe)

are dependent on the voltage polarities. In the case of VC > 0 as

shown in Figure 6(a), the negatively voltage-induced ions (Ivi)
are formed under the buffer layer, the repulsive force between

the negative ions, and electrons will make the Cpe drifted slowly

to the V1 electrode side. The Esc(t) easily offsets the applied

phase-matching electric field (Eapp) and impacts the polariza-

tion-conversion stabilities. However, the positively Ivi are

formed when applying voltage of VC < 0 as shown in Figure

6(b), the Cpe will be trapped under the buffer layer. It do not

induce the Esc(t) to change the phase-matching conditions. After

the treatments, it is reasonable to expect that the waveguide

region is depleted of the Cpe as shown in Figures 6(c) and 6(d).

Therefore, the stable operations are independent on the polarity

of applied VC voltages, even irradiating with higher input

powers again. The calculated values of C1 are 0.4 and 0.25

measuring in before and after treatments, respectively. Before

treatments, the measured TM mode size (full width at half maxi-

mum power intensity) was 2.8 lm (width) � 2.9 lm
(depth).The mode size was changed to 3.2 � 3.7 lm2 after treat-

ments. Therefore, the higher voltages of VC resulted from the

smaller overlap integrals, probably due to a broader mode pro-

file after treatments. The measured V1p and the corresponding

C2 are 11.5 V and 0.55, respectively, which are almost the same

values before and after treatments. Because the gap width

(24 lm) between the outside electrodes is wider than the guided

mode width (3.2 lm), the horizontal overlap integrals are insen-

sitive to the variations of mode size after treatments.

4. CONCLUSIONS

We have observed the relations between the carrier depletion

effects and the improved stabilities of the ZIPC by using the

treatments of biased voltage and laser trimming. Without the

impacts from the time-varying space-charge electric field due to

the photorefractive effects, the phase-matching conditions are

stable. The long-term stabilities are achievable even when oper-

ating in a higher throughput power of 80 lW, compared with

25 lW before treatments at the incident light of 633 nm

wavelength.
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ABSTRACT: We report on a single-longitudinal-mode single-
wavelength fiber laser and its applications for measuring localized

temperature variation. The laser was developed using a fiber Bragg
grating. The laser wavelength was single-longitudinal-mode with optical
signal-to-noise ratio (OSNR) of more than 40 dB. The temperature

sensitivity of the system was 11.08 pm/�C. To demonstrate the promising
application of the laser sensor developed, we used the sensor to monitor

the localized temperature of TiO2 nanotubes during the photochemical
process, and superparamagnetic iron oxides nanoparticles when exposed
to low frequency magnetic field. The output of the laser was monitored

using a scanning Fabry–Perot spectrum analyzer of resolution 6.7 MHz
and an optical spectrum analyzer of resolution 3.75 GHz. VC 2010

Wiley Periodicals, Inc. Microwave Opt Technol Lett 52: 1941–1946,

2010; Published online in Wiley InterScience (www.interscience.

wiley.com). DOI 10.1002/mop.25383

Key words: fiber laser; single-mode fiber laser; saturable absorber;

polarization-maintaining erbium-doped fiber; nanoparticles; temperature
sensor; nanotubes

1. INTRODUCTION

Fiber optic sensors based on fiber Bragg gratings (FBG) are al-

ready established as rugged, compact, cost effective, and reliable

devices for practical applications. Many techniques have been
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