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A B S T R A C T

A single-beam pump-probe method based on a dual-channel phase measurement system was adopted to measure
photo-induced phase variations caused by the photorefractive effect. This study systematically studied the de-
pendence of photorefractive birefringence on the propagation directions of probing lights in various electro-optic
crystals at visible wavelengths.

1. Introduction

Optical materials with a photorefractive effect have been studied in
various photonic applications [1–4]. For example, an optical hologram
storage system needs highly photo-sensitive materials to recode the
information grating induced by the photo-induced spatial phase
grating; however, nonlinear optic and electro-optic (EO) devices prefer
low photo-sensitivity for stable operations [5,6]. Therein, the photo-
refractive effect causes a phase mismatch between the pump and the
converted wavelengths, and the conversion efficiency is reduced in
nonlinear optic devices. The refractive index change also creates un-
stable phase modulations in the intensity of electro-optic modulators
[6]. It is well known that all electro-optic modulators generate some
unwanted residual amplitude modulation that degrades the perfor-
mance of the system and ultimately limits its usefulness. Moreover, the
phase drifted by the photorefractive effect will cause the bias voltage to
be changed in an integrated lithium niobate (LN) gyro chip [7]. In the
past decades, different analyzing methods have been used to explore
the photorefractive effect in bulk crystals, planar waveguides, and
channel waveguides [8–14]. The two-beam coupling method used to
form a periodical refractive index grating has been widely used to
evaluate photorefractive properties in photo-sensitive crystals [8,9].
Spatial refractive index grating can deflect an oblique incident light
beam into multiple exiting beams due to the diffraction phenomenon.
The diffraction efficiency of the first order light is dependent on the
refractive index change caused by the photorefractive effect. The re-
coding and erasing periods can be easily monitored using this method;
however, it has a limited effect on crystal directions. To form the spatial
refractive index grating, a single-beam technique based on Ronchi-
grating-based measurement used to monitor diffraction efficiency in

photo-sensitive crystals under different input powers was successfully
demonstrated [10]. Since serious photo-induced refractive index var-
iations will change the propagation properties of the probing beam, a
single-beam pump-probe method was used. This measures distortions of
the beam profile in doped lithium tantalate (LT) crystals containing
different impurities at a highly irradiated intensity [11]. Moreover, this
method has been implemented to determine damage thresholds in an-
nealed proton exchanged LN planar waveguides [12]. The intensity
threshold was defined by the incoupled intensity Iin, at which the
outcoupled intensity Iout is no longer proportional to Iin. A Mach-
Zehnder interferometer was adopted to study the photorefractive be-
havior in different orientations of LN crystals [13]. The dynamic re-
fractive index changes could be observed according to the time-varied
interferometric patterns. The Mach-Zehnder interferometric technique
has also proved to be a useful complementary tool for characterizing
optical damage in the planar waveguide [12]. However, fine optical
alignments are needed in the splitting-path interferometer for such bulk
and planar waveguide devices [12,13]. Since the phase difference in the
interferometer is dependent on an optical path difference, an integrated
asymmetrical Mach-Zehnder waveguide interferometer was used to
measure photorefractive phenomenon utilizing a short-wavelength
pump and long-wavelength probe method [14]. In a simple common-
path interferometer, measurement of the photorefractive phase shift is
evaluated by polarization interferometry [15]. According to relation-
ships between the measured phase variations and the photorefractive
birefringence, the photorefractive effect can be further analyzed. In
addition, LN substrates can produce different kinds of integrated EO
devices depending on crystal direction. For example, the propagation
direction along an extraordinary refractive index axis (ne-axis) can be
used for a polarization converter [16], and the phase matching
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conditions are important for obtaining stable conversion efficiency. The
propagation direction perpendicular to the ne-axis was used for high-
speed phase and intensity modulators [7].

Recently, a homemade lithium niobate Zn-indiffused phase mod-
ulator (ZIPM) with a stable phase operation was successfully demon-
strated in measuring common-path phase retardations based on the
homodyne and heterodyne metrologies at wavelengths of 532 nm and
632.8 nm [17,18]. The dual-channel arrangements were adopted to
suppress the common phase noise from the residual photorefractive
impacts [19]. Therefore, the creation of a photosensitive measurement
instrument has been proposed to evaluate the power dependent char-
acteristics at a wavelength of 532 nm [20].

In this paper, a probing beam with focus and phase modulated from
the ZIPM was successfully applied to the photorefractive birefringence
measurements of various EO materials. The simple common path ar-
rangement and LabVIEW-based phase-interrogation scheme provided
flexible measurements. The probing beam with low divergence was
easily transmitted through the thin planar substrate with a long dis-
tance of over 18mm. Thick crystal and thin wafer EO materials were
used to study the photorefractive effect depending on the propagation
directions. Photorefractive effects are deeply related to the doped im-
purity as well as to the wavelengths of irradiated light. Usually, shorter
wavelengths can more easily make the essential photorefractive.
Therefore, the proposed simple and flexible instrument is important for
analyzing the photorefractive effect through measurements of photo-
refractive birefringence for such photo-sensitive materials.

2. Measurement setup and principle

The schematic diagram of the dual-channel phase measurement
setup for photorefractive birefringence analysis in homodyne metrology
is shown in Fig. 1 [19]. The ZIPM was fabricated in the x-cut/z-pro-
pagating LN substrate as reported in [17]. The width and length of the
fabricated channel waveguide were 4 μm and 22mm, respectively. The
length and gap of the parallel electrodes were 12mm and 14 μm, re-
spectively. A diode pumped solid state (DPSS) laser (532 nm) and a
helium–neon laser (632.8 nm) were used for the measurements. The
optimum waveguide fabrications were able to obtain a singly guided
mode for both orthogonal polarizations with wavelengths of 532 nm
and 632.8 nm. The input power was controlled using an attenuator
(AT). A polarizer (PL) was used to obtain a probe light with equal in-
tensities in both orthogonal polarizations. The input power was coupled
into the ZIPM through object lens L1 because the power intensities
applied to the test crystals were dependent on the beam sizes, which
could be adjusted after passing through another object, lens L2. After
undergoing a beam splitter (BS), the transmitted sensing light was used
as a probing light to measure the phase variations through the test EO
crystals (EO). The inset shows the different propagation directions for
the probing lights in the EO crystals, in which kne and kno represent the
propagation directions that are parallel and perpendicular to the ne-axis
of the EO crystals, respectively. At the same time, the reflected light was
adopted as a reference light for monitoring the phase variation from the
ZIPM due to slight photorefractive birefringence impacts. After

analyzers AL1 and AL2, the corresponding sensing and reference in-
terferometric signals were detected by photodetectors PD1 and PD2.
The dual channel voltages were connected to a data acquisition device
(DAQ), and were analyzed on a LabVIEW platform.

The LN and LT had the same crystal symmetry (trigonal, 3m) and
belonged to a uniaxial birefringence crystal. The photo-excited charges
were generated, and rearrangements of the free charges were deeply
dependent on two driving forces, including the drift and diffusion ef-
fects. In case of the kno probing light, the inherent dipole force caused
the freely negative charges to drift in a parallel fashion along the ne-
axis. The non-uniform distributions of the negative charges easily
formed a net spatial charge field. In case of the kne probing light, the
diffusion ability of the freely negative charge was proportional to a
gradient of the carrier concentration. It is difficult to form a net spatial
charge field without the dipole force. Both of the spatial fields were able
to induce the refractive index change through EO effects. The photo-
refractive birefringence (PB) from the kno probing light is represented
by:
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where ne and no are the extraordinary refractive index and ordinary
refractive index, respectively; r33 and r13 are the EO coefficients; and
ESC

o is a spatial charge field parallel to the ne-axis. The PB from the kne
probing light is represented by:
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where r22 is the EO coefficient; and ESC
e is a spatial charge field per-

pendicular to the ne-axis. The measured phase variation is given by:
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where λ is the probe wavelength, and L is the probing crystal length.
According to the measured Δϕ, PB is defined as:
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3. Results and discussions

Fig. 2 shows the TE guided mode profiles for wavelengths of 532 nm
and 632.8 nm. The TM modal profiles were similar to the TE modes.
The beam diameter R was simply defined as a half width of the max-
imum intensity of the modal profile. The measured values of the beam
diameter were approximately 190 μm and 240 μm for the wavelengths
of 532 nm and 632.8 nm, respectively. Moreover, the beam area (A) was
roughly defined as A= π×(R/2)2. The intensity was defined as power
per unit area. At the same input power of 25 μW, the irradiated in-
tensities were about 88 and 55mW/cm2 for the probing wavelengths of
532 nm and 632.8 nm, respectively. In this study, three different kinds
of LN crystals were used for measurements. These bulk-type crystals
included congruently melting undoped material (CLN), 1.5% mol Fe-
doped material (Fe:CLN), and 5.0% mol MgO-doped material
(MgO:CLN). Fig. 3 shows the phase variations on the dual channels and
the net phase variations after subtractions between them under a probe
light with a 532 nm wavelength. Fig. 3(a) gives the similar phase trends
for both channels over a measurement period of 10min. The bulk-type
CLN with a length of 5mm was placed on the sensing path. Under a
probing light that was parallel to the ne-axis, the maximum phase
variations after subtractions were 0.5 deg at an irradiated power of
40 μW, as shown in Fig. 3(b). According to Eq. (4), the corresponding
photorefractive birefringence was 2.03×10−6 refractive index units
(RIU). Therefore, measurements and calculations of photorefractive
birefringence variations were used to further study the dependence on
the propagation directions and doped impurities in the LNs.

Fig. 4 gives the measured photorefractive birefringence variationsFig. 1. Schematic diagram of the Photorefractive birefringence measurement setup.
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