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We report a non-field-applied Solc-type filter constructed by a periodically poled lithium niobate
(PPLN). By comparing two types of PPLN Solc filter setup, both theoretically and experimentally,
we have proved that without external field applied, it is the photovoltaic effect that introduces pass
peak in the PPLN band filter. © 2006 American Institute of Physics. [DOI: 10.1063/1.2187944]

With the maturity of the room temperature electric-
poling technique,1 periodically poled ferroelectric crystals,
especially periodically poled lithium niobate, are being used
in a variety of applications, such as harmonic generation,
pulse compression, and soliton interaction. When the domain
block inverses its spontaneous polarization direction, other
parameters, such as electro-optic and photovoltaic coeffi-
cients, will also change their direction or sign. In our former
research works,”™ a Solc-type filter in PPLN is achieved,
which has a narrow bandwidth and temperature-tunable pass-
band wavelength. Furthermore, the output intensity of the
filter can be controlled by the external electric field.

In the experiments, we also found that, without an exter-
nal field, the device can also serve as a Solc filter, which has
not been covered by any existing theory. In this letter, we
suggest that the photovoltaic effect (PVE) plays an essential
role in the performance of a non-field-applied PPLN Solc
filter, which is substantiated by subsequent experiments.

Figure 1 shows a folded Solc-type filter.” It contains a
series of half-wave plates between two crossed polarizers,
with the optic axes of the half-wave plates alternately aligned
at the angles +6 and —6 with respect to an axis. This axis is
always set to Z, and it is often parallel or normal to the
polarization plane of the input polarizer.

The Jones matrix, a 2 X 2-matrix method, is employed to
track the polarization state of light propagation through the
Solc filter. The transmissivity of the light wave after passing
through the whole filter is given by
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where the input polarizer is set to Y, and the output polarizer
is set to Z;
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where the input polarizer is set to Z, and the output polarizer
one is set to Y. M is the Jones matrix of the whole series of
plates (not including polarizers).

From the calculation of the matrix M, it yie]ds5
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where I'=2m(n,—n,)(d/\) is the phase difference of one
half-wave plate, d is the plate thickness, m is the number of
the plate couples, and m=N/2 (N is the number of all the
plates). n, and n, are the refractive indices of the lithium
niobate determined by the Sellmeier equation.ﬁ’7 Equations
(1)—(3) indicate that the two types of crossed polarizers set-
ups have the same transmission curve, i.e., T,=Tp.

Figure 2 shows the relationship between the whole Solc
filter transmissivity of power and its construction parameters

Output
Polarizer

Half-wave plates
N=6, m=3

Input
Polarizer

FIG. 1. (Color online) Folded Solc filter schematic diagram. m couples of
half-wave plates are held in two crossed polarizers. The optic axes of the
plates aligned at angles +6 and —6 with respect to the Z axis in every couple.
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FIG. 2. (Color online) The theoretical power transmission curves of the
PPLN Solc filter under various parameters at 24 °C, d=10.4 um: (a) m
=1346, O=m/8m=m/10768; (b) m=1346, 0=m/40m=m/53840; (c) m
=1346, 6=m/4m=1/5384; (d) m=746, 6=m/8m=1/10 768.

0,m,I", according to Eq. (3). The center pass wavelength is
only determined by the phase delay of one plate, which is
given by

'=Qv+1)w, A\,= (n,—n,)d, v=0,1,2...,

2
2v+1
(4)

where v is the order of the filter passband or the order of the
half-wave plate of one domain and is zero in this application.
0 mainly determines the peak transmission value. When
0= 7/8m, the filter achieves the full pass peak, shown in
Fig. 2(a). Because the input light is polarized, so the peak is
172 for the nature of the input light. When 6 is smaller than
the 6y, the shape of the curve remains almost unchanged, but
the peak value decreases [Fig. 2(b)]. However, 6 cannot be
set too large, otherwise the shape of the pass curve will be
largely deformed [Fig. 2(c)]. m determines the peak width of
the pass curve peaks as is shown in Fig. 2(d).

The Solc filter can be constructed with PPLN.*’ In a
lithium niobate crystal, due to the presence of an external
electric field along the Y axis, the refractive index ellipsoid
deforms, and consequently the Y and Z axes of the Z-cut
lithium niobate rotate by a small angle 6 about the X axis.
Thus, in the presence of a uniform electric field along the Y
axis, the rotation angle of the Y and Z axes changes sign
from positive to negative from the noninverted domain to the
inverted domain, correspondingly, in PPLN. With the place-
ment of two crossed polarizers at the two ends of PPLN, a
folded Solc-type filter is easily formed by applying a uniform
electric field along the Y axis. If the field is along the Z axis,
there is no 6 induced. The only change is the refractive in-
dex, and no filter function exists.

When light propagates through the photorefractive crys-
tal, PVE can lead to an uniform electric field as a result of
the presence of photoinduced electric currents and voltages
in the bulk dielectric material. The incident light will ionize
impurities in the material, and these ionized charges will
move in a particular direction inside the crystal without the
presence of an external electric field. If the sample is uni-
formly illuminated and kept in open circuits, then a voltage
between the faces can be observed. This current density can
be described by the following linear equation:l A
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where 1,2,3 correspond to the X, Y, Z axes of the Cartesian
system, and the X axis is parallel to the a axis, and the Z axis
is parallel to the ¢ axis of the LiNbO; crystal with 3m sym-
metry. When a polarized light goes through the crystal, for
different conditions we find the following.

When the light with Y polarized propagates in the X
direction,

7, 0
J2 = G22 E2E; (6)
L /3] G |

When the light with Z polarized propagates in the X
direction,

Ji 0
J, |=al 0 |E5E;. (7)
/3 ] Gs;3 |

The current is very small because of the small conduc-
tivity of the pure crystal. After several seconds, the current
will lead to the accumulation of charges at the edge of the
illuminated area, and thus establish a field that holds back the
current. A balance can be accomplished as follows: ">

J==0E,

0=04+ oppl.

(8)

o is the conductivity of the lithium niobate that includes
two parts: the dark conductivity o, and the photoconductiv-
ity opp. Eg is the saturation field in the bulk crystal that is
established by PVE. [ is the light intensity. From Eq. (5) to
Eq. (8), at the Y direction, we obtain

Eg o =— aGyE,E/o  for the situation of Eq. (6),
9)

Eip=— aOE2E2/0'= 0 for the situation of Eq. (7).
(10)

Only the field E, in the Y direction can enable the Solc
filter. If the input polarizer is put in the Y direction, there will
be a field formed in the Y direction that will make the device
work as a Solc filter; if the input polarizer is set in the Z
direction, no field will cause the half-wave plate rocking.
Then the PPLN will have no filter function and act just like
a bulk crystal.

In the Solc filter, the polarization plane of the beam is
not invariable and slowly changes its polarization. The Y
direction field will decrease at the rear blocks of the PPLN,
thus decreasing the pass peak of the filter. But it has no
influence on the filter peak wavelength and main shape,
which has been discussed in the filter parameter analysis
before.
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FIG. 3. (Color online) Two types of device setups for PPLN Solc-type
wavelength filter; the arrow on the polarizer indicates the polarization direc-
tion. The fact that type A takes on the filter behavior while type B does not
reveals the test light has the PVE on the PPLN and it becomes a Solc filter
when no external field exists. The numbered components are: 1, collimator;
2, crossed polarizers; 3, PPLN.

Figure 3 shows the schematic diagram of the experi-
ment. The filter is composed of a single chip PPLN crystal
placed between two crossed polarizers. The PPLN is Z cut
and light propagates along the X direction as indicated in the
figure. There are two types of filter setups. In type A the
input polarizer is set parallel to the Y direction, and the out-
put polarization is parallel to the Z direction, thus perpen-
dicular to the input polarizer. In type B the input polarization
is set parallel to the Z direction, and the output polarization is
parallel to the Y direction. The sample was 28 mm long,
5 mm wide, and 0.5 mm thick, which has a period of
20.8 um. The ¢ axis of the PPLN is parallel to the Z axis.

In the test of the filter, an EXFO ASE light source with a
total power of 9.3 mW is used. An optical spectrum analyzer
(OSA) is used as the detector. The light is induced and ex-
ported by a couple of collimators with the insert loss about
-2 dB. Since the filter center wavelength can be easily
shifted by temperature, the data are measured at a constant
temperature of about 20 °C.

The results of the type A and type B filter pass curve are
measured in Fig. 4. It shows that type A has a pass peak but
type B has no obvious passband. In type A, the peak pass-
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FIG. 4. (Color online) The transmission curve of the type A setup of device

is in accord with the Solc filter function while the type B setup almost has
no pass peak.
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band centered in 1531.30 nm is 20 times higher in magnitude
than the neighboring ripple. The center wavelength matches
up with the theoretical prediction given by Eq. (4), and the
transmission spectrum shows that it is a typical Solc-type
wavelength filter. On the contrary, we do not find any wave-
length filtering phenomenon in type B. We expect that there
is a rocking angle in type A instead of in type B. This result
is in good accord with our theoretical prediction as described
above. We also found that there is a time span of several
minutes for the type A filter performance to become stable.
This slow procedure is characteristic of the PVE. We believe
it is the PVE of the test light that is conducive to the field
and causes the rocking angle of the Solc wavelength filter.
When a voltage is applied along the Y direction, the rocking
angle of the Solc filter is changed by the electrical field. As a
result, the transmission of the filter is modulated by the ap-
plied field, which can be described by 7= sin? 2N6, where 6
is the total rocking angle induced by the PVE effect and also
the applied voltage. In the case of type A, the electrical
modulation behavior has been experimentally studied as
shown in Fig. 3 in Ref. 2, in which a “phase shift” is ob-
served. We attribute this phase difference of 0.991 rad to the
PVE effect. On the contrary, in the case of type B, no phase
difference is observed.

Both the theory and the experiment show that the PVEs
play an important role in the formation of the Solc wave-
length filter without an external applied field. The PVE effect
sometimes cannot be neglected, especially in electric-optic
devices. On the other hand, we can use this effect to build
light controlled optical devices or to measure the PVE
coefficients.
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