May 15, 1995 / Vol. 20, No. 10 / OPTICS LETTERS

1139

Photorefractive recording by a special mechanism
in planar LiNbO3 waveguides
D. Kip, F. Rickermann, and E. Krätzig
Fachbereich Physik, Universität Osnabrück, 49069 Osnabrück, Germany
Received January 3, 1995
Recording of holographic gratings in z-cut LiNbO3 waveguides with extraordinarily (TM) polarized light is
demonstrated. In this geometry, photovoltaic currents perpendicular to the guiding layer and the grating vector
set up space-charge fields. The mechanism has no equivalent in bulk material.

In optical waveguides the high light intensities that
are readily obtained with moderate input powers permit the observation of large photorefractive effects.
Together with the possibility of low-voltage beam modulation through surface electrodes, this has led to the
development of several nonlinear-optical devices, e.g.,
switches, sensors, and memory cells, based on photorefractive waveguides.1,2
Because of the small dimensions (a few micrometers) of the guiding structure, light propagation is allowed only for a limited number of modes. As a result,
planar waveguides show several scattering and coupling processes that have no equivalent in bulk crystals. Examples are parametric intermode scattering
in LiNbO3 waveguides3 and the coupling of orthogonally polarized waves.4
In this Letter we investigate the writing of holographic gratings in planar z-cut LiNbO3 waveguides
with two extraordinarily (TM) polarized modes. In
this geometry, photovoltaic currents in the direction
normal to the waveguide surface are excited, while the
grating vector lies in the waveguiding layer nearly perpendicular to the propagation direction. Decisive for
the formation of a grating is the small thickness of the
waveguiding layer, which has to be comparable with
the grating period. In the bulk material, space-charge
fields may be set up by diffusion of charge carriers, but
there is no active electro-optic tensor element for readout in such a configuration.
We consider the interaction of two extraordinarily
(TM) polarized waves traveling at a small angle 6u
with respect to the x axis in a z-cut LiNbO3 waveguide
(Fig. 1). The dominating part of the electric field oscillates in the z direction, whereas the longitudinal
component is very small. Neglecting absorption, we
can write the interference pattern jEj2 sy, zd of the two
waves in the form
jEj sy, zd  jAj jU szdj
3 f1 1 m cossk ? y dg ,
2

2

pyroelectric,6 or photovoltaic7 fields. Especially for
Fe- and Cu-doped LiNbO3 crystals, redistribution of
photoexcited charge carriers by the photovoltaic effect
is the dominating process for the formation of holographic gratings. The polarization-dependent current
density is given by8
X
ph
jk 
bk,lm El *Em ,
(2)
l,m

with b̂ for the photovoltaic tensor and El,m for the
light field.
In the considered configuration the light pattern
jEj2 modulated in the y direction excites a current of
ph
density j3  b3,33 jE3 j2 along the z axis (Fig. 2). Because of this photovoltaic current, charge carriers are
separated perpendicular to the waveguiding layer. A
space-charge field Esc builds up:
Esc  ŝ 21 jdrift ,

(3)

with jdrift for the drift current density caused by the
electric field. Here photoconductivity ŝ spec I (ŝ spec is
the specific photoconductivity) and dark conductivity
ŝ d contribute to the total conductivity ŝ  ŝ d 1 ŝ spec I .
The space-charge field in the z direction has a dc
component and an ac part modulated with cossk ? y d
(see Fig. 2). However, in the y direction there is no dc
offset of the electric field. In the maximum and minimum positions of the photovoltaic current distribution
ph
j3 syd the space-charge field component E2sc is zero, and
the modulated part can be described by a sin function. According to Eq. (1) we have no dependence of
the space-charge field in the x direction. Altogether,
the space-charge field can be written in the form
sc s1d

Esc sy, zd  f0, A2
scs0d

A3

scs1d

szdsinsk ? y d ,

szd 1 A3 szdcossk ? y dg .

(4)

2

(1)

where A and U are the amplitude and the mode function, respectively, m is the modulation, k is the grating
vector with jkj  4pneff sinuyl, neff is the effective refractive index, l is the wavelength of light in vacuum,
and u is the half writing angle.
In photorefractive crystals, electrons or holes can
be excited by inhomogeneous illumination and migrate under the influence of external, diffusion,5
0146-9592/95/101139-03$6.00/0

Fig. 1. Configuration for writing holographic gratings in
z-cut LiNbO3 waveguides by using extraordinarily polarized light. The propagation directions and polarizations
of the interacting waves are shown by arrows.
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Fig. 2. Schematic representation of the photovoltaic curph
rent density j3 sy, zd in the yz plane of a z-cut waveguide.
Here L  2pyjkj is the grating period and d is the effective
waveguide thickness. The arrows illustrate the current
density for the lowest-mode TM0 .
scs0d

Here A3
is the amplitude of the dc field composcs1d
scs1d
nent in the z direction and A2 and A3 are the ac
components modulated with sin(k ? y ) and cos(k ? y ),
respectively.
By inserting the equations for the photovoltaic current and the space-charge field into the continuity
equation and using the Maxwell equations div(jph 1
jdrift d  0 and rotsEsc d  0, we obtain two differential
equations for the dc and ac component of the space
charge field in the z direction:
jAj2 fdjU szdj2ydzg
d scs0d
A3 szd 
spec
d
dz
jAj2 jU szdj2 1 s33
ys33
#
"
b3,33 ,
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3 A3 szd 1 spec
s33

(5)
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s33
By means of the electro-optic effect, Dne 
20.5ne3 r33,3 E3sc , the space-charge field modulates
the extraordinary refractive index and produces a
grating in phase with the intensity distribution.
Here r33,3 is the relevant electro-optic tensor element. The space-charge field in the y direction,
scs1d
A2 sinsk ? y d, does not lead to a coupling of the two
extraordinarily polarized waves because r33,2  0 in
crystals with symmetry 3m.
The mode functions U of the guided modes can be
calculated for a given refractive-index profile by integration of the mode equations. With the experimenspec
d
, and b3,33 , Eqs. (5) and
tal parameters A, s33 , s33
(6) for the components of the space-charge field can
spec
d
ys33 describes the intensity
be solved. The ratio s33
dependence of the space-charge field, while the parameter b3,33 scales only with the magnitude of the
electric field.

As an example, Fig. 3 shows the space-charge field
scs0d
scs1d
distribution E3sc  A3 1 A3 for a z-cut waveguide
in the yz plane. Two TM1 modes of equal intensity intersect at an angle of 2u  4.4± (grating period 3 mm). We use the refractive-index profile of
the waveguide Ti– z–Fe (Gaussian profile with depth
r  8 mm, Dne  0.02, ne0  2.248) and measured valspec
d
, s33 , and amplitude jAj2 (see the caption to
ues for s33
Fig. 3). The photovoltaic constant b3,33 is proportional
to the concentration of filled traps (Fe2+ , Cu+ ) and was
not measured. We use a value that was obtained for
oxidized LiNbO3 :Fe (0.1 wt. % Fe2 O3 ) bulk crystals.
The possibility of recording holographic gratings
in z-cut waveguides by using extraordinarily polarized light has been proved experimentally in different
LiNbO3 waveguides. Samples have been prepared by
Ti indiffusion (80-nm Ti layer indiffused for 24 h at
1000 ±C in an Ar atmosphere) followed by either Fe
or Cu indiffusion (80-nm Fe or Cu layer indiffused for
18 h at 1000 ±C in an O2 atmosphere). For comparison, waveguides with the same parameters as above
were also fabricated in y-cut LiNbO3 . Furthermore,
we prepared waveguides by using a combined proton
and Cu exchange in z-cut samples.9
For writing holographic gratings, two beams of an
Ar-ion laser (l  514.5 nm) with equal intensity are
coupled into and out of the waveguide with rutile
prisms. During the buildup of a refractive-index grating, we measure the diffraction efficiency as a function
of time by blocking one of the beams for a short time
(50 ms) and measuring the ratio of diffracted light and
total light intensity of the outcoupled beams. When
saturation is reached, one of the beams is switched off,
and the diffracted light intensity indicates the decay
of the grating during readout.
Table 1 summarizes the results of the holographic
investigations. The values are obtained with either
TM1 or TE1 modes, 2u  4.4±, and an interaction length
of 2.5 mm. For z-cut waveguides, hTM is the maximum diffraction efficiency when extraordinarily (TM)
polarized light is used and hTE is that for ordinary (TE)
polarization.
In the three different z-cut waveguides (Ti–z–Fe,
Ti –z –Cu, and PE–z–Cu), large diffraction efficiencies
ranging from 0.05 to nearly 1 are reached by extraor-

Fig. 3. Calculated distribution E3sc of the z component of
the space-charge field for a z-cut waveguide in the yz plane.
Two TM1 modes propagate under an angle u  62.2±
with respect to the x axis. The space-charge field is a
d
 4 3 10211 A V–1 m–1 ,
solution of Eqs. (7) and (8) with s33
spec
s33  2 3 10217 m V–2 , jAj2  105 W m–2 , and b3,33  1029
V–1 .

May 15, 1995 / Vol. 20, No. 10 / OPTICS LETTERS

Table 1. Experimental Results for Diffraction
Efficiency h (Obtained with Two Either TM1 or TE1
Modes) of Holographic Gratings Written up to
Saturation in Different z-Cut LiNbO3 Waveguides
Waveguide
Ti–z–Fe
Ti–z–Cu
PE–z–Cu

Cut

Doping

z
z
z

Fe
Cu
Cu

hTM

hTE

0.089
0.047
0.95

0.021
0.014
–

Fig. 4. Time evolution of writing (0 , t , 85 s) and reading (t $ 85 s) of a holographic grating in a z-cut LiNbO3
waveguide (PE– z– Cu) with two TM0 modes. After 60 s a
steady-state diffraction efficiency of 0.65 is reached. With
an input power of 200 mW for each wave and an absorption
of ,0.5 mm–1 , photoconductivity exceeds dark conductivity
by 1 order of magnitude. Note that for the writing process
the intensity in the waveguide is twice that of the reading
process, leading to a smaller time constant for the buildup
of the grating.

dinary (TM) polarization. Figure 4 shows as an example the writing and reading dynamics of a grating in a proton-exchanged (PE) Cu-doped z-cut LiNbO3
waveguide. Here a steady-state diffraction efficiency
of 0.65 for TM0 modes (0.95 for TM1 modes; Table 1) is
reached after 60 s. These high values clearly demonstrate the advantages of the combined proton and
Cu exchange. No energy coupling is observed during
recording, showing that the refractive-index grating is
in phase with the intensity pattern.
When using ordinarily (TE) polarized light in z-cut
samples, we have a mixture of two writing processes.
One grating is written because of photovoltaic currents propagating normally to the waveguiding layer
as described above but excited by b3,22 that is comparable in magnitude with b3,33 .10 Furthermore, photovoltaic currents are excited by b2,22 in the direction
of the grating vector as in a common writing geom-
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etry. So the total diffraction efficiency for this geometry is larger than the value expected from the
relation hTE ø sno3 r11,3 d2yne3 r33,3 d2 hTM ø 0.14hTM . In
proton-exchanged waveguides light is guided only under the extraordinary refractive index.11
In y-cut waveguides gratings are written in a normal configuration in which the photovoltaic current
and the grating vector are in the same direction.
In these samples we measure values from 4% to 7%
for the diffraction efficiency that have approximately
the same magnitude as in indiffused z-cut waveguides. This comparison shows that the mechanism
for writing holographic gratings in z-cut samples with
photovoltaic currents perpendicular to the waveguiding layer is effective similarly to that in a normal
geometry.
In summary, we have described a new method to
write holographic gratings in planar z-cut waveguides,
using extraordinarily polarized light. There is no
equivalent mechanism in the bulk material. For
proton-exchanged LiNbO3 and LiTaO3 waveguides in
z-cut substrates, where only extraordinarily polarized
light is guided, this is the only possible mechanism for
recording refractive-index gratings.
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