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Abstract. Permanent refractive-index gratings in waveguide devices are of consid-
erable interest for optical communication systems that make use of the high spec-
tral selectivity of holographic filters, e.g., dense wavelength division multiplexing
(DWDM) or narrow-bandwidth mirrors for integrated waveguide lasers in LiNbOs.
Other possible applications include grating couplers and optical sensors. In this con-
tribution we investigate such holographic wavelength filters in Fe- and Cu-doped
LiNbOs3 channel waveguides. Permanent refractive-index gratings are generated by
thermal fixing of holograms in the waveguides. The samples are fabricated by suc-
cessive in-diffusion of Ti stripes and thin layers of either Fe or Cu. After high
temperature recording with green light, refractive-index changes up to An ~ 10™*
for infrared light (1.55pum) are obtained, resulting in a reflection efficiency well
above 99 % for a 15 mm-long grating. Several gratings for different wavelengths can
be superimposed in the same sample, which may enable more complex filters, laser
mirrors or optical sensors. By changing the sample temperature the reflection wave-
length can be tuned by thermal expansion of the grating, and wavelength filters
can be switched on and off by applying moderate voltages using the electrooptic
effect. Furthermore, we report on a new thermal fixing mechanism that does not
need any additional development by homogeneous light illumination and therefore
does not suffer from the non-vanishing dark conductivity of the material.

1 Introduction

Lithium niobate (LiNbQOj3) crystals are promising substrate materials for ap-
plications in integrated optics because of their outstanding nonlinear prop-
erties, for instance the electrooptic, acoustooptic and photorefractive effect
[1-3]. For any integrated circuit, channel waveguides are the basic elements,
and high-quality waveguides with low damping constants can be fabricated in
LiNbOj3 by, e.g., Ti in-diffusion or proton exchange [4-7]. By these techniques,
devices such as waveguide lasers, directional couplers, mode converters, and
fast light modulators have been realized [8-11].

LiNbOg3 can be doped with various metal impurities to tailor its photore-
fractive properties for holographic recording [12-14]. The most commonly
used dopants are Fe and Cu. LiNbOj:Fe and LiNbOg3:Cu crystals are sensi-
tive to light in the visible green or blue wavelength region, but show only little
effects in the red or near infrared spectral region. Especially in the 1.3 um
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and 1.55 pm wavelength band of optical communications no photorefractive
effects have been observed for common continuous wave intensities. Doped
LiNbO3 volume crystals are usually produced by adding FesO3 or CuO to
the melt during crystal growth. Nevertheless, it is also possible to increase
the impurity concentration by in-diffusion of thin evaporated metal layers
at high temperatures [15,16]. Here one can take advantage of the loosely-
packed crystal structure of LiNbOg, which results in relatively high diffusion
constants of impurities in this material. The technique of diffusion doping
is favorable for integrated optics because commercially available un-doped
LiNbOg3 wafers may be used. A desired region can be locally doped, whereas
the rest of the substrate remains unchanged.

For application of photorefractive crystals, a long-term stability of the
device performance has to be guaranteed. However, phase holograms in these
crystals suffer from destructive readout when the material is illuminated with
light. In order to avoid erasure, different methods have been developed to
make the recorded holograms insensitive for light. Interesting results have
been obtained by two-color recording [17,18], i.e., sensitization for red or
near-infrared light by pre-illumination with visible blue or green light, and
in particular by the technique of thermal fixing [19,20]. Thermal fixing is
performed by writing a holographic grating at elevated temperatures of about
180°C. At these temperatures positively charged ions become mobile and
compensate for the generated electronic space charge field [21]. After the
sample has been cooled down, a homogeneous illumination with visible light
yields a quasi-stabilized fixed hologram.

A rather new application of LiNbO3 waveguides are holographic gratings
that can be recorded with light of the photo-sensitive blue and green spectral
region and then be used with infrared light [22,23], where the material is no
longer sensitive. Here channel waveguides for infrared light around 1.55 pm
wavelength are of particular interest because of their use in optical com-
munications and measurement systems. In particular, permanent reflection
Bragg gratings can help to build up dense wavelength division multiplex-
ing (DWDM) systems for optical communications, serve as highly spectral-
selective mirrors in integrated distributed Bragg reflection (DBR) lasers in Er-
doped LiNbOg, or may be used to build optical sensors for temperature and
electric field measurement, to detect gases or complex biological molecules.
Such sensors make use of the narrow spectral resonance of the holograms,
where the filter reflectivity is already changed for very small effective index
changes of the guided light.

In this contribution, we will review the work on holographic reflection
filters in Fe- and Cu-doped LiNbOj channel waveguides. In the following
section, the different steps for preparation of photorefractive waveguides are
described. Thereafter, techniques and experimental setups for holographic
recording and readout of the gratings are explained. The last part presents
typical experimental results of photorefractive properties and performance of
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holographic reflection gratings in LiNbOg3 channel waveguides. This includes
charge-transport properties of diffusion-doped LiNbOgs, fundamental filter
properties, the possibilities for hologram multiplexing, wavelength tuning and
electrical switching of the filters, and a discussion on the long-term stability
of thermally-fixed gratings.

2 Sample Preparation

The fabrication of photorefractive channel waveguides in LiNbOg3 crystals
consists of several steps that have to be performed in a clean environment. As
substrate material, pieces of commercially available x- or y-cut LiNbOg wafers
can be used. Typical dimensions are 7 x 17mm?, which, after the necessary
polishing of the endfaces, results in samples with a length of about 15mm.
The ferroelectric c-axis coincides with the propagation direction of the light
and points along the longer side. Single mode waveguide fabrication is done
by Ti in-diffusion. At first a thin Ti layer with a typical thickness of 100 nm
is deposited onto the polished surface using electron beam evaporation. Then
lithographic techniques are used to pattern the Ti film into narrow stripes
with a width of 6 to 8 um. For larger stripe widths or thicker evaporated
Ti films, higher modes of the waveguide can appear, and in this case more
than one filter resonance will be observed. Typical parameters for Ti in-
diffusion is an annealing time of 22 hours at a temperature of 1000 °C in air.
In this way single mode waveguides for 1.55 um wavelength with losses as
low as 0.08 dB/cm are formed. They guide one TE and one TM mode which
are both ordinarily polarized. An optimization of the waveguide parameters
results in almost equal propagation constants of the two guided modes. This
is of great importance for the filter performance because in this case the peak
wavelength of the filter does not depend on input polarization. Furthermore,
the size of the light field distribution of the single mode channel waveguides
matches well with the typical diameter of non-polarizing single mode fibers
for 1.55 um, and a field overlap for direct fiber-chip coupling higher then 0.9
can be obtained in this way.

Doping of the surface layer is done by in-diffusion of thin films of either
metallic Fe or Cu [15,16]. Layers of 5 to 100nm thickness are evaporated
onto the sample surface and in-diffused for several hours at temperatures of
1000 °C. The in-diffusion process can be either performed in Ar atmosphere to
reduce the crystals, i.e., to get a larger ratio of Fe?T /Fe3T and Cu™/Cu?T,
respectively, or it can be performed in Oy atmosphere to get a smaller ratio.
The diffusion constants of Fe and Cu into LiNbOg at a temperature of 1000 °C
are Dp, = (1.8 4 0.2) x 1072 um?s~! and D¢, = (1.0 £0.2) um?s~! [15,16].
Both are much larger then the value for Ti which is only Dp; = (4.4 £0.5) x
107 pm?2s~! [15]. As a consequence, Cu doping of the sample surface has to
be performed after the channel waveguides are fabricated by Ti in-diffusion,
whereas Fe doping can be done also before this step. In both cases, a nearly
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Fig. 1. Surface profiles of LiNbO3:Ti:Cu channel waveguides measured with an
AFM. Shown is a part of the 8 um-wide channel for a sample with (a) ccu =
1.1 x 10%° atoms/m?® and (b) ccu = 4.7 x 10?® atoms/m?. The increase in height is
due to the Ti in-diffusion into the sample and has an amplitude of about 200 nm

constant doping profile of either Fe or Cu is obtained in the range of the
waveguide depth. This depth is defined by the Ti diffusion profile.

Typical doping concentrations in the waveguiding layer are in the range of
1 to 6x 1025 atoms/m3 for Fe and 0.4 to 6x 10?5 atoms/m? for Cu, respectively
[22,24]. However, there exists a practical threshold for the amount of Cu that
can be in-diffused into the surface of the substrate. For thicker layers of
the evaporated Cu, diffusion leads to a decrease of surface quality and an
increased Cu* absorption at 1.55 um. As a result, the damping coefficient of
the infrared light that is guided in the channel waveguides can be significantly
increased, which may decrease the performance of the component or even
prevent its applicability. As an example, in Fig. 1 surface scans of two different
Cu-doped samples, measured with an atomic force microscope (AFM), are
shown [24]. For lower doping (ccy = 1.1 x 102° atoms/m?) the surface is still
smooth and almost comparable to a sample without additional doping. When
the doping is further increased (cc, = 4.7x10%® atoms/m?), surface roughness
strongly increases. For samples with such a high Cu doping, the damping for
1.55 um reaches values of 2dBem ™. On the other hand, no degradation of the
surface or increase of absorption in the infrared is observed for Fe in-diffusion.

Finally, the two endfaces of the waveguide sample have to be polished
to enable direct light coupling with optical fibers. After this step the typical
length d of the waveguide is about d = 15 mm. To increase the coupling effi-
ciency into the waveguide and to reduce multiple reflections of the recording
light inside the sample, anti-reflection coatings for the two endfaces and for
the bottom face can be used. Although the refractive index of MgFs; with
np = 1.34 (for A = 1.55 um) does not match perfectly to the desired index of
an ideal \/4-coating (”,F ~ 1.49), this material produces very resistant layers
which adhere well on LiNbO3 without additional heating. Such an annealing
treatment has to be avoided in most cases, because otherwise it changes the
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w=514.5 nm

Fig.2. Scheme of the recording
and readout geometry for the holo-
graphic measurements. The grat-
ings recorded with green light form
reflection gratings for the infrared
readout light in the channel wave-
guides

preset oxidation state of the in-diffused dopant (Fe or Cu). A 290 nm-thick
layer of MgF5 is used as an anti-reflection coating of the endfaces for infrared
light. In the same way, a 110 nm-thick layer can be used to reduce the surface
reflections of the green light during holographic recording.

3 Holographic Recording and Readout

In this section, we briefly describe the experimental setups for holographic
recording and readout of the gratings, as well as the techniques for thermal
fixing and development.

In principle, elementary refractive-index gratings can be written by two
guided beams counter-propagating in the waveguide channel. However, as
our samples are not sensitive to infrared light, gratings have to be recorded
in the waveguide volume by two external beams of shorter wavelength that
impinge upon the surface of the sample. This geometry is of advantage here,
because it enables to adjust the grating period of the hologram by precisely
choosing the correct intersection angle of the recording beams. A scheme of
the recording and readout geometry is shown in Fig. 2. Two expanded light
beams of the green line (A,=514.5nm) of an Ar ion laser interfere inside the
sample. The grating vector K = 27/A is directed along the c-axis and the
recording light is ordinarily polarized to reduce holographic scattering and
beam fanning. For the grating period we get

A= Ay/(28n0O) , (1)

where 26 is the (full) intersection angle of the two beams outside the sample.
With an angle of 20 ~ 90°, readout of the gratings in a linear reflection
geometry is possible using (guided) infrared light with a wavelength around
1.55 pm.

Thermal fixing is performed by heating the waveguide sample to 180°C
while the grating is written [19,20]. In this way, positively charged ions (e.g.,
protons) become mobile and can compensate for the generated electronic
space-charge field [21]. Because of the relatively long recording times of up
to 2 hours an active phase stabilization has to be used [22,26,27]. This sys-
tem compensates for thermal drift of the sample holder and other optical
components and thus ensures a stable light pattern during recording.
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Special care has to be taken to precisely adjust the angle 26 during record-
ing, because this defines the position of the peak wavelength A, for readout
of the grating:

Ap = 21 (T, cpescu) AT, ©) . (2)

Although the effective refractive index neg of the guided light is predomi-
nantly defined by the diffusion profile of Ti which is constant for all samples
investigated here, both Fe and Cu doping results in a slightly shifted value of
neg [15,24]. Next, the thermal expansion of LiNbOj at higher temperatures
T must be taken into account, too, because this directly changes the grat-
ing period A [23]. We can roughly estimate that the peak wavelength A, of
a grating recorded at 180 °C is reduced by 1nm when the sample is cooled
down to room temperature. Last, the refractive indices of LINbO3 depend on
temperature, but for the ordinary index that is used here this influence can
be neglected when compared with the effect of thermal expansion.

After recording the samples are cooled down to room temperature within
a few minutes. The fixed gratings can be developed by homogeneous illu-
mination with the expanded light beam of an Ar ion laser. Alternatively,
incoherent light of a halogen lamp can be used. The holograms are read in
reflection geometry in the waveguide channels with the guided, ordinarily
polarized TE and/or TM mode. In the following we have used a DFB laser
which can be tuned over a small wavelength range around 1557 nm. At the
peak wavelength A, the Bragg condition for readout, A = A\,/2neq, is ex-
actly fulfilled, and the transmission drops down from unity to a minimum at
T(Ap) = 1—n. The diffraction efficiency 1 at the peak wavelength A is given
by the Kogelnik equation [25]

n(\p) = tanh?(rAnd/N,) . (3)

Here An is the amplitude of the refractive index change and d is the grating
length.

4 Experimental Results

In this section the experimental results of sample characterization will be
summarized. At first we present some fundamental properties of the photore-
fractive Ti in-diffused waveguides in LiNbO3. Then the recorded holographic
filters will be analyzed and the possibilities for hologram multiplexing, ther-
mal tuning of peak wavelengths, and electrical switching of the filter will
be discussed. The last part describes the influence of dark compensation on
the grating relaxation, i.e., long-term stability of the gratings. Moreover, a
new method for thermal fixing that does not need any further development
process will be introduced.
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4.1 Photorefractive Properties

For optimization of the filter properties a detailed knowledge of the charge
transport mechanism and fundamental photorefractive properties of the wave-
guide samples is necessary. Here results from volume-doped crystals may be
not simply transferred because of the high Ti concentration in the waveg-
uiding layer, and, especially for some of the samples, high doping level with
either Fe or Cu. Furthermore, the doping process by in-diffusion of metal
layers instead of doping during growth of the crystals, may result in different
impurities sites in the crystal lattice, which can influence the charge transport
properties, too.

Light-induced refractive-index changes can be measured by recording of
holographic gratings at room temperature. If gratings are written for different
recording times ¢, the saturated refractive-index change Ang can be obtained
by fitting an exponential function of the form

An(t) = Ang[L - exp(t/7) (4)

to the measured data An(t). An example for different Cu-doped samples is
given in Fig. 3(a). When plotting the saturated refractive-index change Ang
as a function of Cu concentration ccy, of different samples in Fig. 3(b), a linear
dependence is found. We can assume an almost constant ratio cou+ /couz+
for all the investigated waveguides, because all samples have been thermally
treated in the same way during fabrication. This assumption leads to a linear
dependence Ang o ccy2+, which is in agreement with a one-center model of
charge transport [28].

The photoconductivity of the photorefractive waveguides can be deter-
mined by measuring the decay of the gratings during homogeneous light
illumination. First holographic gratings are written at room temperature
with green light, and the diffraction efficiency n and the peak wavelength
Ap for, e.g., TM-polarized infrared light are measured. Then the sample is
illuminated homogeneously off-Bragg with green light, and in time intervals
of a few seconds the diffraction efficiency at the peak wavelength is deter-
mined again. The temporal development of refractive-index change An(t) is
obtained using the Kogelnik equation in Eq. (3), see Fig. 4(c). From this
dependence we can calculate the photoconductivity opy using the relations

An(t) = An®exp(—t/T) , (5)
Oph = €€0/T . (6)

Here An® is the refractive-index change for ¢t = 0, €y is the permittivity of
free space, and ¢ = 28 is the appropriate dielectric constant of LiNbOs. In
Fig. 4(d) the photoconductivity o}, is given as a function of the erasure in-
tensity I (A = 514.5nm) for different Cu-doped samples. As can be seen,
photoconductivity depends linearly on intensity, opn o< I, which is again in
good agreement with a one-center model for charge transport. The absolute
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Fig. 3. Light-induced refractive-index changes and photoconductivity in Cu-doped
LiNbO3 waveguides recorded at room temperature: (a) Refractive-index change An
versus recording time ¢ for different samples (S2/K3: ccu = 1.1 x 10** m™3; V2/K5:
cou = 2.2 x 10 m™3; S6: coy = 4.7 x 10°° m™3), (b) saturated refractive-index
change Ans versus copper concentration ccu, (¢) decay of refractive-index gratings
An because of homogeneous illumination with green light (Aw=514.5nm) of varying
intensity for the sample T4 (ccuy = 5.7 x 10°° m™?), and (d) photoconductivity opn
as a function of erasure intensity I for different Cu-doped samples (S3: ccu =
3.2 x 102 m™%)

value of the specific photoconductivity Ophs defined by Oph = Oph /1, is of
the order of some 107'mV~2, which is comparable to data obtained for
homogeneously copper-doped volume samples [29]. Fe-doped LiNbO3 wave-
guides have been investigated as well, and for this dopant a good agreement
of the photorefractive properties with the predictions of a one-center model

has been obtained, too.
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Fig. 4. Transmission 7' versus wavelength A\ for gratings recorded at room tem-
perature in LiNbOg3:Ti:Cu channel waveguides: (a) grating length d = 1.7mm,
recording time 60 min; (b) grating length d = 16.0 mm, recording time 1 min. The
solid lines are fits of the wavelength-dependent Kogelnik equation [25]

4.2 Fundamental Filter Properties

Next we will discuss some principal properties of holographic reflection grat-
ings in channel waveguides. The following examples have been obtained in
Cu-doped samples, where gratings were recorded with green light and a total
writing intensity of 1200 Wm™2. Recording has been performed at room tem-
perature, so the gratings are not thermally fixed. The length d of a grating
can be simply adjusted by using an additional aperture (slit) for the recording
light placed directly on top of the surface of the waveguide. In Fig. 4(a) and
4(b) the filter characteristics for a short (d=1.7 mm, writing time 60 min) and
for a long grating (d=16 mm, writing time 1 min), respectively, are presented.
For better comparison, the recording times have been adjusted to get almost
equal diffraction efficiencies of about 80 % at the respective peak wavelength.
As expected, the full-width-half-minimum (FWHM) is strongly decreased for
longer gratings and can reach values as low as 0.05nm. The transmission
curves T'(A\) ("rocking curves”) are also in fairly good agreement with the
predictions of the wavelength-dependent Kogelnik equation in [25], which are
plotted as solid lines in the two graphs with An as a free parameter.

Gratings can be read with both, TE- or TM-polarized infrared light. For
our standard channel waveguide parameters (6 um-wide channel, diffusion of
a 100 nm-thick Ti layer for 22h at 1000°C) and Fe doping we get almost
identical effective refractive indices of the the two modes. In this way, a
nearly polarization independent filter can be realized. Here the difference of
the corresponding peak wavelengths for the two polarizations of the order of
0.05nm. It can be completely eliminated by applying a small bias voltage
to the sample and tuning the effective refractive indices via the electrooptic
effect.
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The filter characteristic can be further tailored, for instance to get nearly
rectangular transmission curves T'(\), by using both, chirped and apodized
gratings. Simple chirped gratings can be fabricated by using slightly curved
wave fronts instead of plane waves for recording. More complicated gratings
can be realized with the help of specially-designed phase masks through which
the samples are illuminated during recording with a single laser beam [10]. At
the same time, the use of phase masks will result in a recording geometry that
is less sensitive to phase fluctuations and instabilities, and thus may be a good
alternative for the two-beam holographic setup that has been described in
the proceeding section. However, the freedom to adjust the grating period(s)
by simply changing the recording angle will be lost in this way. Apodization
of the holograms can be realized in different ways. The grating can be written
with a locally-varying intensity distribution, which then results in a locally-
varying refractive-index change, too. Another possibility is to use a non-
homogeneous illumination for the development of the gratings.

4.3 Hologram Multiplexing

In photorefractive crystals several holograms can be superimposed in the
same volume, and they can be addressed either by changing the angle under
which the readout beam enters the sample, or by tuning the readout wave-
length. The latter option has to be used for holographic gratings in a linear
reflection geometry, i.e., for channel waveguides. Here several gratings with
different grating periods can be recorded and thermally fixed, thus reflecting
several wavelengths at the same time.

To demonstrate the multiplexing capabilities of photorefractive channel
waveguides in LiNbOsj, three reflection holograms with a peak spacing of
0.8 nm, corresponding to a 100 GHz channel spacing in DWDM, are super-
imposed in a Cu-doped sample. The resulting transmission spectrum for TM
polarization is plotted in Fig. 5. The holograms are recorded at room tem-
perature one after the other. To compensate for the erasure of the first and
second hologram during recording of the latter ones, the respective recording
times have to be properly adjusted. In the example here they decrease from
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16 min for the first hologram (1) to 4 min and 1.5 min for the second (2) and
third (3) one, respectively, resulting in an average diffraction efficiency of
about 93 % for each hologram. The length of the gratings was approximately
16 mm.

4.4 Wavelength Tuning and Electrical Switching

The position of the peak wavelength A, of a holographic filter depends on
both, the grating period A and the effective refractive index neg of the guided
light. Therefore, the filter properties can be tuned by heating the sample, i.e.,
by thermal expansion, or by applying external electric fields, i.e., using the
electrooptic effect:

Ap(Ts) = Ap(To) (1 + ass(Ts — To)) (7)
M(E) = Mp(E =0)(1 - 0.5n24m00F) , (8)

where (Ty — Tp) is the difference of sample and reference temperature, ass is
the thermal expansion coefficient along the c-axis, F is the applied electric
field along the y-axis, and ry2 = —712 is the appropriate electrooptic tensor
element. While thermal effects, due to its relatively large response time, are
well suited for precise tuning of the peak wavelength, the fast response of the
electrooptic effect can be used for switching on and off the filter.

Fig. 6 presents a measurement of the peak wavelength A, of a fixed grating
in a LiINbOj3:Ti:Fe channel waveguide as a function of the sample temperature
Ts. The minimum of the transmitted spectrum T'(A\) for TM polarization
has been evaluated. Obviously, the data follow a straight line, and from a
linear fit the thermal expansion coefficient a3 = (4.5 £ 0.5) x 107°K~!
can be determined. Here we have neglected the temperature dependence of
the effective refractive index neg for the infrared light in the investigated
temperature range.

4.5 Long-Term Stability of Fixed Gratings

The lifetime of thermally-fixed refractive-index gratings is an important fac-
tor for the application of integrated holographic filters. A drawback of these
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devices, when compared with photorefractive volume samples, are the high
concentration of Ti in the waveguiding layer, as well as the high doping level
of either Fe or Cu that is required to obtain diffraction efficiencies close to
100 %. High impurity concentrations lead to a significant increase of the dark
conductivity, which in turn causes a relaxation of the thermally-fixed and
developed holographic gratings.

For samples with no doping or very low doping level, dark conductivity is
mainly caused by proton conductivity. However, for higher Fe- and Cu-doped
LiNbO3 bulk samples and waveguides, dark conductivity is dominated by the
influence of impurities and increases exponentially with doping concentration.
Thermally excited electrons can drift in the ionic space-charge field, which
finally leads to an almost complete compensation of this field with no net
refractive-index change.

In most of the Fe- and some of the Cu-doped samples such a relatively
fast dark-relaxation of the fixed gratings is observed. As an example, this
effect is shown in Fig. 7 for a grating in a LiNbOg3:Ti:Fe channel waveguide.
This sample has a dark conductivity of o4 ~ 2.0 x 1076 2='m~! which
causes a relaxation of the refractive-index change with a time constant of
about 50 hours. On the other hand, the grating can be re-developed by ho-
mogeneous illumination. Despite of the option of a complete re-development,
the refractive-index change can be adjusted to any desired value An' < Ang
by permanent illumination of the sample with light of low intensity, e.g., us-
ing blue LED’s. With such an illumination, at a certain level of relaxation
that is due to dark conductivity, a balance of dark relaxation and grating
development can be reached, i.e., the electronic drift current is compensated
by a photovoltaic current generated by the illumination. This effect is shown
in Fig. 7 for different intensities of the blue light (A = (494 £+ 10) nm) filtered
out of the spectrum of a halogen lamp with an interference filter. Using the
same mechanism but with a non-homogeneous illumination of the sample, it
is possible to fabricate apodized gratings a with spatially-varying amplitude
of the refractive-index change.

An interesting and for applications important observation has been made
during the investigation of reduced Cu-doped waveguides [31]. In these sam-
ples, thermally-fixed gratings have been recorded that do not need any de-
velopment process and that are stable in the dark, i.e., they do not suffer
from relaxation because of the high dark conductivity. This effect will be
discussed in detail in the following section. In a first experiment, a reflection
grating has been recorded for 60 min in the oxidized waveguide W3 at a tem-
perature of 180°C. Thereafter, when the sample has been cooled down to
room temperature, the corresponding transmission spectrum T'(\) was taken
in the infrared. Fig. 8(a) shows this spectrum at the initial stage directly
after recording. In Fig. 8(b) the spectrum after the grating has been devel-
oped by homogeneous illumination with intensive green light is displayed.
Without development, only a very small Bragg peak can be seen, which is
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in good agreement with the behavior expected from the common theory of
thermal fixing in LiNbOg3 [19-21]. When the fixed hologram is developed un-
til saturation by homogeneous illumination, the reflection efficiency increases
dramatically. From the measured diffraction efficiency of n = 98.5% for the
infrared light we can calculate a refractive-index change of An = 1.2 x 10~*
in the waveguiding channel by using Eq. (3).

The same measurement has been repeated with the reduced waveguide
T4. In this sample, the copper concentration is more than two times higher as
in W3, and the ratio cqu+ /ccuz+ is much larger. A grating has been recorded
for 120 min at 180 °C, and again, directly after cooling down, the transmis-
sion spectrum has been examined. As can be seen in Fig. 8(c), a strong peak
is identified and the measured diffraction efficiency reaches 95.6 %, corre-
sponding to a refractive-index change of about An = 8 x 107°. It should be
emphasized that at this stage no development of the grating has been per-
formed. Then the fixed grating in this sample is additionally developed with
green light. The measured spectrum is given in Fig. 8(d), where the maxi-
mum reflection efficiency is now considerably decreased to a value of 50.2 %.

The corresponding temporal behavior of the refractive-index change An(t)
during development is non-monotonous: the value of An first rapidly drops
down, then passes through a minimum and finally reaches a steady-state
value that is still much smaller than the initial value An®. The completely
developed refractive-index grating of the reduced sample T4 has been kept at
room temperature in the dark and the temporal evolution of An was again
monitored over a total range of 250 hours. The result is given in Fig. 9 and
shows the reverse process: An first decreases, passes through a minimum and
grows again before it finally saturates. Now the saturation value is larger than
the start value. In the dark An evolves back to its initial value An° before the
development process. In the dark (without development) the initial refractive-
index changes An® are stable, and no decrease is measured for a time of more
than one year.
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Fig. 8. Transmission T" before ((a) and (c)) and after ((b) and (d)) the develop-
ment process versus readout wavelength A for gratings recorded in the Cu-doped,
oxidized sample W3 (upper plots (a)/(b); recording time 60 min) and in the Cu-
doped, reduced sample T4 (lower plots (c)/(d); recording time 120 min). For the
oxidized sample, the development leads to an increase of diffraction efficiency from
1.3 % to 98.5 %, whereas for the reduced sample a decrease of diffraction efficiency
from 95.6 % to 50.2% is measured after development. The oxidized sample with
cou = 2.2 x 10> m~3 has been annealed in dry O, atmosphere, while the reduced
one with ccy = 5.7 X 10%° m~2 has been annealed in wet Ar atmosphere

For an explanation of the observed temporal evolution of An we assume a
superposition of two different refractive-index gratings Any, and An, that are
out of phase by (180° — ¢). The corresponding model is illustrated in Fig. 10.
The grating An. grows already during high temperature recording and re-
mains constant after cooling down. At room temperature it is not affected
by light anymore. The second grating Any, is generated during the develop-
ment process. It grows exponentially until saturation with a time constant
71 while the sample is illuminated homogeneously. The time evolution of the
refractive-index change is thus described by

n(t) = ( [ Ane — Anf cos (1 — exp(—t/m1))])? 9)
+ [ Angsing(1 — exp(—t/m)P) .
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Correspondingly, the time evolution of the refractive-index change in the dark
can be described by

n(t) = ( [ An. — Ang cos gi)(exp(—t/'rg)v)]2 (10)
+ [ And sinqﬁexp(—t/Tg)W]Q)_% )

with 75 for the time constant for erasure of the grating Any, and ~ as the
exponent of a stretched exponential [30].

From the time evolution of Any, we can deduce that this grating is mainly
connected to the photovoltaic effect. This is the dominating mechanism for
charge redistribution in doped LiNbOj;. Because during thermal fixing the
space-charge field is permanently compensated by screening ions that are
mobile at high temperatures, a deep modulation of the Cu™ traps arises.
Then, when the sample is cooled down to room temperature, a homoge-
neous light illumination generates modulated photocurrents, and the grating
Any, appears. After the development process the photovoltaic grating Any,
is slowly erased via the dark conductivity of the material, and the temporal
development of this dark erasure can be described by a stretched exponential
function [30]. Furthermore, a small diffusion grating is present that has a
phase difference of 90 ° to the photovoltaic grating. This results in the small
phase difference ¢ from the exact out-of-phase condition of 180° of Any,
relative to the grating with amplitude An..

Most likely the permanent grating An, is attributed to a redistribution of
Cu ions. This conclusion is based on the fact that the measured permanent
gratings are uniquely found in samples that are doped with Cu and have never
been observed in Fe-doped samples. This is also the reason why we can ne-
glect a modulated proton concentration as the origin of this permanent grat-
ing. We can also rule out that this effect results from an absorption grating
formed during the recording process, because the efficiency of such a grating
is much smaller (limited to n < 7.2% [25]) than that observed in our sam-
ples. There are two possibilities for the Cu ions to generate the grating Ane.
First the deep modulation of the Cu™ and Cu®T ions can already lead to ma-
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Fig. 10. Model for the refractive-index evolution during the development process
and in the dark for reduced Cu-doped waveguides

terial changes that cause a measurable refractive-index change, and second,
it is not established that protons, like in LiNbOgs:Fe, are responsible for the
compensation of the space-charge field during thermal fixing in LiNbO3:Cu
[21]. Tt may be possible that Cu ions move in the space-charge field during
holographic recording and thus lead to material and density changes that
may cause the observed additional refractive-index changes. This means that
the Cu concentration itself will be modulated during fixing, not only the
distribution of the Cu™ and the Cu?* ions alone.

5 Conclusions and Outlook

In this contribution we have reported on the formation of fixed reflection
gratings in photorefractive Fe- and Cu-doped, Ti in-diffused LiNbO3 channel
waveguides for infrared light. Holographic gratings are recorded with visible
light of an Ar ion laser at high temperatures of 180 °C. The gratings can be
read with guided infrared light around 1.55 um, and strong refractive-index
modulations are obtained. By choosing the appropriate waveguide parameters
and an optimization of the diffusion process, nearly polarization-independent
holographic filters with efficiencies close to 100 % and a bandwidth (FWHM)
as low as 0.05nm are obtained. Several of such filters with different reflec-
tion wavelengths can be superimposed in the same waveguide sample. This
enables the fabrication of more complicated filters for DWDM, or for optical
sensors that make use of the narrow spectral resonance. We have proven the
possibility to thermally adjust the peak wavelength of a reflection grating
in a range of some tenths of nanometers, and the experimental verification
of electrical switching of filters via the electrooptic effect is currently under
investigation.

For commercial applications of thermally-fixed waveguide filters, or simi-
lar devices in photorefractive bulk samples that also require a fixation process,
special care has to be taken to ensure a long-term stability of the holograms.
In this sense, very promising results have been obtained for reduced Cu-doped
LiNbOs3. In these samples, large refractive-index changes appear without the
need of any additional development process. These strong refractive-index
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modulations do, most likely, not originate from the photorefractive effect but
from material changes, i.e., density changes that are caused by a migration of
Cu ions because of the electronic space-charge field. Such gratings are stable
in the dark for at least one year with no degradation, and no compensation
mechanism via dark conductivity is observed. On the other hand, a draw-
back of these samples is the increased absorption at 1.55 pm because of the
strong Cu doping. However, we believe that these new result will stimulate
the further development and application of devices based on photorefractive
crystals in optical communications and integrated optics.
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