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Abstract. Permanent refractive-index gratings are generated
by thermal fixing of holograms in photorefractive lithium
niobate channel waveguides. The guides are fabricated by
successive indiffusion of titanium stripes and thin layers of
copper. After high-temperature recording with green light,
refractive-index modulations exceeding An = 8 x 107> for
light of the telecommunication wavelength 1550 nm appear
without the need of any development process of the written
holograms. The gratings are stable in the dark and no com-
pensation mechanism via dark conductivity is observed. Thus
this method may be well suited for long-time applications in
holography and integrated optics.

PACS: 42.40.E; 42.82.E; 84.40.U

Lithium niobate (LiNbO3) is a widely used substrate mate-
rial for integrated optics due to its outstanding acousto- and
electrooptical properties. Iron- or copper-doped LiNbOj3 crys-
tals also show a pronounced photorefractive effect [1]. Both
dopants appear in two valence states, Fe’* (Cu*t) and Fe**
(Cu?t) [2]. By illumination with a light-intensity pattern,
electrons are redistributed between these filled and empty
traps. A space-charge field builds up that modulates the re-
fractive index via the electrooptic effect. A common method
to stabilize the recorded holograms versus the readout light
is the process of thermal fixing [3,4]. Thermal fixing has
been investigated intensively in iron-doped LiNbO3z volume
crystals. By this technique devices like volume narrow-band
wavelength filters [5, 6] or integrated DBR (Distributed Bragg
Reflector) waveguide lasers [7] for 1550 nm have been fabri-
cated. However, devices utilizing fixed gratings in LiNbO3:Fe
suffer from a compensation process of the developed space-
charge field that results from the non-negligible dark conduc-
tivity of the material: to preserve their properties they have
to be periodically refreshed by a homogeneous development
process with photoactive light. This is a crucial disadvan-
tage for applications that are designed to work permanently
for many years. In this contribution we investigate the tech-
nique of thermal fixing in copper-doped LiNbO; channel
waveguides fabricated by titanium indiffusion. These guides

show photorefractive properties which are similar to those
of LiNbO;3:Cu volume crystals, doped either conventionally
in the melt or by indiffusion [8,9]. In our fixing experi-
ments we find that refractive-index gratings with a refractive-
index modulation exceeding An = 8 x 10~ at 1550 nm can
be stored permanently in the channels without the occurrence
of a compensation process. This behaviour is different to the
well-investigated fixing process in LiNbOj3:Fe and of signifi-
cant importance for future applications.

1 Evaluation and experimental details

To diffract light from a thick refractive-index grating the
Bragg condition has to be matched. The diffraction efficiency
n of the grating is given by n = I3/ (I; 4 13), where I; and I4
are the intensities of the transmitted and the diffracted beams,
respectively. For a reflection grating, n and the refractive-
index modulation An are related via n = tanh*(w Andr™"),
where d is the length of the grating and A is the Bragg wave-
length [10].

For sample preparation, pieces of 8 x 16 mm? are cut from
an undoped y-cut LiNbO3 wafer of congruently melting com-
position. The c-axis points along the larger side. By evapora-
tion and additional photolithographic structuring 8-pm-wide
titanium stripes of 100-nm thickness are created parallel to
the c-axis on the top face of the samples. They are indif-
fused for 22 h in air at a temperature of 1000 °C. This forms
single-mode channel waveguides for infrared light around
1550 nm. In the next step the top faces of the samples are
coated with thin copper layers of various thicknesses. To in-
crease the photorefractive effect in the channels these layers
are indiffused at 1000 °C, too. The diffusion time is 2 h, long
enough to ensure a practically constant copper concentra-
tion in the channels [11]. We calculate a copper-doping level
of cco = (5.7/4.7/3.2/2.2/2.2) x 10 m~ in the channels
for the five investigated samples (T4/S5/S3/K5/W3). The
copper indiffusion is performed in wet, reducing argon at-
mosphere, with the exception of the sample W3 which is
annealed in dry oxygen atmosphere. In a reducing environ-
ment the number of filled traps Cu™ is enhanced. On the other
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hand the number of empty traps Cu®* is enlarged by an oxi-
dising treatment. Finally the end faces of all waveguides are
precisely polished and anti-reflection-coated for the infrared
readout light. The bottom face of each sample is also anti-
reflection-coated for the green recording light.

Reflection gratings are recorded by interference of two
coherent, ordinarily polarized plane waves of an argon-ion
laser at 514.5 nm. The beams impinge upon the waveguides
in the yz-plane and illuminate the whole top face. The vec-
tor K of the generated interference pattern is directed along
the c-axis, parallel to the channels. The light intensity is about
1200 Wm~2 and the recording angle is 93.87° in air. An ac-
tive phase stabilization for the recording light is utilized [12].
Fixing during recording is performed by heating the wave-
guide to 180 °C while the grating is written. After recording
the samples are kept in the dark and cooled down to 20°C
within 5 min.

For readout of the recorded refractive-index gratings
a DFB (Distributed Feedback) laser, tunable between A =
1555.36 nm and 1559.36 nm in steps of 0.01 nm, is applied.
The light is guided through an optical single-mode fibre di-
rectly into the channels via end-face coupling. The light
polarization is adjusted to excite the TM mode. The trans-
mitted light is directed onto a germanium photodetector with
the help of a second fibre. The recorded gratings are read by
taking transmission spectra of the channels: the DFB laser
is tuned and the normalized transmitted signal intensity 7(A)
is measured as a function of wavelength. When the readout
wavelength matches the Bragg condition a pronounced in-
tensity drop appears. The diffraction efficiency 7 is deduced
from the relation n = 1 — T,iy, Where Tii, iS the minimal
transmission at the Bragg wavelength.

After the recording process the fixed gratings are homoge-
neously illuminated with an expanded beam of the argon-ion
laser which hits the samples perpendicular to the top face.
The light intensity is about 250 Wm~2. During illumination
the evolution of 1 is measured by taking transmission spec-
tra with the DFB laser. The dark compensation of a developed
grating is monitored by taking transmission spectra while the
sample is kept in the dark. The weak infrared readout light
(power about 100 W) does not affect the time evolution of
n. Further details regarding the waveguide fabrication and the
recording and readout setup may be found in [8].

2 Experimental results

First, a reflection grating is recorded for 60 min at 180°C
in the oxidised waveguide W3. After cooling down to room
temperature, a transmission spectrum 7(1) of the 8-pm-wide
channel is taken. The result is shown in the upper part of
Fig. 1. At this stage, only a very small Bragg peak is esti-
mated. This is the well-expected behaviour from the theory
of thermal fixing in doped LiNbO3 volume crystals [13—15].
Then the fixed hologram is developed by illumination with
green light until saturation occurs. The resulting transmis-
sion curve T(A) is shown in the bottom part of Fig. 1. As
expected, a strong Bragg peak appears. From the measured
diffraction efficiency of n = 98.5% for the infrared light we
calculate a refractive-index modulation of An =1.2x 107*
in the channel.
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Fig. 1. Transmission 7 before and after the development process versus
readout wavelength A for a grating recorded for 60 min in the oxidised
waveguide W3

Now we proceed with the waveguide T4. In contrast to
the sample W3, this guide was annealed in reducing argon
atmosphere. Furthermore, the copper concentration is more
than two times higher. A grating is recorded for 120 min
at 180 °C. Directly after cooling down, a transmission spec-
trum is taken. Figure 2 shows the result for the 8-pm-wide
channel. A strong peak is identified and the measured diffrac-
tion efficiency reaches 96% at a centre wavelength of A =
1557.81 nm. The line width (FWHM) of the fixed hologram
is less than 0.09 nm. We want to emphasize that until now no
development process has been applied to the sample.

In the next step the fixed grating in the sample T4 is de-
veloped with green light. The measured time evolution of the
refractive-index modulation An is presented in Fig. 3. The
value An first rapidly drops down, then passes through a min-
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Fig. 2. Transmission 7 versus readout wavelength A for a grating recorded
for 120 min in the reduced waveguide T4 before the development process
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Fig. 3. Time evolution of the refractive-index modulation An during the
development of the fixed grating in waveguide T4. The solid line is a fit
according to (1)

imum and finally reaches a steady state after 5000 s. The final
value is smaller than the initial value Ang. The solid line is
a fitted curve following a simple model presented in Sect. 3.
This behaviour is exactly the opposite of what is expected
from the common theory of thermal fixing.

Now the developed refractive-index grating is kept at
room temperature in the dark and the time evolution of An
is monitored over a total range of 250 h. The result is shown
in Fig. 4. Again An first decreases, passes through a min-
imum and grows again before it finally saturates. Now the
saturation value is larger than the start value. The solid line
is again a fitted curve according to the model presented be-
low. It is remarkable that the start and end values practically
coincide with those obtained from the development process.
This means that in the dark An evolves back to its ini-
tial value before the development process. In the dark the
initial values Ang are stable: an undeveloped grating with
1n = 90% recorded in the sample S5 shows no measurable de-
crease of its diffraction efficiency for a duration of more than
one year.

The presented time evolution of An under homogeneous
illumination and in the dark is similar for all four reduced
waveguides investigated in this contribution: directly after
recording a pronounced refractive-index modulation is al-
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Fig. 4. Time evolution of the refractive-index modulation Arn in the dark for
the grating in waveguide T4. The solid line is a fit according to (2)
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Fig.5. Permanent refractive-index modulations Ang obtained without de-
velopment versus recording time ¢ for the investigated reduced channel
waveguides. The lines are guides for the eye

Table 1. Summary of the obtained results. The sample U3 is undoped. The
copper indiffusion into the waveguides K5, S3, S5 and T4 was performed
for 2h at 1000 °C in wet argon atmosphere. For the sample W3 it was
performed for 2 h at 1000 °C in dry oxygen atmosphere. ccy: copper con-
centration in the channels, Ang®*: maximum of the obtained permanent
refractive-index change without development, o550 ,m: Waveguide losses
for the TM mode at 1550 nm

Sample ccu [10% m™3) AR [1075] 01550 nm [dBcm™]
U3 - - 0.08
K5 2.2 1.7 1.65
S3 3.2 4.0 1.98
S5 4.7 4.8 2.29
T4 5.7 8.4 2.30
W3 2.2 0.3 2.29

ready present in the channels. In the dark a developed grating
tends to restore its initial value that is measured before the de-
velopment process. Figure 5 shows the initial refractive-index
modulations Ang for the investigated reduced waveguides
versus the recording time ¢. The values grow with the record-
ing time and with the copper concentration in the channels.
The data for the samples K5, S3 and S5 are well fitted by sin-
gle exponentials with a time constant around 60 min (dashed
and dotted lines in Fig. 5). The values obtained for the sample
T4 still grow almost linearly in the investigated time inter-
val (solid line). The maximum values Ang™, together with
the copper concentrations in the channels and the measured
waveguide losses at 1550 nm, are summarized in Table 1.

3 Model

To explain the observed time evolution of An in the re-
duced samples under homogeneous illumination and in the
dark we assume that the measured An results from a su-
perposition of two different refractive-index gratings present
in the waveguides. The corresponding model is illustrated
in Fig. 6. The first grating is labelled An.. It grows during
high-temperature recording and remains constant after cool-
ing down. At room temperature it is not affected by photoac-
tive light anymore. The second grating Any, is just generated
during the development process. While the sample is illu-
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development

Ang= An%(l-exp(-t/rl))

An,= const.

a An, cos

dark compensation

An= An% exp(-(t/ 12)7 )

An, = const. An, sing

b Any cose

Fig. 6. Model for the refractive-index evolution during the development pro-
cess and in the dark (see text)

minated homogeneously it exponentially grows with a time
constant t; until it saturates. The gratings have a phase dif-
ference between each other. This is indicated by the angle ¢
in Fig. 6.

From this model we obtain a time evolution for the devel-
opment process:

[An. — Ang cosgp (1— exp(—t/tl))]2
An(1) = o , O
+ [Any sing (1 —exp(—t/11))]

The solid line in Fig. 3 is the corresponding fit to the meas-
ured data. It yields An. = 7.0 x 1073, Ang =83x1077,
¢ =12.6°and 71 =770s.

To describe the dark evolution of Arn after the devel-
opment process we assume that the grating Any is erased
according to a stretched exponential function, whereas the
grating An. remains constant. Following the diagram in the
lower part of Fig. 6 our model predicts the time evolution in
the dark:

[Ane — Anp) cos @ exp(—(t/12)")]?
An(f) = . ) . )
+ [Anyg sin g exp(—(t/12)7)]

The corresponding fit is shown in Fig.4 as a solid line.
For y =1 a convincing fit to the measured data is impos-
sible. The best coincidence is found with the fit parameters
Ane=7.0x1075, An) =93 x 1075, ¢ =12.4°, 7, =37.7h
and y = 0.53. The values for An and the angle ¢ agree fairly
well with those found for the development process.

4 Origin of the two gratings

The time evolution of the grating Any can be well explained
as that of a photovoltaic grating. In LiNbOj crystals the pho-
tovoltaic effect is the main charge-driving force. During the
fixing process a deep modulation of the Cu™ traps arises be-
cause the space-charge field is permanently compensated by
screening ions that are mobile at high temperatures [4]. After
cooling down the homogeneous illumination generates modu-
lated photocurrents resulting from the deep modulation of the
Cu™ traps. Now a space-charge field builds up that modulates
the refractive index via the electrooptic effect and the grating
Any, appears.

After the development process the photovoltaic grating
Any, is slowly erased via the dark conductivity of the ma-
terial. Recently, the dark erasure of holograms recorded in
LiNbOs:Fe at room temperature has been found to follow
a stretched exponential function [16]. This is the type of func-
tion we use for our model to describe the dark compensation.

The permanent grating An, is most likely attributed to the
copper ions in the samples. This conclusion is based on the
fact that the measured permanent gratings An, are uniquely
found in LiNbO;3:Cu and not in LiNbOs3:Fe crystals. If the
grating An. were formed by a deep modulation of the pro-
tons during the fixing process it should also be present in
LiNbOs;:Fe, which is not the case. There are two possibilities
for the copper ions to generate the grating An.. First, the deep
modulation of Cu* and Cu’?* can already lead to material
changes that cause a measurable sinusoidal refractive-index
change in the samples. If enough ions are present for charge
compensation, the modulation degree of Cu™ can reach al-
most one. Furthermore, it is not established that protons, like
in LiNbOj:Fe, are responsible for the compensation of the
space-charge field during thermal fixing in LiNbO3:Cu. The
diffusion constant of copper in LiNbO3 at 1000 °C is more
than 500 times higher than that of iron under the same con-
ditions. In our experiments the grating period is only around
350 nm. Therefore, the distance the compensating ions have
to move is small. If one takes into account that during thermal
fixing the ions also drift in a strong space-charge field it may
be possible that the Cu?* ions themselves, and not only the
protons, act as compensating ions. This means that the copper
concentration itself will be modulated during fixing, not only
the distribution of the Cu* and the Cu®* ions.

We can rule out that An, results from an absorption grat-
ing formed during the recording process. Cu®* introduces an
absorption band around 1100 nm in LiNbO3 [2] and it may be
argued that an absorption grating is generated. The absolute
diffraction efficiency naps of a reflection grating of this kind,
taking into account absorption losses in the sample, is limited
to 7.2% [10]. Here n,ps is defined as the ratio I4/I;, where Iy
is the intensity of the diffracted beam and I; the intensity of
the readout beam impinging on the sample. From a measure-
ment with an undeveloped reflection grating thermally fixed
for 140 min in the sample T4 we find a far higher value of
Nabs = 35 +=10%.

Now we discuss the phase shift between the two gratings.
During homogeneous illumination electrons are excited from
Cu™ ions into the conduction band. In doped LiNbOj3 the drift
length for electrons is small. Therefore the charge distribu-
tion o originating from retrapped electrons has a phase shift
of 90° to the Cut distribution. The resulting space-charge



field is deduced from Maxwell’s relation div E = p/egq. This
introduces again a phase shift of 90° for the developed space-
charge field and consequently for the grating Anyp. This
means that Any, and the Cu™ distribution have a phase shift of
180°.

If the grating An, results from material changes caused
by a redistribution of the copper ions it will be in phase or
counter-phase to the Cu™ distribution. If we assume it to be
in phase this fits our model very well. This means that Any
and An have a phase shift of 180°, equivalent to ¢ = 0 in our
model. From the measurement we find that the angle ¢ is not
exactly zero. This may be understood if we take into account
that for the small grating periods around 350 nm a diffusion
grating may not in any case be neglected versus the photo-
voltaic grating. From the relations Egir = kgTK /e [17,18]
and Angg = —0.5n3r Egie we calculate a maximum strength
of Angigs = 1.7 x 107 for the diffusion grating. Here T is the
temperature, K = 27/ A the spatial frequency, n the refrac-
tive index and r the appropriate element of the electrooptic
tensor. In LiNbOj; the diffusion and the photovoltaic gratings
have a phase shift of 90° [17, 18]. Thus, if Angr participates
in Any, it induces the small phase shift ¢ # 0.

5 Summary

In summary, we have reported on the formation of permanent
reflection gratings in photorefractive LiNbO3:Ti:Cu channel
waveguides by high-temperature recording. Strong refractive-
index modulations, most likely not originating from the pho-
torefractive effect, but from material changes, arise without
the need of any development process of the gratings. Such
gratings show no measurable decrease of their diffraction
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efficiencies for at least one year. The maximum obtained
refractive-index modulations may be further enhanced by
a higher copper-doping level.
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