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Effect of the oxidation state and hydrogen concentration on the lifetime
of thermally fixed holograms in LiNbO3:Fe

E. M. de Miguel-Sanz
Departamento de O´ ptica y Optometrı´a, Universidad Europea de Madrid, Villaviciosa de Odo´n, Madrid, Spain

M. Carrascosa and L. Arizmendi
Departamento de Fı´sica de Materiales, C-IV, Universidad Auto´noma de Madrid, Cantoblanco, 28049 Madrid, Spain

~Received 24 September 2001; published 22 March 2002!

The lifetime of thermally fixed holograms in iron-doped lithium niobate is extensively studied for samples
with different iron oxidation state and hydrogen concentrations. The results clearly follow the theoretically
predicted relationship of the lifetime of fixed holograms with these parameters. This undoubtedly proves that
only protons are the ionic charge carriers responsible for thermal fixing in these crystals. From these measure-
ments of lifetimes at different temperatures under uniform illumination, the diffusion coefficient for protons is
determined to beDh5(1.431023 cm2 s21)exp@2(0.95 eV)/kBT#.
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I. INTRODUCTION

Recently there has been an increasing interest in the
of stable volume holograms for different applications, e
narrow-band optical filters,1 diffractive devices,2 optical
memories,3–5 optical correlators,6 and dense wavelength
division multiplexing demultiplexers.7 This is mainly due to
the recent improvements in the fixing techniq
knowledge,8–11 now giving the possibility of producing
stable, optically nonerasable, holograms of very high diffr
tion efficiency~close to 100%! in LiNbO3 crystals.9 Such a
high diffraction efficiency can be achieved in a sample
less than 1 mm thick. This means that this material can s
port fixed holographic gratings of relatively high refractiv
index change compared with other photorefractive mater
in which thermal fixing has been observed@BaTiO3 ,12

KNbO3,13 KTN,14 BSO,15 and La3Ga5SiO14:Pr31 ~Ref. 16!#.
The reason for this higher diffraction efficiency is known
the present time to be due to the role of the high photovol
constant of Fe in lithium niobate in developing of th
holograms.11,17

The thermal fixing procedure basically consists of tra
forming the light-erasable trapped charge pattern, resp
sible for the standard photorefractive effect, into a fix
~light-insensitive! matched pattern. Then damage of t
stored information during readout is avoided. This effect w
discovered in 1971 by Amodei and Staebler.18 The complete
thermal fixing process includes two steps. First, during
after recording, the sample is heated to temperatures in
120–180 °C range. At these temperatures, H1 ions present in
the sample move to form a grating that neutralizes the for
electronic trapped charge grating. This step is called ‘‘fixin
throughout this paper. The first evidence of hydrogen re
tribution in a LiNbO3 crystal illuminated by a macroscopi
light beam at high temperature~160°! was reported by Vor-
mann et al.19 in 1981. More recently Buseet al.20 demon-
strated that a macroscopic impurity valence distribution
duced by a light beam is compensated by a H1 redistribution
after heating the sample at about 160 °C. These wo
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pointed out that hydrogen is an impurity responsible for fi
ing in LiNbO3. In a second step the hologram is develop
by using homogeneous illumination at lower temperature
which the ionic grating is frozen, acting on the electron
grating. The result of this process is to recover the diffract
efficiency partially. We will refer to this process as ‘‘deve
oping the hologram.’’ The diffraction efficiency observed a
ter this step is produced by the resulting grating. This is
superposition of the ionic grating, produced by the fixi
process, and a part of the initial electronic one. The el
tronic grating is decreased and, which is more importa
shifted by the homogeneous illumination of developing11

The role of the high photovoltaic effect exhibited by Fe
lithium niobate is absolutely fundamental for highly deve
oped diffraction efficiency in relatively thin samples.

Another method by which to obtain long lasting hol
grams insensitive to the reading light in LiNbO3, is based on
multiphoton recording, using one-color light nonlinear e
fects or two-color light. It was discovered in 1974,21 and
extensively studied~see Ref. 22, and references therein!. In
the case of two-color holography, the sensitizing light
shorter wavelength promotes the electronic charges f
deep traps to shallow ones, and light of longer wavelen
~usually in the near IR! is used for recording. Then, usin
only reading light at the recording wavelength, the stor
hologram is not appreciably erased. The holograms can
optically erased by the shorter wavelength light. Compa
with thermal fixing, the advantages of this method are tha
is all optical and near-infrared coherent light can be used
recording. In contrast, the main disadvantages are the lo
maximum diffraction efficiencies and dark decays of the
der of several months,22 much shorter than in thermal fixe
holograms. Recent studies showed that dark decay times
be enlarged using a second dopant which introduces d
traps in the material.23,24 In any event, two-color recording
seems to be more useful for holographic memories, whe
thermal fixing could be more convenient for single diffra
tive devices. In any case, thermal fixing and two-color
cording are not opposite techniques, and could be comb
for mutual benefit.
©2002 The American Physical Society01-1
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TABLE I. Sample characteristics.

a477 nm ~cm21! @Fe21#/@Fe31# Nt ~cm23! a2870 nm~cm21! @H0# ~cm23!

Sample No. 1 3.5 0.045 7.431017 1.6 1.731019

Sample No. 2 2.9 0.037 6.131017 0.32 3.431018

Sample No. 3 0.45 0.0056 9.831016 2.94 3.1331019
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The purpose of the present work is to study the effec
the oxidation state of the photorefractive impurity and of t
concentration of hydrogen on the lifetimes of fixed ho
grams. In this study we will determine the optimum crys
conditions to obtain fixed holograms with the longest p
sible lifetimes and the highest diffraction efficiencies to
useful for practical applications. It was recently determin
that the oxidation state of the samples, i.e., the Fe31/Fe21

ratio, influences the fraction of the initial hologram that c
be developed, and hence the final diffraction efficiency.11 For
a given total dopant amount, the more oxidized crystals~with
low @Fe31/Fe21# ratio! give relatively more highly devel-
oped holograms. On the other hand, the theoretical pre
tions show dependence of the decay time of fixed hologra
on both the oxidation state and the hydrox
concentration.8,25 By means of thermal treatments in th
proper atmosphere, it is possible to act on the oxidation s
of iron ions and on the total OH2 content of the samples. W
have carried out measurements of fixed hologram diffrac
decays at different temperatures and for different sam
characteristics.

II. EXPERIMENT

The samples used in our experiments were obtained f
lithium niobate crystals grown from a congruent melt dop
with 0.1 mol % of iron. From them samples of 1039
31.3 mm3, with the crystallographicc axis laying on the
larger faces, were sawn and polished up to obtain opt
quality surfaces.

Different reduction states and/or different OH2 concen-
trations were achieved by undergoing the samples
oxidation/reduction thermal treatments in proper atm
spheres. Sample No. 1 is from the as-grown crystal. Sam
No. 2 is from the same boule but it was first treated in d
oxygen at 800 °C for 2 h toreduce the hydrogen content, an
subsequently to a slight reduction treatment at 500 °C i
vacuum to restore approximately the initial iron oxidati
state. Finally, sample No. 3 was strongly oxidized in w
oxygen at 900 °C for 3 h.

The iron oxidation state and the OH2 content of the
samples were checked by measuring their optical absorp
at 477 and 2870 nm, respectively. The reduction state of
samples was estimated from the absorption coefficient at
nm with the absorption cross-section parameter for the F21

band,26 and assuming that the total iron concentration in
samples was about 0.09 mol % due to an iron segrega
coefficient slightly smaller than 1.27 The hydrogen concen
tration was estimated from the absorption coefficient of
OH2 stretching band at 2870 nm and the correspond
cross section.28 The obtained values of these parameters
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f

l
-

d

c-
s

te

n
le

m
d

al

to
-
le

y

a

t

on
e

77

e
on

e
g
r

the three samples are summarized in Table I. It should
noted that for all samples the amount of hydrogen is w
higher than the amount of Fe21 ions, so in all cases there i
enough hydrogen for a full compensation of the hologr
gratings during the fixing process.

The holograms were recorded using a two-beam coup
configuration with an Ar1 laser at 514.5 nm. Both writing
beams were expanded to illuminate the entire sample.
crossing beam half-angle set in this work to 14.9° in order
have holograms with a grating spacing of 1.0mm. To avoid
the spatial charge accumulation due to the photovoltaic ef
exhibited by the lithium niobate crystals under illuminatio
the samples were short circuited by covering their four l
eral faces with conductive silver paste. In this setup
sample was oriented with itsc axis parallel to the face and
lying in the incidence plane. A He-Ne laser beam of very lo
power, impinging on the sample at its Bragg angle, was u
as a probe. The diffracted part of this beam was continuou
monitored.

For the recording and fixing of holograms, the sample w
mounted in a holder placed inside a vacuum chamber p
vided with large optical windows. The temperature of t
sample could be changed between 20 and 300 °C by m
of a small heating element in contact with the holder. A th
mocouple was used to measure the temperature continuo
Temperature control with a precision of60.1 °C was
achieved by an Eurothem 818 Temperature Control
Programmer. With this system the holograms could be th
mally fixed either during or after recording. Optical develo
ment of fixed holograms was produced by illuminating bo
sides of the sample with the white light of two 150-W hal
gen tungsten lamps focused on the surfaces. Both face
the sample were illuminated totally during the developing
well as during all the decay process. Absorption of this lig
by the samples resulted in an increase of temperature of
than 5 °C in all cases, and they reached a stable level in a
5 min.

III. RESULTS AND DISCUSSION

The time evolution of the diffraction efficiency of holo
grams of 1-mm fringe spacing was measured under whi
light illumination for a long time at different constant tem
peratures. These measurements were done in the t
different samples presented in Sec. II. The signal decays
tained resulted in all cases to be pure single-exponential t
dependencies without any constant background. For e
sample a higher temperature resulted in a faster decay. T
facts inform us that the decays are due to a single therm
activated process.

Figure 1 shows Arrhenius-like plots of the exponent
1-2
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EFFECT OF OXIDATION STATE AND HYDROGEN . . . PHYSICAL REVIEW B65 165101
decay time factors. For each sample the points app
aligned in a straight-line dependence. Furthermore, the l
corresponding to the three samples appear parallel to the
ers, announcing that the processes involved in the de
have the same activation energy but different preexpone
factor for different samples. From the common slope
have determined an activation energy ofEa50.95
60.02 eV. Later we will discuss this value in comparis
with other values found in the literature. As the differenc
among the samples are their oxidation state and hydro
concentration, it is also evident from Fig. 1 that these ch
acteristics influence the lifetime of the fixed holograms.

A. Comparison with the theory

We will consider the theory for high-temperature pho
refractive phenomena in lithium niobate crystals, derived
Sturmanet al.,25 for electrons and protons as charge carri
in this material. According to this theory, the thermally ac
vated kinetics of the electric-field amplitude of a holograp
grating at a given temperature is complex. The time evo
tions in the dark as well as under uniform illumination are
general a linear combination of two exponentials who
characteristic rate constants are due in a mixed way to e
tron and proton diffusion. Only in particular situations c
these time constants be attributed separately to diffusio
one of the charged species. In our situation of intense illu
nation we are in the approach of fast rising time process
developing and a subsequent slow decay. The constant
for the fast developing is just the dielectric relaxation rate
electrons,G f>ge

ph5emesI 0ND /««0gNA , where e is the
electron charge,me is the electronic mobility,s is the photo-
ionization cross section,I 0 is the light intensity of active
wavelength,ND andNA are the concentrations of donors a
acceptors, respectively,g is the trapping coefficient, and««0
is the dielectric permittivity of the material. This rate co
stant is related to the photoexcited charge carriers. Bec
this rate is proportional to the intensity of developing ligh

FIG. 1. Arrhenius-like plot of the lifetime of fixed holograms o
1-mm grating spacing at different temperatures for the three dif
ent samples. Full squares, circles, and triangles correspond to v
derived from the experimental decays. The values obtained for
sample were fitted to a straight line.
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and in our case this is of the order of 140 mW/cm2, the
developing is done in a short initial time, very fast compar
with the decay times, as we observed experimentally. In f
even for the highest temperatures used in our experime
the white-light intensity provided by our lamps was alwa
high enough to fully develop the holograms in a mu
shorter time. So the subsequent slow decay, that is wha
measured precisely, is already a single exponential.

In this situation of strong uniform illumination, the ob
served slow time decay has a constant rateGs85ghRd

2K2(1
1Nt /H0), where gh5emhH0 /««0 is the dielectric relax-
ation rate of protons,Rd5(««0kBT/Nte

2)1/2 is the Debye
screening length, andK52p/L the grating spatial fre-
quency.Nt5NaNd /(Na1Nd) is the effective trap density
andH0 the proton density.mh5Dhe/kBT being the protonic
mobility, whereDh is the diffusion coefficient of protons in
lithium niobate. After substitution, we can easily write th
slow rate in the form

Gs85
1

t
5DhK2FH0

Nt
11G . ~1!

The thermal dependence comes from the diffusion coe
cient Dh in the form

Dh5Dh
0
•exp~2Ea /kBT!. ~2!

Note that in this expression the activation energyEa cor-
responds purely to the hydrogen diffusion~«h in Ref. 25!,
and not to a mixed energy due to activation of electrons
protons.

In order to check the validity of the theoretical depe
dence given in expression~1!, in Fig. 2 we draw an
Arrhenius-like plot of the product of the lifetime values b
the factor@(H0 /Nt)11# that characterizes each sample. T
result is that all points measured for the different samples
along the same straight line. This result confirms the th
retically predicted dependence onH0 /Nt and the tempera-
ture.

r-
es

ch

FIG. 2. Plot of the lifetime values multiplied by the correspon
ing @(H0 /Nt)11# factor for each sample vs the inverse absolu
temperature of acquisition.
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In the literature there is a dispersion of values of the
drogen absorption cross section obtained by different te
niques. The authors of Ref. 29, using nuclear magnetic re
nance measurements, obtained a value ofsOH5(3.361.1)
310220 cm2, which is the lowest reported value. Kova´cs
et al.30 determined a value ofsOH5(663.8)310220 cm2 by
atomic absorption spectroscopy. From photorefractive fix
was also possible to obtain this constant, giving a value
sOH5(9.461.6)310220 cm2,28 this being the value we con
sider in our calculation of the hydrogen diffusion coefficie
because it is determined with the same kind of average
hydrogen situations inside the crystal. Other published v
ues aresOH5(40620)310220 cm2, determined by Richter
et al.31 using secondary-ion-mass spectroscopy, andsOH
5(41.566)310220 cm2, obtained in Ref. 32 in studies o
proton diffusion. These two last values were obtained
proton exchanged layers where the concentration is v
high and the behavior of protons could be different. In t
case of an error in the value of absorption cross section,
analysis of the results and the look of Fig. 2 are not app
ciably affected. The activation energy will be the same. O
the preexponential factor could be affected.

The quadratic dependence of the slow rate on the gra
spatial frequencyK was also investigated. In Fig. 3 w
present the decay rates obtained for different grating spa
at a constant temperature of 110 °C, plotted versus the sp
frequency. The points are very well fitted to a parabo
curve passing by zero.

Thus we have proved that our samples fulfill the predic
dependence of the slow decay rate on the effective trap
centrationNt , on the proton concentrationH0 , as well as on
the spatial frequencyK. This confirms the validity of the
theoretical frame for the case of our samples.

B. Proton diffusion coefficient

From the fitting of points of Fig. 2 to a straight line on
obtains the value of the proton diffusion preexponential f
tor Dh

0, resulting in this case a value of (1.460.5)
31023 cm2 s21. Thus, we can say that the diffusion coef
cient of hydrogen in lithium niobate is

FIG. 3. Plot of the lifetime values for holograms with differe
fringe spacing at 110 °C for sample No. 1 vs the spatial freque
K.
16510
-
h-
o-

g
f

t
of
l-

r
ry
e
he
-

y

g

ng
tial

d
n-

-

Dh5@~1.460.5!31023 cm2 s21#

3exp@2~0.9560.02 eV!/kBT#. ~3!

We want to remark here that with this method to obtain
diffusion coefficient for hydrogen in lithium niobate, we a
cess the value for bulk diffusion. This is because the grat
planes are distributed all over the bulk, and their decay
driven by the average diffusion in all the volume, where t
volume occupied by dislocations or other defects that co
alter the diffusion is of small importance.

C. Comparison of activation energies and preexponential
factors

In respect of the activation energy, there is some discr
ancy among the different reported values.33 We will consider
only those measured optically in processes related with
logram fixing in the bulk. Other techniques such as mac
scopic proton diffusion can receive a contribution of condu
tivity along dislocations or other defects. The authors of R
34 gave a value ofEa51.0360.02 eV in an experimen
similar to the one presented here, but with the difference
in the former work the crystal was illuminated during deca
with a coherent beam, which formed, with its internal r
flected part, some interference fringes inside the sam
leading to a spatial intensity variation and to irregular ill
mination. Now we illuminate the sample with incohere
white light from both faces.

Other reported decay measurements are done under
conditions. One of these measurements is the decay of
developed hologram in the dark at temperatures in the ra
70–120 °C.34 In this case the decays have to be interpret
after the theoretical study of Ref. 25, as due to the movem
of the ionic grating to compensate the shifted electronic g
ing. These decays were in most cases faster than decay
der illumination, and did not depend on the grating spaci
They could not be fitted only to one exponential witho
background. A reanalysis of data presented in Ref. 34
double-exponential decays resulted in a fast decay inde
dent ofK and a very slow decay with time constant depen
ing on the grating period. The analysis of the thermal dep
dence of the fast decay resulted in an activation energy
1.1360.1 eV.

Other very recent dark measurements are those from
labbanet al.,35 corresponding to the fixing compensation
the electronic scattering gratings by protons at different te
peratures in LiNbO3:Mn ~0.1 mol %!. They obtained a value
of Ea51.0560.03 eV.

Yang et al.36 also carried out temperature dependen
measurements of dark decay experiments in lithium niob
crystals with different stoichiometries and doped with diffe
ent amounts of iron. In highly doped samples they found
activation energy of 0.28 eV which has been attributed
electron tunneling between adjacent iron ions.37 But for
samples with an iron concentration of 231019 cm23 or
lower ~as in our case! they found activation energies in th
range 1.1–0.97 eV. They also observed a transition conc
tration region with double exponentials in which both ac
vation energies are detected. It is worth remarking that

y
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EFFECT OF OXIDATION STATE AND HYDROGEN . . . PHYSICAL REVIEW B65 165101
our samples of 1.831019-cm23 iron doping, we did not ob-
serve any tunneling contribution.

We do not have a fully satisfactory explanation for t
moderate differences of the proton activation energy
tained here in comparison with those of dark decays,
though we would have some further comments. The the
developed by Sturmanet al.25 predicted, for dark decays in
the approximation of mobility of protons much greater th
that for thermally excited electrons, a double-exponential
cay. In this case the fast decay rate isG f'gh5emhH0 /ee0
5e2DhH0 /kBT««0 , insensitive to the grating spacing and
the thermal activation of the diffusion of protons. The slo
decay rate is nowGs>ge

TK2Rd
2(11Nt /H0), where ge

T

5emen0
T/««0 is the dielectric relaxation rate of thermal

activated electrons. This latter rate is very small at the te
perature range of measurement in Refs. 33–35, and this
ond decay could be taken into account in the analysis a
constant background. If this term is not introduced, th
could be some imprecision in the determination of activat
energy of the fast decay. In our opinion the dark decays h
certain difficulties for data analysis. Ellabbanet al.35 mea-
sured the scattering using a weak beam of 488-nm wa
length. This wavelength is very active for excitation of ele
tronic charges in doped lithium niobate, and can also af
the results. Furthermore, these authors did not consider
existence of a second decay rate, slower in this case. In
same sense, the dark decays of Ref. 34 could not be fitte
single exponentials, and this probably introduces some
controlled error in the fitting. By contrast, the decays of t
present paper, being~and predicted to be! single exponential,
seem more adequate to determine this activation energy

There is also some spread of diffusion coefficient pre
ponential factor values in the literature. Kovacset al.38 mea-
sured a value of 0.1 cm2/s, whereas other authors39 reported
values of the order of 0.035 cm2/s. The lowest reported valu
was 5.131023 cm2/s, measured by Clarket al.40 in proton-
exchanged lithium niobate. The value obtained in the pres
paper~3! is even lower. However, we have checked that o
experimental results of Fig. 2 are not compatible with high
values ofDh

0. For comparison, in TiO2 it was found41 that
there is an anisotropic coefficient, withDh

053.8
31021 cm2/s for diffusion perpendicular to thec axis, and
more than two orders of magnitude less,Dh

051.8
31023 cm2/s, for diffusion parallel to thec axis. As in
lithium niobate, in this crystal the OH stretching infrare
absorption band is also totallys polarized. A similar diffu-
sion anisotropy could explain the dispersion of values fou
in lithium niobate as well as our low value because, in o
case, due to the grating orientation, the erasure of the i
gratings have to be produced by diffusion in direction of t
c axis.

D. Fixed holograms for practical devices

From our present study we know how the oxidation st
and the hydrogen concentration of the crystal influence
lifetime of fixed holograms. Long-lasting fixed hologram
are those with larger values oft. According to Eq.~1!, the
largestt values, for a given grating frequencyK and assum-
16510
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ing a hydrogen diffusion coefficientDh independent of hy-
drogen concentration, are obtained for low proton concen
tion ~smallH0! and large effective trap concentrationNt . So,
there is a theoretical limit for the decay time constant o
hologram of a given grating spacing. This is obtained wh
the ratioH0 /Nt!1 and can be neglected in Eq.~1!. In fact
the limit decay times will correspond to those values plot
in Fig. 2. Note that the magnitude of the vertical axis in th
figure is actually the limit time coefficienttmax51/DhK2.

In practice, if one wants to obtain a long-lasting fixe
hologram, the crystal must have low hydrogen concentra
and a relatively high effective trap concentration. Using t
diffusion coefficient obtained, in Fig. 4 we plot an estimati
of the lifetimes at room temperature~20 °C! for holograms
with 1- and 0.35-mm grating spacings, assuming the oxid
tion state of our sample No. 3, as a function of the hydrog
concentration in the sample. We chose a 0.35-mm grating
spacing because this is the required spacing for backre
tion in this material of light with a wavelength of 1550 nm
As one can see in the figure, in spite of the lower lifetim
obtained for small spacings, interesting lifetimes of seve
years could be achieved by reducing the hydrogen conc
tration. This can be done by thermal treatments in dry o
gen atmosphere, and concentrations as low as
31017 cm23 can easily be obtained in this way. We ha
elected to present this figure for a more oxidized sample
spite of its lowerNt , and consequently lower lifetimes, be
cause of the more highly developed field ratio exhibited
the more oxidized samples.11 Because of the soft variation o
the developed field ratio with the oxidation state, one co
choose a less oxidized sample, sacrificing a little the de
oped field ratio in order to obtain much longer lifetimes th
those presented in Fig. 4.

Note that Fig. 4 is plotted for holograms kept under i
tense illumination during all its life. If this is not done, th
hologram experiences a dark decay whose fast compone
independent of the grating spacing. The room-tempera
decay time can be extrapolated from high-temperature d
Using the measurements presented in Ref. 11 we get obt
value of 2.1 years for this dark decay. Thus the hologr
could not be continuously illuminated with visible light be

FIG. 4. Calculated decay times for holograms of 1- a
0.35-mm spacings at 20 °C using the OH2 diffusion coefficient ob-
tained, as a function of the OH2 concentration in the crystal. This i
done assuming the oxidation state of sample No. 3.
1-5
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cause this decay is slow enough. Moreover, a hologram
has experienced this decay in the dark can recover most o
initial diffraction efficiency with intense visible illumination
during a short time, e.g., 1 h. A schedule of short-per
illumination, for example each half a year, is sufficient
keep the fixed hologram at a diffraction efficiency close to
highest initial value. In fact, the true grating decay in t
dark, not retrievable by further developing, is slower th
that experienced under continuous illumination. In this se
dark lifetimes would be longer than our presented dec
under illumination.

IV. CONCLUSIONS

Our experimental analysis of the hologram’s lifetime d
pendence on OH2 concentration, the oxidation state of th
samples, and the grating spacing shows that the samples
low the theoretically predicted behavior very well. In pa
ticular, the decay rate dependence on the hydrogen con
tration is a decisive proof that these ions are the exclus
charge species responsible for thermal fixing in our cryst
From these data we have obtained the value of diffus
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coefficient and its activation energy for hydrogen diffusion
the bulk material.

Our results show that a high diffraction efficiency, clo
to 100%, and a sufficiently long lifetime can be achiev
together in a practical LiNbO3:Fe crystal. As we demon
strated, this is obtained for oxidized samples having a l
hydrogen concentration. Taking our present study into
count, it is possible to tailor a sample with optimum prop
ties for practical holographic devices. In particular, in Se
III we have estimated the lifetime of a fixed holograph
Bragg reflector for operation at the wavelengths of the th
optical communications window. In spite of the low gratin
spacing in this system, it is possible to obtain a device li
time of the order of ten years.
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