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lonic and electronic dark decay of holograms in LiINbO 5.Fe crystals

Yunping Yang®
Department of Electrical Engineering, California Institute of Technology, Pasadena, California 91125

Ingo Nee and Karsten Buse®
Fachbereich Physik, Universit®Dsnabrick, D-49069 Osnabiek, Germany

Demetri Psaltis
Department of Electrical Engineering, California Institute of Technology, Pasadena, California 91125

(Received 21 November 2000; accepted for publication 27 April 2001

The lifetimes of nonfixed holograms in LiNk@-e crystals with doping levels of 0.05, 0.138, and

0.25 wt% FgO3; have been measured in the temperature range from 30 to 180°C. The time
constants of the dark decay of holograms stored in crystals with doping levels of 0.05 and 0.25 wt %
Fe,0; obey an Arrhenius-type dependence on absolute temper@fupet yield two activation
energies: 1.0 and 0.28 eV, respectively. For these crystals, two different dark decay mechanisms are
prevailing, one of which is identified as proton compensation and the other is due to electron
tunneling between sites of Feand F&'. The dark decay of holograms stored in crystals with the
doping level of 0.138 wt % RO is the result of a combination of both effects. Z01 American
Institute of Physics.[DOI: 10.1063/1.1380247

Photorefractive LINb@:Fe crystals have been of intense 180 °C has been measured. From the experimental data, two
interest in the fields of holographic data storade different activation energies have been extracted, namely, 1.0
and narrow-band wavelength filters for optical and 0.28 eV. These two activation energies are identified to
telecommunications.® Photorefractive volume phase grat- correspond to different dark decay mechanisms: proton com-
ings can be produced in electro-optic materials by redistribupensation and electron tunnelifgrespectively.
tion of excited carriers in the presence of light. One of the = Congruently melting LiNb@:Fe samples are used, two
most important issues is the dark decay due to the dark corf which have a doping level of 0.05 wt % J&&;, two with
ductivity. The time constant of the dark decais defined as a doping level of 0.138 wt% K©;, and one doped with
the time until the grating strength decays in the dark eodf/  0.25 wt% FeO;. Table | summarizes some parameters of
the original value and is related to the dark conductivity —these samples. All these crystals wareut and polished to
as r=eqel a4, Wheree is the dielectric constant of lithium optical quality. Thermal annealing in various atmospheres is
niobate. Lifetimes of nonfixed holograms in LiNp®e used to achieve desired oxidation states and proton concen-
crystals vary between a few minutes and one yediThese trations. The shape of the absorption spectra is the same for
lifetimes are generally too short for practical applications. Inall crystals used, i.e., we avoid too strong reduction that gen-
order to improve the lifetimes, a good understanding of theerates, e.g., polaron and bipolaron bands. Thus, tffé Fe
origins of the dark decay is needed. concentration cg2+ can be calculated from absorption

Recently, it has been found that in the dark and at roonneasurements. Because iron occurs only in the valence
temperature electron tunneling between iron sites occurs iftates 2= and 3+, the concentration of Pé is determined
highly doped crystal&! It is generally accepted that for the by subtractingcee+ from the entire iron concentratiocy.
temperature range between 150 and 200 °C the proton codhe absorption coefficient at the maximum of the O&b-
ductivity is enlarged by several orders of magnitude comsorption at 2870 nm is used to calculate the proton
pared to that at room temperature. This behavior is used fggoncentratiort?
thermal fixing'? For temperatures higher than 200 °C, exci-  The crystals were placed on a heatable plate whose tem-
tation of electrons into the conduction band is supposed to beerature was controlled within 0.1 °C accuracy. An argon-ion
the main process Up to now, the thermal activation energy laser beam with a wavelength of 514 nm was used in all of
of the electron tunneling process is unknown. A study of thethe experiments to record the holograms. The laser beam was
process at and close to room temperature is of special impoplit into two equal-intensity extraordinarily polarized beams
tance. Lifetime estimates of holograms stored in lithium nio-
bate are frequently based on extrapolation of high-TABLE I. Summary of the parameters of the samples.
temperature data. This is risky because proper thermead

activation energies must be used. In this work, the dark de- Doping level Oxidation state
. . . . . . Sample (wt % FeOy) Cre,,/Cre, Comments

cay of holographic gratings in LINbOFe crystals with dif- S

ferent doping levels in the temperature range from 30 to S1 0.05 0.05 Proton enriched
S2 0.05 0.21 Proton reduced
S3 0.25 0.10 Proton reduced

dElectronic mail: yunping@optics.caltech.edu S4 0.138 0.03 Proton enriched

PPresent address: Physikalisches Institut, Univargtmn, Wegelerstrale S5 0.138 0.03 Proton reduced

8, D-53115 Bonn, Germany.
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FIG. 1. Arrhenius plot of the dark decay time constants of holograms stored!G. 2. Arrhenius plot of dark decay time constants of holograms in
in LiINbO,:Fe crystals with a doping level of 0.05 wt % f&&, sample S1:  LiNbO;:Fe crystals with a doping level of 0.25 wt % f&, sample S3:
proton enriched and sample S2: proton reduced. proton reduced.

that were expanded to cover the whole crystal during recorg@nd S2. Ol_)viously,_the_re is a mechanism Oth?r than proton
ing. All recorded holograms had a grating period of 8 compensation dominating the dark decay. This mechanism

and were written with the grating vector oriented alongdhe has been identified as electron tunneling between sites of

+ + W yia ; ; ; :
axis. Recording was always performed at room temperaturé:.ez and Fé"." Itis interesting that just increasing the dop-

Afterwards, the crystals were heated to a certain temperatur'gg Ievel_ by a factor of 5 yields a totally different d_ark decay
in the dark and a weak laser beam of 514 nm was used tr(‘pechanlsm. The dependence of the dark decay time constant

monitor the holographic diffraction efficiency. The weak on the doping level is_ exponent.ial. The pre-exponential fac-
readout light illuminated the crystal only from time to time, ©©" f Arthenius law is proportional t9Cre: Crei+ /(Cre+

and the intervals between two measurements were lon Cres+) Jexra(ced *°] for electron tunneling. This type of
enough to keep the erasure of the holograms by the probin _ark decay limits the highest practical doping level for
beam negligible. After each experiment the crystal wa INbO,:Fe crystals.

heated to 230 °C and kept at this temperature under uniform For LleO3:Fe _crystals with low doping _Ievels, proton_
iilumination for about 45 min to erase the gratings Com_compensatmn dominates the dark decay, while for those with

pletely a doping level as high as 0.25 wt% J&g, the dominant
Thé two crystals with the doping level of 0.05 wt% mechanism is electron tunneling. It is reasonable to expect

Fe,0s, S1 and S2, were cut from the same boule. Sample Sgoth these two effects to be present in some crystals with
was proton enriched by suitable annealing treatment whil oping levels between 0.05 and 0.25 wt%Bg Figure 3

sample S2 was proton reduced. The proton concentrations 8POWS exactly the plcturg that we expect. Two crystals, S4
samples S1 and S2 were 5&0%* and 3.X 10Bm3, re- and S5, each with a doping level of 0.138 wt %,Gg¢have

spectively. Figure 1 shows the measured dark decay timﬁeeln uged. T’Otg 4Of these ;:rystals_ \éve;e CL:; from Ithesgame
constants of these two crystals. The time constants of bot oule. sample was proton enriched and sample was

. . 4
crystals obey an Arrhenius-type dependence on the absolu égioi‘ozgedﬂged with tproltonTﬁoncergr?t|ons t>5tﬂ)2 . a?g
temperature T, 7=170expE,/ksT), where 74 is a pre- m~3, respectively. The oxidation states in these

exponential factorkg is the Boltzmann constant, ari), is two crystals are more or less the same. Since the activation

the activation energy. There are several justifications that th&Nergy of proto_n compensation is much Iarger than that of
electron tunneling, the dependence of the time constant on

dark decay in these two crystals is dominated by proton com=

pensation of the electrical space-charge field. The activatiowe abso!ute temperature is stronger for proton compensa-
energies obtained for samples S1 and S2 are almost t ©on. At high temperatures, the proton compensation plays a
same, 0.97 and 1.0 eV, respectively, and close to the protoﬁ\rg?rlro_le,t:]hush,_ Vr\:et see thet difference dbetv;/eetr; thdg?fe th[)
activation energies reported in the literattfé’ The ratio of ~ CTYS!&IS In the high-lemperaiureé range due to the diiteren

the fitted pre-exponential factors for samples S2 and S1 jgroton contents. Al low tempergtures, €.g., room tempera-
18.3, which is, as it should be, almost equal to the reciprocatlure' the effect of electron tunneling prevails. Since the crys-
ratio of the proton concentrations of these two samples,
namely, 17.7. Noting the fact that sample S2 is reduced much
more than sample S1, but the preexponential factor of
sample S1 is even less than that of sample S2, we can rule
out the possibility that the dark decay is related to the iron
doping and electronic band transport since the time constant
of the dark decay due to band transport should be inversely
proportional to the oxidation state-z+/cgs+. We would

like to emphasize the large range of temperatures used. Mea-
surements were taken from room temperature up to 180 °C. 22 24 26 28 30 32 34

Figure 2 shows the measured dark decay time constants Reciprocal temperature 1000/T, K'

. . o
for sample S3, & LINbQFe CryStaI doped with 0.25 wt % FIG. 3. Dark decay time constant vs reciprocal temperature in LiNBO

Fe,0;. Although the plot is still Arrhenius-like, the activa- crystals with a doping level of 0.138 wt % J&®,, sample S4: proton en-

tion energy, 0.28 eV, is much smaller than that of samples Sfiched and sample S5: proton reduced.
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1 compensation dominates the dark decay and extrapolation of
Fit curve

{—— Electron tunneling: &, = 0288V | lifetimes by an Arrhenius law to room temperature is valid.
| - Proon compensatin: Ea=°-97jvt/ The time constant of this type of dark decay is inversely
L proportional to the proton concentration. For crystals with
/ doping levels as high as 0.25 wt %8, electron tunneling
dominates the dark decay. This type of dark decay also limits
the highest practical doping level in LiNR@-e crystals in,
e.g., holographic storage systems and optical narrow-band
22 24 26 28 30 32 34 wavelength filters. For crystals with doping levels between
Reciprocal temperature 1000/T, K 0.05 and 0.25 wt% F©5, both proton compensation and
FIG. 4. Dark decay time constant vs reciprocal temperature of sample Sflecnon tl_Jnnellng Contrlbute significantly to the dark de_cay,
The solid line is a fit of equatiomy=[ 7(T) 7s(T) /[ 7(T) + 7s(T)] to the and the single Arrhenius law does not hold anymore with a
experimental data. single activation energy. Caution is required in extrapolating
the lifetime of room-temperature holograms from the experi-
tals have the same doping level and the same oxidation statéental data obtained at high temperatures.
we should not see much disparity of the dark decay between
samples S4 and S5 at low temperatures, which is exactl
what Fig. 3 shows. Fitting the data in the low-temperatur
range to an Arrhenius law yields an activation energy clos
to what we got from Fig. 2, which means the dominant dark®
decay mechanism at room temperature in these two crystals
is the same as that in crystal SS. . !D. Psaltis and F. Mok, Sci. An273, 70 (1995,
In crystals where both proton compensation and electrore; vcwmichael, W. Christian, D. Pletcher, T. Y. Chang, and J. H. Hong,
tunneling matter, the dark conductivityy should be:oy Appl. Opt. 35, 2375(1996.
=0pt 0, where op and o, are dark conductivity due to 3R. M. Shelby, J. A. Hoff_nagle, G. W. Burr, C. M. Jefferson, M.-P. Bernal,
proton compensation and electron tunneling, respectively. - Coufal. R. K- Grygier, H. Gather, R. M. Macfarlane, and G. T.

. . . Sincerbox, Opt. Lett22, 1509(1997.
The decay time constant is related to the conductivity 43_3 p. Drolet, E. Chuang, G. Barbastathis, and D. Psaltis, Opt.d2t.
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