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Abstract. Light-induced refractive-index changes, bulk- spectroscopy revealed that iron ions occutiiibO3 only in
photovoltaic current densities, and photoconductivities ofwo different valence state§e’" and Fe** [13]. Quantita-
photorefractive iron-doped lithium niobate crystals (iron con+tive measurements of the concentrations of these ions [13, 14]
centrations between 0.02 afdL.7 wt %) are investigated in  enabled further progress. The bulk photovoltaic current dens-
detail using visible and near-infrared light. It turns out thatity j,n was found to be proportional to the concentration
the one-center model predicts the material performance coc.o:+ of Fe#" ions [15,16], the photoconductivityy in-
rectly for small iron concentrationsge < 0.06 wt % Fe,03),  creases linearly with the ratig-g: /cea+ of F& andFe**

only. A strong increase of the photoconductivity for higherions [16—18], and the saturation values of the refractive-index
doping levels limits the space-charge fields. Refractive-indeghangesAns depend orces: [19]. Krétzig and co-workers
changes up t@ x 10~ for green and2.8 x 10~ for near-  established by this and further work tife®*/Fe*+ one-
infrared ordinarily polarized light are obtained. The corres-center charge-transport model ftdNbO3 [16]. Electrons are
ponding hologram multiplexing numbers are 11 for green anéxcited fromFe&*+ to the conduction band, they are moved

5 for near-infrared light. by the bulk photovoltaic effect, diffusion and drift, and they
are trapped elsewhere e’ ions. The one-center model
PACS: 42.65; 42.70; 72.40; 78.20 serves since this time as the solid base for description of

the light-induced charge transport in photorefractive crystals.
Depending on the experimental conditions, on the dopants
The photorefractive effect was discovered in lithium niobateand on the host material used, extensions of the model might
crystals [iNbO3) by Ashkin et al. in 1966 [1]. Chen et al. be necessary. Orlowski and Krétzig discovered that electrons
recognized only two years later that these crystals are us@nd holes contribute simultaneously to the effects, if ultra-
ful for holographic recording [2]. Chen also pointed out thatviolet light is employed for recording ihiNbO3 [20] and
inhomogeneous illumination builds up space-charge fieldgsed for the first time beam-coupling [21] to reveal the sign
which modulate the refractive index via the electro-optic ef-of the dominating charge carriers [20]. Further extensions of
fect. Although since these early days many other electro-optiye one-center model were developed later: Two-center and
crystals are found to be also photorefractive, lithium niobatghree-valence models [22, 23] describe the processes in, for
is still the best choice for many applications, such as reexample,LiNbO3 at high light intensities (two-center sys-
versible holographic data storage [3—6], outstanding mterfertem) [24] and inKTag5:Nbg 4503 (KTN) in the continuous-
ence fllterlng [7, 8], or Wavelength division mUltipleXing [9] wave regime (three_va|ence System) [25]

The origin of the light-induced space-charge fields was sommerfeldt et al. checked and confirmed carefully the
elucidated in the seventies. It was discovered that transbependenceﬁ)hvacpez+,crpho<cFez+/cFee,+, andAns o Cegr
tion metal impurities play an important role [10, 11] and thatfor LiNbOs:Fe [26], but only crystals with iron concentra-
thermal annealing also has influence on the light-induceflons up to 10x 10?*m—3 (about0.03wt % Fe,O3) were
refractive-index changes [10, 11]. A publication by Glass e{nvestigated. However, early work by Kratzig and Kurz indi-
al. answered the question of the driving force responsibl@ates that these relations do not address the situation of highly
for build-up of the space-charge fields [12]: Bulk photo-doped material properly [27,28]. Refractive-index changes
voltaic currents are presentliiNbOz upon illumination, and  increase only up to iron concentrations 80x 10%4m3

fields up to100kV/cm can be created. Absorption meas- (about0.1 wt. % Fe,O3) and tend to decrease for higher iron
urements, electron-paramagnetic resonance, and Méssbagghtents.

I Refractive-index changes as large as possible are desired
Dedicated to Prof. Dr. Eckard Kratzig on the occasion of his 60th birthdayfor application of photorefractieiNbOs. Thus highly doped
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crystals are of special interest. However, detailed informatioand diffusion currentgqis = ks T(dNe/dx) are the charge
aboutAns, jphv, andoph in these crystals is required in order driving forces, whergg* is the bulk photovoltaic coefficient,
to enable tailoring of crystal properties. We will describe inkg the Boltzmann constant, and the temperature. Fourier
the next section the fundamentals of the one-center model antvelopment yields in the steady-state [31]

derive a simple formula for the dynamic range loNbOs3.

The result will be analysed, especially with respect to the in- E2 | 2 1/2
fluence of the wavelength of the recording light. Experimental Eec= — phv T =D (5)
methods are presented in the next section, followed by the ob- (1+ Ep/Eq)?+ (Epnv/ Ey)? ’
tained experimental photorefractive, photovoltaic, and photo- . gr KT
conductive data fokiNbOs3 crystals with up t&6 x 1074m—3  Egp, = ot _ Ces: . Ep=—K (6)
iron atoms (.17 wt % Fe,0s). The consequences of these re- Oph  €ugS e
sults will be discussed. e 1 1\
Eq= < ) (7
GGOK CFez+ CF@‘*’
. . . , e
1 Theoretical considerations Eq= oK Cret > (8)

1.1 Space-charge field in terms of the one-center model where Eqn, is the photovoltaic fieldE the diffusion field,

. : . . and Eq and E; are space-charge limiting fields. Hereis
Sinusoidal light patterns are employed for theoretical and exy,o gielectric coefficient ando is the permittivity of free

pe_rimfent:;l irll_v (er]stjgation of photorefractive crystals. We may,nace . Short-circuited conditions are assumed, i.e. the exter-
write for the light intensity nal electric field is zero.

The amplitude of the refractive-index grating for ordinar-
[(X) = lo[1+msin(Kx)] , (1) ily polarized light is given by

where x is a spatial coordinately the averaged intensity,

m the modulation degree, arkd the spatial frequency.
Excitation of electrons fronFe*t and recombination of

conduction band electrons wiEie** are described by the rate wheren, is the refractive index antdy3 one of the electro-

1
Ang= —EnﬁrnEsc, ©)

equation optic coefficients. Extraordinarily polarized light experiences
larger refractive-index modulations, but is impractical for

dNe many applications: it cannot be employed for holographic
ot = +(qSI+ B)Cre+ —ICra+ Ne (2)  storage in thed® geometry because it would cause orth-

ogonal polarization of the recording beams. Furthermore,

whereNe is the concentration of conduction band electrons€Xtraordinary polarization assists holographic scattering to
q the quantum efficiency of excitation of an electron upon abbe built up [32], which has detrimental influence on stor-
sorption of a photonS the photon absorption cross section, 29€ applications. Telecommunication demands polarization-

p the thermal generation rate, andhe recombination coef- independent components, and devices made ftdO3
ficient. The steady-state condition yields suffer from birefringence. Thus geometries are selected

where the light propagates almost along the optical axis, and
only ny andr,3 are effective.

— qSI+IB CFGZ+ (3)

N .
¢ I Cre 1.2 Dependencies

The conductivityo consists of the photoconductivity, and ~ The following relations are valid considering (2)—(9):
the dark conductivityrgar. We may writeopnh = eu(qSI/r) x

(Cre2+ /Cre3t) aNd odark = € (B/1)(Cee+ /Cre+), Where e ANg X Ceg+ (10)
is the elementary charge and the charge-carrier mobil-

ity. Thermal excitations are negligibles  gS) if the v o | Crer (11)
photoconductivity exceeds the dark conductivity, Which iSg, o I (Cret /Cret) - (12)

typically the case for continuous wave illuminatioh &£
10 kw/m?) [29]. Considerable dark conduction can be takerb
into account, if necessary, by introduction of an effective; ... .

o e limiting fields are assumed Efn > Ep, Eq > Ep,
modulation degre@ner = Mopn/(oph+ odark) Of the pattern E, > Eyn,). These conditions are useful to elucidate the

of conduction band electrons [30]. Anyhow, we will neglect lidity of the ch del and to d ine th
thermal excitations in the following analysis, and the space¥alldity of the charge-transport model and to determine the
dghderlying charge-transport parameters. However, the as-

(Ese/mform < 1). sumptions made abovégn, > Ep, Eq>> Ep, E; > Eph)
Drift currents g = opnEse bulk photovoltaic currents are not valid in the_ case of opt_|m|zed matenal. We will per-
form in the following some simple estimations regarding
) . tuning of LiNbO3 for multiplexing of many holograms of
Johv=B"Cre+ | , (4)  high efficiency.

ominant photovoltaic recording and negligible space-charge
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1.3 Dynamic range No absorption is caused bye*t ions. The concentration
Ceea3+ Should be large enough to ensure

Several holograms can be superimposed in the same vol-

ume. However, recording of new holograms partially eraseS§re+ > Cre+ (16)

all previously written ones. A measure for the multiplexingCre+ & Ephv>> Ep . a7

capability is theM/# [33]. It can be defined as follows: Cre+ & Ephy > Ea _ (18)
_(M/# 2 13 This avoids any kind of trap limitation and ensures dominant

=™ ’ (13) photovoltaic charge transport. Equations (5)—(8) simplify to

wherey, is the diffraction efficiency of each individual holo- Eg.= —Eq=—
gram (all of them are assumed to have the same diffraction eeoK
efficiency) andM is the number of multiplexed holograms. Th . T -

e . The space-charge field is limited by the density of elec-
Algxl\éld/#egf:#o'fntcﬂ:gﬁﬁtah:td#f(:ggﬁgﬁlg?ﬁrg?&c;g 28_';“”'“ trons available for redistributioncfe+). The intensity ab-
P ! y * sorption coefficientr can be related to the concentration of

TheMy# can be related tan via [33]: Fe centers viax = SG. . Introduction of the abbreviation

CFeZ+ . (19)

A= (S d)/(2cos®) yields
M/#:AOE, (14) (SGe+d)/( )Y
AN M /# = meryris exp(—A) . (20)
= cosO exp—(ad)/(2cos®)], (15) eeorKS

where Ag is the coupling coefficient;; and z. are the time Iturns out that the maximurkd /% is

constants of recording and erasuilds the thickness of the
crystal,x the vacuum wavelength of the recording lightthe  M/#= ——— — =.
half-angle between the recording beams inside the sample, coexpl) e AK'S
and« the intensity absorption coefficient. TIMy/# quantifies
the dynamic range of a recording material, and valued 6f
as large as possible are desired.

e  niriz 11

(21)

To get thisM/#, a specific absorption is required= 2/d.

The factor 2 occurs because the absorption coefficieist

related to the intensity and not to the amplitude of the wave.
The first term on the right-hand side of (21) contains

S ) fundamental constants only. The second term consists of ma-

1.4 Optimization of the dynamic range terial parameters. However, this term is more or less equal for

all known photorefractive materials, because materials with

Holograms are erased by recording of new ones. Thus recorthrger have also a large. The third term contains experi-

ing and erasure take place simultaneously, and the light irmental parameters which are determined by geometry and

tensities for recording and erasure, which determjr@adre, laser used. The fourth parameter is a property of the filled

are the same. However, it is not evident thatand 7o are  electron traps; small photon excitation cross sectia® de-

equal. The time constant for recording can be complex [34sired. Only this impurity parameter enters this final equation

35], i.e. growth of the space-charge field is described by comef the M/#.

bination of a usual monoexponential function with a damped

oscillation. At first glance, time constants of recording and

erasure can become different in multiplexing experimentsl.5 Quantitative estimations

This looks like an advantageous recordiagasure asymme-

try. However, complex time constants originate from running-€t us consider ordinarily polarized light of wavelength

holograms. Recording can become faster by this effect, anll4 nm Parameters folLiNbOz are (room temperature):

movement of holograms upon homogeneous erasure illumfo = 2.33 [36], r13 =12 pnyV [37,38], € = 28 [39,40],

nation does not increase the erasure speed. However, in prdg-= (27/0.15 um~* (90° geometry) an® = 4.6 x 10-**m?

tice holograms are erased by inhomogeneous recording illi13]. These parameters yield with (21) the resajt# = 11.

mination of new holograms. Different parts of the hologram  The concentratiortzs: must be selected large enough

move with different speeds according to the spatial variatioto fulfill (16)—(18). The desired absorption i$00nT*

of the light intensity. Acceleration of erasure is the consefor a 2-cmthick crystal. With theS given above we get

quence. There is no doubt, recording can become faster e+ = 0.22x 10°*m~2. According to (16), the concentra-

complex time constants, but the erasure time constant déion Ceg+ must be much larger. With thi¢ given above and

creases, t00. Thus ~ e is a reasonable assumption which for room temperature we géip = 1.1 MV/m. With the re-

will be used in the following. This simplifies the equation for lation Epny = 4.6 x 1071°Vm? x crgs: (derived from [26])

the M/# to M/# = Ao. we getEp = Epny for cea+ = 2.4 x 107 m~3. According to
Large values oM/# require large refractive-index mod- (17), the required concentratiaes: should also be much

ulationsAn. However, electrons are required to build up thelarger than this value. With the parameters given above we

space-charge fields. These electrons cause absorption, whigt Eq = 3.4 MV/m. Thus g+ must be also much larger

decreases th/#. Proper selection of the concentrationsthan7.4 x 10?*m~3in order to fulfill assumption (18). A con-

Cre+ andceg: is required for optimization of the material. centration of, for examplegzgz+ = 20 x 1074m~2 fulfills all
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requirements (16)—(18). Because i+ concentration is by adding the oxidd-e,0s to the melt. It has been checked

small (see (16)), the overall iron concentration is in a goodvith atomic-absorption spectroscopy for some of the samples

approximation equal to-s+ . Thus the optimum iron concen- that the distribution coefficient dfe is one [13], i.e. the~e

trations are abou.06 wt. % Fe,O3 or higher. concentrations in the melt and in the crystal are the same.

Only the dynamic range has been taken into consideraFhe iron concentratiomre of the samples used in this in-

tion in the above optimization analysis. The response timegestigation ranges fromx 10?*m=2 to 56 x 10?*m~2 (0.02

can be decreased at the expense of dynamic range in sew-0.17 wt % Fe03). The concentratiogge+ of filled iron

eral ways. An increase of the concentration rafig: /ca+  traps E€#) is deduced from absorption measurements [13].

enhances the photoconductivity and decreases the responsen occurs inLiNbOs in the valence stateBe?™ and Fe?t,

time (r; &~ te = €eg/opn). The photoconductivity can also be only. Thus the concentration of empty tra@ss+ IS Ceg+ =

increased by doping witMg [26], but the dynamic range is Cre— Cre+, Wherecee is the total iron content. It cannot be

lowered in both cases. ruled out that the distribution coefficient of iron deviates from
one for high iron contents, and neutron activation analysis ex-
periments are on the way to check whether such an effect

1.6 Role of infrared light exists.

The absorption cross sectighdepends on the light wave-

length A. An increase ofs from 514 nmto 760 nmyields 2.2 Holography

an at least 20 times small&[13]. Thus (21) promises that

near-infrared light boosts thiel/# to values above 100. The A standard two-beam interference setup is utilized (see

physical origin is evident: A smafb enables the presence of Fig. 1). Ordinarily polarized light of an argon-ion laser (wave-

many absorbing electrons in the material, which are availlength514 nm green) or of a titanium-sapphire laser (wave-

able for creation of the space-charge field. However, verjength 760 nm infrared, IR) is expanded and spatially fil-

high doping levels are required (of the order@bwt. %  tered. A non-polarizing beam-splitter cube divides the light

Fe&0s), and it is not sure whether the material parametergnto two beams which are directed onto the crystal in the

are unchanged if the doping level exceeds the optimum fofansmission geometry (spatial frequenci@s/1.2) um-!

green light 0.06 wt % Fe;O3). Maybe parameters such as = 52 um=! for green and(27/1.8) um=1 = 3.5um=1 for

the recombination coefficient change for large iron con- infrared light). The sample is mounted on a motor-driven ro-

centrations. It is highly desired to get information about theatable stage. The light intensity can be continuously adjusted

properties of heavily dopedNbO3z:Fe. by a combination of &/2 waveplate and a Glan-laser po-
larizer. We use light intensities up ®kW m~2 (green) and
40kW 2 (IR). Detectors measure the light intensities be-

2 Experimental methods hind the crystal. Small apertures in front of the detectors
enable their exact adjustment to the center of the beams.
2.1 Crystals One of the mirrors is piezoelectrically supported to en-

able active phase stabilization during hologram recording [41,
Several iron-dopedliNbOs crystals are investigated. They 42]. An alternating voltage«{/27 = 984 s1) is applied and
are grown by the Czochralski technique. Relevant crystal paa corresponding phase-modulation is created. Beam coupling
rameters are summarized in Table 1. Iron doping is performedauses an intensity modulation of the transmitted waves. Am-
plitudes of first- and second-harmonic signals are detected

Table 1. Notation, dimensions, and total iron concentratépa of the inves-
tigated LiNbO3 crystals b: thickness of the crystak: length of the polar Argon-ion laser

axis). The first term of the notation refers to the crystal boule, the second Ti:Sapphire laser
part enumerates the pieces that have been prepared

HeNe laser

. Detect ith
Notation axbx c/mm3 CFe/1024 m_3 sriae\lcaoygemr/llure

T02-25-3 319 085 4.40 7.0 B
T02-00 302 085 4.16 7.0 :

Neutral

713-2 4.01 1.11 5.01 20.2 density

713-3 3.99 1.10 5.00 20.2 Shutter
713-14 399 112 499 20.2 Rotatable e
714-20 4.02 0.97 5.13 20.2 ) Polarizor
750-12 403 085 501 30.3 LiNbOs 0

750-19 3.94 0.32 5.11 30.3 stage g C Mirror
750-22 406 033 5.14 30.3 (7 g E

751-8 3.94 0.85 5.09 40.4 g

751-9 3.99 0.85 5.15 40.4 )J((((((( C‘
751-12 4.00 0.31 4.94 40.4 )) Beam splitter

751-29 399 031 509 40.4 ))7

752-24 4.01 0.29 4.90 50.5 ))

DT2-8 467 514 524 56.0 _ v _

DT2-17 478 118 492 56.0 for acive phase siizaton

DT2-18 4.94 1.17 5.06 56.0

Fig. 1. Schematic diagram of the utilized holographic setup
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with the help of two lock-in amplifiers. The second-harmonicerasure light is monitored. An additional beam splitter (see
amplitudel % is proportional to sip, where¢ denotes the Fig. 1) is inserted to obtain a third light beam which erases
phase difference between the light intensity pattgém and a previously written grating. The intensity of this erasure
the refractive-index modulatioAn(z). The¢ is assumed to beam can be varied frod.2 up to 2.5 kW m~2 by means
be 0 orl80C for a properly adjusted interference pattern, andof neutral density filters. The diffraction efficienayt) is
122 can be used as an error signal. The phase of one of tlabserved during the grating decay utilizingHe-Ne laser
recording beams is shifted to maintdif = 0 all the time. beam 633 nm ordinary polarization) which enters the sam-
The result is an interference pattern with an actively fixedple under the Bragg angle.
position with respect to the crystal. Reproducible holographic
recording over long times is possible by this technique.

Holograms are written until saturation is reached, and th@ Experimental results
diffraction efficiency is obtained by blocking one of the writ-
ing beams. The remaining beam reads the hologram, ar@il Saturation values of the refractive index changes
the diffraction efficiencyn = 14/(lq+ lt) is determined by
measuring the intensities of the diffracted)(and the trans- Figure 2 shows the obtained saturation values of the
mitted light (I;). The saturation value\ns of the refractive- refractive-index changesns, plotted vs. the concentra-
index modulation can be deduced according to Kogelnik’dion cges+ of empty traps for several crystals. The satu-
formula n = sir?[(w And)/(x cos®)] [43], whered is the ration amplitudeAns grows linearly with thecgs:+ con-
thickness of the crystals the vacuum light wavelength, tent in the range of G Crgar < 20x 10P*m™3. We ob-
and @ the half-angle between the recording beams insidéain Ang/crar = 3.0 x 1072°m3 (Sommerfeldt et al. [26],
the crystal. Employment of active stabilization enables in-Ans/crg+ = 3.4 x 1072°md) for green light § = 514 nn),
cremental recording [44,45]. Her@l holograms of equal and Ans/ceg+ = 1.4 x 1072°m? for IR light (A = 760 nn).
diffraction efficiency are superimposed. Angular multiplex-However, no further increase afns can be observed for
ing is used and, for readout, the rocking cuim®) is meas- higher concentrations-s+. The maximum values are about
ured (@ denotes the turning angle of the sample). The in-7 x 1074 for green and2.8 x 10~* for IR light. The Ans
tensity of the readout light is reduced by a factor of aboutalues are independent &f around the spatial frequencies
100 to avoid erasure of the written holograms. The formulaised (see Fig. 3), indicating that saturation of the refractive-
Ans= Angm x M [33] yields also the saturation valuens  index changes focqg+ concentrations above0 x 10?4 m=3
of the refractive-index modulation, wherens v is the am-  (Fig. 2) cannot be attributed to trap limitation. XK depen-
plitude of each individual refractive-index grating. The ad-dence ofAns ((9) and (19)) is not observed, becauserbe
vantage compared to recording of a single hologram int@oncentration of the crystals is too large ((18) is not fulfilled).
saturation is that breakdowns of the space-charge field are
avoided because each hologram is always below the break-
down threshold 10 MV/m) [46]. Furthermore, the active
stabilization works only up tazr And)/(A cos®) = x/2
(n=1) even ifAn is not in saturation [47]. Multiplexing of ? L A = 760 nm 4
several holograms ensurgs< 1 for all of them. In our ex- © .®h o A
periments, multiplexing of four or ten holograms is carried” 2 - /#. o { A -
out. 0 ,® o

C - -]
g ¥

2.3 Bulk photovoltaic effect 0

Bulk photovoltaic current densities are measured directly by

illuminating the crystals homogeneously with light of a xenon B a A =0514 nm+

arc lamp which has passed a monochromator system. The in-

tensity liy of the incident light is measured in front of the __ 5 o {
A

(o)}
I

[¢]
>
]

crystal — the averaged intensityin the sample is calculated ¥ - A
using the formulal = Ij3(1— R)(ad) '[1—exp(—ad)][1- 9 o,
Rexp(ed)]~* (Rdenotes the reflectivity andthe absorption ~— ,
constant), taking into account absorption and reflection. All”> | _
intensity values given in the following are calculated with this< i/.

formula. The surfaces of the samples which are perpendicular 2 - =

to thec axis are contacted with silver paste and connected to 4
a high-sensitive electrometer, which detects the photovoltaic -
current. A detailed description of this setup can be found g Y | | | | |

in [48]. 0 10 20 30 40 50 60
CFe3+ (1024 m-3)

Fig. 2. Saturation values of the refractive-index changes; vs. trap con-

. . .. centration ¢+ measured for greenbétton) and IR light top). Sym-

To Investigate the PhOtocoanCUVWha the d_ecay of aholo-  pois represent data, and theashed linesare linear fits in the range
graphic grating (fringe spacing = 1.2 um) in presence of 0<cggy <20x10%*m=3

N
I
]

2.4 Photoconductivity
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3.2 Bulk photovoltaic effect ©
The bulk photovoltaic current is measured for different sam<
ples with various concentratiormge+ of filled traps ath = 2z
514 nm The dependence of the bulk photovoltaic current-<-
density jpnv On the averaged light intensity in the crystal
is shown in Fig. 4a for the sample DT2-17. A linear increase
of jpnv(l) can be observed. In a next step, the influence of

Cre+ ON the ratiojpny/1 is investigated. We present in Fig. 4b
the obtained results for different samples of the DT2 series.
The bulk photovoltaic current densifyn,/| depends within
the measuring accuracy linearly on the concentration of filled
trapscee+. Figure 4c shows the dependence of the specific
bulk photovoltaic constang* = jpnv/(ICe2+) on the total
amount of ironcge. Only a small increase ¢8* can be seen
for high concentrations of iron in the samples.

3.3 Photoconductivity

(10-33 Am3W-1)

The measured photoconductivitigs, at the wavelength =
514 nmare presented in Fig. 5. Plot 5a shows the dependencg_
of oph on the light intensity. A linear increase @fx(1 ) is ob-
vious. Therefore we look for the relation between the ratio
opn/| and the concentration rat o+ /Ce+. This is shown

in Fig. 5b. We obtairoph/| o e+ /Ceg+. Of special inter-

est is the specific photoconductivitypn/|)/(Cee+ /Cre+ ).

20 T T T~
DT2-17 e
Cre = 56%1024 m-3 _-®
15 cpe2t = 2.5x102¢ m=3 o7 .
e * //
10 - + .
/.//
5 -
/.
”// (O)
ol | | |
0 30 60 90
I (Wm-2)
| T~
3| D2 el i
Cre = 56 %1024 m-3 L7
)
2+ + s
/’/
10 .
(b)
ol ! !
0 2 4

N

0]

(c)

0

10 20 30 40 50
Cre (1024 m=3)

60

Elgure SC ShOW,S this SpeC|f|C ,phOtocondUCt'V'ty as a func'Fig.4a—c. Measured datas¢mbol$ and linear fits dashed lines a Bulk
tion of the total iron concentratiocke of the samples. These photovoltaic current densityjphy Vvs. light intensity | for A =514 nm
measurements reveal a remarkable result: A strong increaseasured in sample DT2-1B. Ratio jpny/| Vs. concentrationc.z+ of
of (opn/1)/(Cre+ /Crea+) is Observed for iron concentrations fiued traps for crystals of boule DTZ Specific photovoltaic coefficient

Cre €XCeEding?0x 1074 m—3.

4 Discussion

B* = (iphv/1)/Ce+ Vs. total iron concentrationge

(0.06 wt % Fex03). The ratiosAn/Ceg+, jphv/(l Cre+), and

(oph/1)/(Cee+ /Cre+) depend on the overall iron concentra-

4.1 Saturation values of the refractive-index changes

tion cre. The influence otre on the normalized photovoltaic

current density is weak, but the normalized photoconductiv-
The measurements reveal that the relations (10)—(12) are vality (opn/!)/(Cre+ /Cra+) increases almost by a factor of 5 in

only for iron concentrationsge smaller thar20x 10?*m—3

the investigatedr. range. One or several of the following pa-
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copper concentrations are acceptable without boosting the con-
ductivity. It is also worth varying in further experiments the
Li/Nb concentration ratio. This may influence the lattice pos-
ition of iron. LargeLi deficits can also decrease further charge
carrier mobility and conductivity, becaulsevacancies impede
movement of conduction band electrons. Furthermore, the im-
pact of higher harmonics on the processes deserves special
attention, because light patterns with modulation degrees close
to unity are employed in both experiments and applications.

4.2 Achieved dynamic ranges

State of the art are refractive-index change§ af10~* for
green and.8 x 10~ for near-infrared light. Equations (14)
and (15) yield theM/# = 11 for green and 5 for near-
infrared light (once more assuming ~ 7). Crystals with
about0.06 wt % Fe,O3 are necessary to achieve these values.
Infrared light provides no advantage regarding the dynamic
range so far. Larger doping levels are required to benefit from
the smaller absorption cross secti®af infrared light, but the
dramatic increase of the photoconductivity makes the highly
doped material unattractive.

4.3 Recording with infrared light

Anyhow, it is worth noting that holograms can be recorded
in iron-dopedLiNbO3 with continuous wave light o760 nm
wavelength, and amM/# of 5 is acceptable for several ap-
plications. The refractive-index changes for infrared light are
about 2.5 times smaller than those for green light. Taking
into consideration the wavelength dependence of the refrac-
tive index [36] and of the electro-optic coefficient [38], it
turns out that the space-charge field is about 2.1 times re-
duced for infrared light compared with recording by green
illumination (see (9)). Obviously, a shift of the recording
wavelength from the visible to the infrared has detrimental
influence on the ratio of photovoltaic current density and pho-
toconductivity (see (6)). A further remarkable difference for
recording with visible and infrared light is the response time
T = Te = €€0/0pn. Just changing the wavelength, and keep-
ing the concentration ratig-2+ /Ca+ and the light intensity
constant, the response time is about 100 times larger for in-
frared than for green light. Anyhow, this can be compensated
by further reduction of the material (increasecpb:+ /Ce+)

and by use of higher light intensities. Low absorption makes
it possible to use high infrared light powers without running
into trouble with heating of the material. Furthermore, the
small absorption of infrared light is advantageous for the ho-
mogeneity of thick holograms.

5 Summary

The major outcomes of the present investigation are as fol-
lows:

experiments are required to elucidate the origin of the increase- Theoretical considerations reveal that the photon absorp-

of the photoconductivity. Maybe iron ions occupy different lat-
tice sites depending on the doping level or pairs of associated
iron centres are created. Investigations with other dopants, for
example copper, may reveal whether the doping concentra-
tion 20 x 10?*m—2is a general threshold value. Maybe higher

tion cross sectiors of dopants is a crucial parameter for

limitation of the dynamic range of photorefractive materi-
als. SmallS enable the presence of many electrons which
can be used for creation of the space-charge field without
causing huge absorption.
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The measured light-induced refractive-index changes i3
LiNbOs increase linearly with th&e*t concentration up
to 20x 107*m~3 (corresponds td.06 wt % Fe,O3 for
smallFe’" contents) and saturate for largee®* concen-
trations.

The best performance dfiNbO3s:Fe with respect to

be expected with crystals of an iron concentration of
20x 10%*m~2 (0.06 wt % Fe,03). The optimum absorp-
tion isa = 2/d, whered is the thickness of the material.
Recording with infrared light (wavelengti60 nn) in

about 2.5 times smaller and response times are abo
100 times larger than for green light under otherwise

unchanged experimental conditions. Anyhow, good avail-26.

ability of infrared light sources and low absorption of
infrared light may compensate for these drawbacks.

Acknowledgementd=ruitful and enlightening discussions with E. Kratzig

are

highly appreciated. Financial support by the Deutsche Forschungsge30.
meinschaft (SFB 225, C5) is gratefully acknowledged.

32
33
References 34
35

1. A. Ashkin, G.D.Boyd, J.M.Dziedzic, R.G.Smith, A.A.Ballman,
J.J. Levinstein, K. Nassau: Appl. Phys. Lé&t.72 (1966) 36
2. F.S.Chen, J.T. LaMacchia, D.B. Fraser: Appl. Phys. L&§. 223 37
(1968) 38
3. F.H. Mok: Opt. Lett.18, 915 (1993) 39
4. D. Psaltis, F. Mok: Sci. Am2735), 70 (November 1995) 40
5. I. McMichael, W. Christian, D. Pletcher, T.Y. Chang, J.H. Hong: Appl. 41
Opt. 35, 2375 (1996) 42

. R. Muller, M.T. Santos, L. Arizmendi, J.M. Cabrera: J. Phys. D: Appl.

. S. Breer, K. Buse: Appl. Phys. &, 339 (1998)
. G.E. Peterson, A.M. Glass, T.J.Negran: Appl. Phys. LE%. 130

. D.Lande, S.S. Orlov, A. Akella, L. Hesselink, R.R. Neurgaonkar: Opt.

Lett. 22, 1722 (1997) 43
. V. Leyva, G.A. Rakuljic, B. O’'Conner: Appl. Phys. Let65 1079 44
(1994)

Phys.27, 241 (1994)

(1971)

. J.J. Amodei, W. Phillips, D.L. Staebler: Appl. Ogtl, 390 (1972)
. AM. Glass, D. von der Linde, T.J. Negran: Appl. Phys. L2%.233

(1974)

14.
15.

16.
17.

the dynamic range and the multiplexing capability can 18-

31.

45.
46.
47.

48.

. H.Kurz, E. Kratzig, W. Keune, H. Engelmann, U. Gonser, B. Dischler,
A. Rauber: Appl. Physl2, 355 (1977)

R.R. Shah, D.M. Kim, T.A. Rabson, F.K.Tittel: J. Appl. Phy&,
5421 (1976)

E. Kratzig, R. Orlowski: Opt. Quantum Electrdr®2, 495 (1980)

E. Kratzig, R. Orlowski: Ferroelectricy, 241 (1980)

E. Kratzig: Ferroelectricgl, 635 (1978)

E. Kratzig, R. Orlowski, V. Doormann, M. Rosenkranz: SRE, 33
(1978)

19. E. Krétzig, H. Kurz: Opt. Act&4, 475 (1977)
20.
21.
22.

LiNbO3:Fe is possible. Refractive-index changes are 23
4. F. Jermann, J. Otten: J. Opt. Soc. AmML® 2085 (1993)

R. Orlowski, E. Kratzig: Solid State Commu#¥, 1351 (1978)

D.L. Staebler, J.J. Amodei: J. Appl. Phy8, 1042 (1972)

G.A. Brost, R.A. Motes, J.R. RagJ. Opt. Soc. Am. B, 1879 (1988)
K. Buse, E. Kratzig: Appl. Phys. B1, 27 (1995)

. K. Buse, S. Loheide, D. Sabbert, E. Kratzig: J. Opt. Soc. Ami3B
2644 (1996)

R. Sommerfeldt, L. Holtmann, E. Kréatzig, B.C. Grabmaier: Phys. Sta-
tus Solidi A106, 89 (1988)

27. E. Krétzig, H. Kurz: J. Electrochem. Sd4, 131 (1977)
28.
29.

H. Kurz: Philips Tech. Re87, 109 (1977)

R.A. Rupp, R. Sommerfeldt, K.H. Ringhofer, E. Kréatzig: Appl. Phys. B

51, 364 (1990)

K. Buse: Appl. Phys. B4, 273 (1997)

N.V. Kukhtarev, V.B. Markov, S.G. Odoulov, M.S. Soskin, V.L. Vinet-

skii: Ferroelectric22, 949, 961 (1979)

. R. Magnusson, T.K. Gaylord: Appl. O3, 1545 (1974)

. F.H. Mok, G.W. Burr, D. Psaltis: Opt. Le®1, 896 (1996)

. N.V. Kukhtarev: Sov. Tech. Phys. Le®.438 (1976)

. J.M.C. Jonathan, R.W. Hellwarth, G. Roosen: IEEE J. Quant. Electron.
QE-22, 1936 (1986)

. D.F. Nelson, R.M. Mikulyak: J. Appl. Phyd45, 3688 (1974)

. K. Onuki, N. Uchida, T. Saku: J. Opt. Soc. A62, 1030 (1972)

. S. Fries, S. Bauschulte: Phys. Status Solidi2& 369 (1991)

. R.T. Smith, F.S. Welsh: J. Appl. Phy&, 2219 (1971)

. A. Mansingh, A. Dhar: J. Phys. D: Appl. Phyis3, 2059 (1985)

. P.A.M. Dos Santos, L. Cescato, J. Frejlich: Opt. LE¥.1014 (1988)

. S. Breer, K.Buse, K.Peithmann, H.Vogt, E.Kréatzig: Rev. Sci. In-
strum. 69, 1591 (1998)

. H. Kogelnik: Bell Syst. Tech. 48, 2909 (1969)

. Y. Taketomi, J.E. Ford, H. Sasaki, J. Ma, Y. Fainman, S.H. Lee: Opt.

Lett. 16, 1774 (1991)

K. Peithmann, K. Buse, A. Wiebrock, E. Kréatzig: Opt. L&B8, 1927

(1998)

K. Buse, S.Breer, K.Peithmann, S.Kapphan, M. Gao, E. Krétzig:

Phys. Rev. B56, 1225 (1997)

V.P. Kamenov, K.H. Ringhofer, B.l. Sturman, J. Frejlich: Phys. Rev. A

56, R2541 (1997)

K. Buse, U. van Stevendaal, R. Pankrath, E. Kratzig: J. Opt. Soc. Am.

B 13, 1461 (1996)



