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Optically gated recording and nonvolatile readout in a digital volume holo- 
graphic data storage system that uses a pair of mutually incoherent light 
sources during recording and only one for readout were demonstrated recently. 
This approach used stoichiometric lithium niobate, which after post-growth 
processing gave rise to an at least two orders of magnitude improvement in 
sensitivity over the best materials reported previously. It is also shown that by 
adding certain dopants (iron and manganese) to near-stoichiometric lithium 
niobate, the dark storage time and gating efficiency can be increased compared 
with previous work. The underlying physical mechanisms of gated recording and 
the effectiveness of the gating process responsible for this manifold improved 
performance are discussed, and bipolarons and small polarons are identified as 
the responsible photorefractive species. 

Holographic data storage systems have long 
held promise for their high storage capacity, 
short access times; and high data transfer 
rates. Photorefractive materials such as lithi- 
um niobate (LiNbO,) can be used to record 
holograms with modest laser power (Fig. 1). 

Illumination of a spatially varying light 
pattern, such as from the superposition of two 
mutually coherent plane waves: stimulates a 
charge distribution that gives rise to a corre- 
sponding change in the index of refraction of 
the medium through the electrooptic effect 
(I). Although several undoped ferroelectric 
media exhibit a photorefractive response, the 
strength of the effect can be improved by 
orders of magnitude by adding selected do- 
pants to the medium during crystal growth. 
For example, iron (Fe) is a ~vell-known do- 
pant in congruent LiNbO, [when LiNbO, is 
gron7n by melting Li2C0, and Nb,O,. the 
congruently inelting composition is 48.6 
mole percent (mol %) Li20,  as opposed to 50 
mol % for stoichioinetric LiNbO,]. Iron is 
present in the crystal as Fe2+ and Fe3-, in a 
ratio determined by post-crystal growth an- 
nealing in an oxidizing or reducing atmo- 
sphere. The Fe2+ acts as a donor ion. which 
upon absoiption of a photon produces an 
electron and Fe3-, which acts as an acceptor 
for free carriers. The free electrons move in 
the ciystal from regions of intense illumina- 
tion to darker areas under diffusion, drift, or 
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photovoltaic forces. The free electrons are 
captured by the acceptors, reducing Fe3- into 
Fe2-. Through repeated steps, electrons tend 
to be trapped by Fe3+ ions in regions where 
the light intensity is low. The charge redistri- 
bution gives rise to a spatially varying elec- 
tric space charge field that changes the index 
of refraction of the inaterial locally through 
the electrooptic effect and represents the ho- 
lographic information to be stored. Upon 
readout of the hologram. the stored infoima- 
tion is retrieved but also erased because the 
medium remains photosensitive. The readout 
beam, which usually is a unifoim plane n7ave, 
excites free electrons again and redistributes 
the charges uniformly throughout the record- 
ing medium. 

For holographic storage applications, era- 
sure upon readout is usually (but not always) 
undesirable. and much work has been ex- 
pended to find a fixing process similar to that 
for photographic film. but without the need 
for chemical processing. Several techniques 
have been developed for this purpose, includ- 
ing theinlal and electrical fixing; and system 
approaches based on refreshing the memoiy 
have been suggested as well. 

As an alternative procedure, early ~vork in 
the 1970s focused on the use of an additional 
light source during the recording process that 
is not present during readout (2). This light 
source can be incandescent and does not have 
to be coherent. The material is sensitive to the 
writing wavelength only in the presence of 
gating or bias light; whereas it is insensitive 
to readout light by itself. This optically in- 
duced light sensitivity is potentially a very 
attractive mechanisi~l for data recording and 
readout: it allows long-term storage and vir- 
tually nondestructive readout. 

In early work, pulsed lasers were used to 

achieve large intensities to take advantage of 
optical nonlinearities. Transition metals were 
doped into a variety of host materials, includ- 
ing LiNbO,, potassium tantalate-niobate. and 
lithiuill tantalate (LiTaO,). Experiments 
showed that by the use of a fundamental 
haimonic (1.064 m) of a yttrium-aluminum- 
galnet laser for writing the data and its sec- 
ond harmonic (532 m) for gating. long era- 
sure times could be obtained. but the required 
near infrared (IR) intensities were on the 
order of 10' W:cm2 (2). For practical appli- 
cations. low-power continuous-wave (CW) 
lasers are needed. In recent years, there has 
been renewed interest in this work. with ad- 
vances being made with the use of rare Eai-th 
elements doped into ferroelectric materials 
(3). Although it was thought at the time that 
the rare Earth dopants were responsible for 
the observed increased sensitivity of hvo- 
photon recording; we found this not to be the 
case. In addition. these previous studies 
achieved gated recording sensitivities still 
one to two orders of inagnitude lower than 
nongated recording sensitivities for Fe-doped 
LiNbO, materials with green light. These 
sensitivities are too sinall for practical use. In 
fact. the CW ex~eriinents with rare Eai-th 
doped inaterials are generally of similar sen- 
sitivity as the pulsed experiments, and the 
total absorbed energy is about the same. 

To characterize the sensitivity of a medi- 
um, we developed several ineasures that gen- 
erally relate the ineasured diffraction effi- 
ciency or the index of refraction change un- 
der illumination to the incident light intensi- 
ty. We define the recording sensitivity S for 
gated recording as 

where is the diffraction efficiency. L is the 
thickness of the medium, t is time; and I,, is the 
CW recording intensity. Typical values of S for 

Fig. 1. Optical setup for digital holographic 
recording. Phase conjugate readout is achieved 
by rotating the crystal 180" around the vertical 
axis. CCD, charge-coupled device; L, lens; I, iris; 
RS, rotation stage; SLM, spatial light modulator. 
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Fe-doped Li\%03 are from 0.02 to 0.10 cmiJ, 
and it is mainly deternliiled by the absoiption 
coefficient of the recording light and the trans- 
port length of the excited carriers. 

We recently reported (4) a digital holo- 
graphic storage system that uses the two-photon 
gated recording method. Using a CW titanium: 
sapphire (800 inn) laser for wiiting and blue 
(476 iml) light for gating, we achieved high 
diffraction efficiency (several percent) and a 
low bit error rate (BER) (<lo-" for a data 
mask image with 5 12 by 5 12 pixels. An un- 

Near the stoichiometric composition, intsin- 
sic defects (bipolarons induced by reduction) 
are primarily responsible for the improved (up 
to 20 times compared with as-grown) gated 

a total dopant concentration ([Fez-] + 
[Fe3+]) far below the value for maximum 
capacity is often necessaiy. 

As a substantial advantage: in gated two- 
photon recording, the photovoltaic damage is 
also reduced by orders of lnagilitude because 

recording sensitivity in undoped materials. 
However: further improvement in hvo-photon 
sensitivity is difficult to achieve because of 
rapid increase in the dark conductivity with 

of very little single-photon absoiption in the 
near IR during the readout (although for re- 

even stronger reduction of undoped material. 
By adding appropriate donor dopants with en- 

cording, some residual photovoltaic effect is 
present even in undoped LiNbO,). 

ergy levels similar to or deeper than corre- 
sponding levels of bipolarons. n7e can further 

From the above discussion. it is apparent 
that several trade-offs between materials and 

doped lightly reduced lithium niobate ciystal of 
49.6 11101 % Li20 coinposition with a maxiinurn 
hvo-photon sensitivity of 0.01 cldJ  (for a gat- 
ing blue light intensity of about 0.2 Wlcm') was 

increase the sensitivity without inducing a sub- 
stantial dark conductivity. We investigated the 
impact of several extrinsic dopants (transition 
metal ions such as and on 

system properties must be considered to 
achieve optimal performance. We will dis- 
cuss the underlying physical mechanisms of 
gated recording: identify bipolarons and 

used The emphasis of that ~vorlt was on the 
digital recording method with a gated recording 

the hvo-photon recording process. We found 
that, under certain restricted conditions, both 

small polarons as the responsible photore- 
fractive species, and describe the material 

schenle. We now discuss in detail the ~ulderly- 
ing physical mechanism for gated recording 

the two-photon sensitivity and the dark storage 
times call be simultaneously improved by opti- 

rnodificatioil methods responsible for sub- 
stantially improved performance. 

and the optimizatioil of the rnediuin properties 
and arovide a method for substantial imnarove- 

mizing the total concentration and the red~~ction 
state of the dopants. This process allowed us to 
design hvo-photon sensitive materials with both 
higher sensitivity (-0.03 c1ni.T) and larger gat- 
ing efficiency (which is defined as the ratio of 
erasure rates for reading with and without gat- 
ing beams) compared with nominally undoped 
materials. 

The materials with large gated two-photon 
sensitivity have an additional advantage over 
Fe-doped congl-uent LiNbO, in that a strong 

Materials Optimization: Undoped 
Lithium Niobate ment over our earlier results. The ltey idea for 

optimizatioil is to modify the host composition 
and the reduction state of the ciystalline mate- 
iial (5) .  A supiising result is that the two- 
photon sensitivity has a shall? threshold (at 
about [Li20] = 49.6 mol %) dependence on the 
material conlpositioil near stoichiometry. (In 

Most of the previous work on gated tn70- 
photon recording has been carried out with 
congruent LiNbO,, in doped or undoped 
foim. The best results reported today in these 
materials have sensitivities at least two orders 
of magnitude less (2;  3) than the results we 
now report. Such sensitivity is too small to 
store multiple digital data pages in the same 
volume with recording light intensities of 10 
to 100 Wlcm2. A sensitivity of at least 0.01 

past work on Lil\%03. the congi-uent composi- 
tion was chosen. because it provides the best 
optical quality ciystals and because in single- 
photon recording the composition of the 

light-induced absorption occurs during writ- 
ing. but no or little absorption occurs while 

material is inconsequential.) Additionally, 
the gated two-photon sensitivity can be fur- 

reading; which thereby reduces the absorp- 
tion of the diffracted signal. giving rise to 

cmlJ is needed with a gating light intensity of 
less than 1 W!cm2. 

ther increased through postgrowth reduc- 
tion processing by a factor of at least 20 for 

stronger diffracted signals. 
The last advantage is related to optical 

To achieve optically gated recording. 
there must be (i) deep traps that are partially 

undoped material. This procedure allowed 
us to achieve at least two orders of magni- 

damage in light-sensitive materials. When 
these media are exposed to more and more 

filled with electrons to generate excited car- 
riers during gating and recording of the ho- 

tude improved results over the best previ- 
ous inedia for gated two-photon recording. 

light. not only is the desired infoimation re- 
corded. but low spatial frequency index vari- 

lograin and (ii) shallow levels to trap photo- 
generated electrons; with sufficiently long 
lifetimes (hundreds of milliseconds) to ab- 
sorb light at the n ~ i t i n g  wavelength. Intrinsic 

making the t~vo-photon sensitivity for near- 
IR light similar to the one-photon sensitiv- 
ity of Fe-doped LiNbO, in the green region 
of the spectruin (in the near IR, Fe-doped 
LiNbO, is not sensitive for direct one- 
photon recording). 

ations invariably occur as ~vell. These varia- 
tions are frequently referred to as optical 
damage. as these changes induce optical 
wavefront aberrations that tend to distort the 

defects of lithium niobate represent a conve- 
nient scheme to realize two-photon gated re- 

optical illumination beam and they can even 
break it up into speclcled intensity patterns. In 
Fe-doped LiNbO,. the damage is propoition- 
al to the photovoltaic force, which in tuin is 
proportional to the concentration of Fe3- 
ions. This damage frequently limits the us- 
able dynamic range of the material and stor- 
age capacity of Fe-doped LiNbO,. long be- 
fore other system limits such as cross talk 

cording. Lithium niobate ciystals are in gen- 
eral not stoichiometric, as the chemical for- 
mula is given by LilPxNb ,_,,, 0, (and s = 

0.028 for congmeiltly melting material). In- 
trinsic point defects include Nb,, (that is. a 
niobium ion on the Li site) antisite defects: 
NbL,V,, and NbL,Nb,, (6) .  The latter repre- 
sents a two-electron trap or: when filled with 
a pair of electrons with opposite spins. a 
diamagnetic bipolaron Nb"+Nb3-. Illumina- 
tion with blue-green light dissociates the bi- 

Conduction band f ** 7 -@ 

between superimposed holograms become 
important. From a sensitivity and dynamic 

A 

"Gating" light, 
sensitization 

( h a > - 2 . 5 e V )  

range point of view, it is desirable to control 
both the Fe2- and Fe3- concentrations 

A 1 1 N!;; !!h; -- 
,' Nb4+ small 
,' polaron 

polarons; and these electrons enter the con- 
duction band and become self-trapped on the 
Nb lattice sites, forming Nb4+ small polarons 
(Fig. 2) (7). Small polaron levels can be 

through both postgrowth oxidation-reduction 
processing and total doping. Such control 
will give rise to both a high sensitivity ( ~ ~ ~ h i c h  
is proportional to [Fez+]) and an optimal bipolaron 

viewed as shallow traps with a limited elec- 
tron lifetime. For small polarons, the absorp- 

value of dynamic range (which is proportion- 
al to [Fe3-]). Because of the optical damage 
limitations in one-photon recording schemes, 

tion due to optical excitation (hopping be- 
tween different sites) is very broadband and 
peaks in the near IR region of the spect~um at 

Fig. 2. Mechanism o f  optically gated recording 
in l i thium niobate crystals. h, Planck's constant; 
w, angular frequency. 
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about 780 nm, which is twice the binding exhibits a step increase by two orders of mag- 
energy of polarons (0.8 eV). The photoexci- nitude for near-stoichiometric material with 
tation by recording with near IR light and [Li20] > -49.6 mol % in the clystal (9). The 
subsequeilt carrier redistribution and migra- nlechanism involved is the ciystal lattice hard- 
tion create the index hologram. The lifetime ening due to decreased density of Nb,, defects; 
of the excited Nb3- states depends on the which results in weak electron-phonon cou- 
density, capture cross section, and the reduc- pling and slower relaxation in near-stoichiomet- 
tion state of the deep defects, the temperature, ric material above the composition threshold, as 
and the intensity of the recording IR light. opposed to stroag elechoil lattice coupling and 
When the gating light is shut off, the carriers shong lattice relaxation in material with more 
are eventually trapped in the deep traps, and intrinsic defects (10). Also, the total density of 
the material is essentially transparent and not the h%, ,h%, defect sites that contain pairs of 
sensitive to near IR readout radiation, thus adjacent Nb ions in the same ciystal cell, that is, 
avoiding erasure, photoinduced scattering, the sites on n~hich polarons are recombiiled 
and optical damage. foiming bipolarons in lithium niobate (6), is 

Optimization of the undoped ciystalline decreased in near-stoichioinetric inateiial. For 
material can be achieved through changing its 
stoichiornetry and the reduction state (5, 8)  
(Fig. 3 and Table 1). The gated photosensi- 
tivity of the material to near IR light is pro- 
portional to the density of excited small pol- 
arons and, therefore, is proportional to their 
recombiilatioil lifetime. High defect densities, 
as occur in coi~gment lithium niobate (48.6 
mol % Li20), result in substantial lattice dis- 
order and fast, aonradiative, phonon-assisted 
decay of h%"+ polaron levels into deep traps 
and their recombination to bound bipolarons 
(6). As the material becomes closer to stoi- 
chiometric and the defect density decreases; 
the two-photon sensitivity S exhibits a sharp, 
two orders of magnitude increase with in- 
creased Li/'Nb ratio up to 49.6 in01 %, and 
then S saturates (Fig. 3). The lifetime of the 
upper h%"+ levels in lithium niobate at room 

as-grown mateiial, the increase in the small 
polaron lifetime achieved in near-stoichiomet- 
ric lithium niobate results in about an order of 
magnitude improvement in the two-photon sen- 
sitivity (- lop3 cWJ) but still far below the 
one-photon sensitivity of Fe-doped conguent 
LiNbO, in the green. 

Postgrowth reduction of near-stoichio- 
metric crystals produces more filled bipol- 
aron sites, which provide efficient absorp- 
tion for the gating light of the blue-green 
regioa of the spectrum. Also, reduction 
converts the contaminant acceptor ions into 
donors (for example, Fe3- into Fez+) that 
decrease the small polarons' capture cross 
section and increase their lifetime and. 
therefore, the material sensitivity under 
siinilar gating conditions. The lifetime of 
small polarons in optimally reduced crys- 

temperature changes from <40 ins for the tals can be as long as several seconds and 
congruent composition to -400 ms for as- depends on the degree of reduction. More 
grown lithium niobate with a lower intrinsic excessive reduction, however, results in 
defect density [with s = 0.0 1 ( 3 ) ] .  very long polaroil density lifetimes (tens of 

Similar tlxeshold behavior with respect to seconds) that adversely affect recording, in 
composition has been obsei~ed in other phe- that the holograms exhibit a substantial 
nomena that are related to the clystal defect dark decay right after ~vriting. 
structure of lithium niobate. For example, the Reduction of lithium niobate at high 
ultraviolet-induced low-temperature luinines- temperatures (900" to 1000cC) in\lol\les the 
cence due to electron hole recombination is migration of lithium vacancies from the 
almost completely quenched i11 lithiurnniobate bulk to the surface of the material (with 
with a high degree of lattice disorder (for ex- corresponding back transport of free elec- 
ample, conguently melting material) tlxough trolls for charge compensation). As a result, 
nonradiative decay d ~ ~ e  to lattice defects and there is a surface reaction that involves a 

Table 1. Determination of the stoichiometry of 
Sensitivity LiNbO, wi th phase-matching temperatures (T,,) b 

0 Index change An for crystals of various starting compositions [see *, . 
(41. ; 2 

0 - .  
r .- 

Li20 Li20 2 10-3 
(mol %) (mol %) $, ("C) V) 

in melt in crystal 24 
1 o-= 

48 6 48 6 <room temperature 
50 49 3 118 48 5 49 0 49.5 50 

5 3 49 6 152 L I ~ O  ~n the crystal (mol%) 
54 49.7 165 
56 49.8 197 Fig. 3. Gated photosensitivity and index change 
57 49.9 213 versus material composition (Li content). Al l  
58 49.9 227 crystals are partially reduced. Gating intensity 

is 0.25 W/cm2 a t  457.9 nm. 

consuillption of nonstoichioinetric cells and 
generation of free electrons (2) (11): 

At lower temperatures. free electrons are 
trapped on the defect sites forming bipol- 
arons, whereas charge compensation is still 
maintained by a change of the density of 
lithium vacancies: 

A substantial increase in the blue-green ab- 
sorption is seen i11 the reduced materials (Fig. 
4). After the reductioa, the two-photon pho- 
tosensitivity of near-stoichiometric material 
improves by a factor of -20 compared with 
as-grown materials (5). For undoped materi- 
als, the sensitivity saturates (or even decreas- 
es) for near-stoichiometric compositions with 
[Li20] > 49.65 in01 %. Because the density 
of the defects (Nb,,Nb,,) decreases as the 
con~position becomes closer to exactly stoi- 
chiometric, the absorption of the gating light 
(and, hence, two-photon sensitivity) becomes 
somewhat smaller for more stoichiometric 
reduced crystals (Figs. 3 and 4). The satura- 
tion index change (that is, dynamic range), 
however. continues to grow ~vith decreasing 
defect density. 

Both seilsitivity and the index change 
are enhanced in crystals with increased bi- 
polaron conceiltration (Fig. 3). In the pres- 
ence of the gating light, the induced absorp- 
tion at the recording near IR ~vavelength 
(800 nm) is on the order of 0.1 cm-' .  
Without gating. the erasure upoil readout 
and IR one-photon sensitivity is determined 
esseiltially by a self-gating process that is 
due to the absorption tail of deep impurities 
in the near IR. The sensiti\lity of the mate- 
rial is at least 50 times less and therefore 
allonzs readout of the hologram thousands 
of times before substantial erasure takes 
place (Fig. 5 ) .  Dark decay of the hologram 
is determined by thermally induced elec- 
trons froill deep bipolaron sites into the 
coilduction band. Currently, the room tem- 

! ,,:ir7--- '5i0h Liz; * 46% ;bid5' 
melt composition 

as-grown (lower) and - a .- 
0 .- reduced (upper curve) 1 
"- - 
! ' I L  Bipolaron band 

Wavelength (nm) 

Fig. 4. Bipolaron Nb4--Nb4+ absorption band in 
l i thium niobate induced by partial reduction. 
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R E S E A R C H  A R T I C L E  

perature lifetime is from several ~veelts to 
several months depending on the reductioil 
state of the material. 

Materials Optimization: Fe and Mn 
Doping 
Exhillsic dopants may play essentially the same 
role as deep bipolaroils provided that their en- 
ergy levels are sufficieiltly deep in the forbid- 
den gap of the ciystal. Because the densities of 
the deep and shallo~v traps in undoped ciystals 
caimot be separately controlled by reductioil 
alone, introduction of deep extrinsic levels pro- 
vides a meails to coiltrol the concentrations of 
deep traps. Nor~nally, the ionization absorption 
for dopants in Lih'bO, is q ~ ~ i t e  broadband; and, 
therefore, to achieve high gating efficiency; it is 
important to separate the absorption peaks for 
deep doilors and metastable polarons (-780 
1x11) as far as possible. Mn2+ and Fe2+ are 
appropriate deep doilors because their energy 
levels lie below that of the bipolarons in the 
forbidden band gap (6 ) ;  and; therefore, one 
should expect a smaller photoionization cross 
section for near IR light for these donors com- 
pared with bipolarons. Therefore, material im- 
proveinents obtained in weakly Fe-doped clys- 
tals are related to the gating efficiency of the 
two-photon recording process and hologram 
lifetime upoil contilluous readout. 

Reduction coilvests the majority of the 
extrillsic impurities (such as Fe or Mn ions) 
into donors (Fez- and Mn2-; Fig. 6) (12). 
For 0.02 mol % Mn-doped samples, at least 
90 to 95% of the Mn ions need to be convert- 
ed (through reduction) into the Mn2+ valence 
state before ally appreciable two-photon re- 
sponse can be detected. The optimum reduc- 
tion for doped ciystals requires stronger re- 
ducing conditions compared with undoped 
ciystals. Typical processing conditions in- 
volve teinperatures of about 950" to 1000cC 
and durations of about 30 rnin in a flolv of diy 
pure argon. Similarly to uildoped material, 
stronger reductioil of Mil- and Fe-doped ciys- 
tals gives rise to 11ig11 dark conductivity and 
fast grating erasure immediately after record- 

: s o ;  
0 -  .- t 6 40; 

Recording Readout gate off Erasure1 
gate on*,:,.,. ,!, ' . 

."4;*\2;:~.~:."$~ ;*, readout 
, . , ( ,+. . ,. gate O n  .... ... 

ing. The dark decay and IR erasure are further 
enhanced in cgstals doped with Rh and Ti, 
which have energy levels similar to those of 
the small polarons in the band gap. 

TWO reduced Mn2+-doped ciystals wit11 
0.01 and 0.03 mol % concentratio~ls were ex- 
amined and compared with an uildoped ciystal. 
Under similar conditions; sensitivities of 0.010, 
0.012, and 0.008 cinlJ with the gating light of 
457.9 lxn were obsei~red for the uildoped ciys- 
tal, 0.01 mol % Mn-doped ciystal, and 0.03 in01 
% Mn-doped ciystal, respectively. When the 
gating ~vavelengths were varied fiom 457.9 to 
514.5 nnl, the 0.01 mol % MI'+-doped ciystal 
exhibited a 10-fold decrease in sensitivity, 
whereas the undoped ciystal showed only a 
tlxeefold decrease. This difference call be at- 
tributed to higher absorption for the blue gating 
~vavelength in Mn:LiNbO,. Because the Mn2+ 
absoiptioll band peaks near 450 im, the charge 
excitation from the M n  donors becoines inore 
efficient at shorter wavelengths and causes an 
enhanced sensitivity in the blue gating region. 
The decreased sensitivities at 514.5 and 488 11111 
compared wit11 the undoped reduced clystal 
may be due to a reduced absorptioil cross sec- 
tion of Mn2+ at this ~vavelength as compared 
with that of bipolarons. A decrease in sensitiv- 
ity by a factor of 2 was seen when the Mn 
content was increased fiom 0.01 to 0.03 mol %, 
which indicates that an optimal doping coacen- 
tration exists for a high seilsitivity and de- 
creased IR erasure rate. The trend wit11 respect 
to the doping concentration may be due to the 
decreased lifetime of polarons resultiilg froin ail 
increased effect of direct recoinbiilatioil (tun- 
neling) of carriers fiom shallo~v haps to deep 
donors. 

Stoichiometric lithium niobate clystals 
(Li20 content of 49.9 mol %) rvith vaiying Fe 
concentratioils (13) were subjected to reductioil 
processing, and their properties were studied. 
The sensitivity versus gating intensity at tlxee 
different gating ~vavelengths for a lightly doped 
crystal with 0.01 weight % Fe and 2-inm thick- 
ness is sho~vn in Fig. 7A. The saturated sensi- 
tivity is similar to that of undoped ciystals (with 
[Li20] = 49.6 lnol %) (Fig. 7B). An improve- 
ment in the sensitivity at 488 and 457 lun 

Conduction band v-77 
Reduction 

Time (s) 

Fig. 5. Gated recording and nondestructive E F,,, 

readout in an undoped lightly reduced crystal MnZ+13+ 
(Li,O content 49.6 rnol %; IR  intensity is 6 
W/cm2). E,,,,, is the Fermi level. Open and Fig. 6. Relative energy position of different 
solid circles denote acceptors and donors, impurities and intrinsic defect centers in the 
respectively. for'bidden gap of LiNbO,. 

occurs compared with that at 5 14 run, which is 
inore proilounced for the Fe-doped clystal than 
for the uildoped cystal. This improved sensi- 
tivity is due to the Fe2- absorptioil band cen- 
tered arouild 480 ~ m ,  where Fe2- has a large 
ioilizatioll cross section. 

As in Mn2-, similar sensitivity dependence 
with doping concentratioa is o b s e ~ e d  in Fe- 
doped ciystals, indicating that there also exists 
an optimal Fe-doping concentration. II'hen the 
conceiltratioil of Fe increases in the clystal, a 
direct recoinbiilatioil fiorn the small polarons 
into the Fe3+ haps becoilles more pronounced 
(14); decreasing the lifetime of the small pol- 
aron coaceatration and thereby decreasing the 
hvo-photon sensitivity. 

Comparison of Doped and Undoped 
Material 
Coinparison of the seasitivity of an Fe-doped 
and an uildoped reduced 49.6 in01 % Li20 
crystal (Fig. 7B) sholvs that the dynamic 
range of the Fe-doped crystal is about 60% 
greater than that of the undoped sample with 
49.6 mol % Li,O. This may be due, however, 
to the fact that the Fe-doped crystal is nearer 
to the stoichiometric composition. Out of all 
(doped and undoped) materials studied in our 
tvolk, the largest dyllainic range was found in 
a lightly reduced undoped inaterial nit11 the 
sinallest defect density (index change diz - 
0.6 X lop'  for undoped LiNbO, with [Li20] 

0 1 2 3 4 5 6 7  
lntensity (bV/cm2) 

Fig. 7. (A) Two-photon sensitivity versus 
514.5-, 488-, and 457.9-nm gating light inten- 
sity in reduced Fe:LiNbO, (Li20 content of 49.9 
rnol %). Writing intensity is 5 W/cm2. (B) Two- 
photon sensitivity for reduced stoichiometric 
Fe-doped and undoped (49.6 mol % Li20) 
LiNbO, at various 457.9-nm gating intensities. 
Writing intensity is 10 W/cm2. 
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= 49.9 mol %). The undoped crystals of a the imaging system, q,, is the fixing efficien- equal absorption during recording and 
composition near exact stoichiometry (with 
49.9 mol % Li,O content) have a dynamic 
range about twice as great as that of a Fe- 
doped crystal of the same composition (but 
about three times lower sensitivity). The 
comparison of the IR erasure of the Fe-doped 
and the undoped crystals is shown in Fig. 8. 
The erasure upon continuous IR readout is 
almost three times slower in a Fe-doped sam- 
ple compared with that in an undoped crystal 
with 49.6 mol % Li,O content and is compa- 
rable with that in an undoped 49.9 mol % 
sample, which, however, has lower (X3)  sen- 
sitivity than the Fe-doped crystals. This com- 
bined effect results in an at least threefold 
improvement in the gating efficiency in stoi- 
chiometric Fe-doped material compared with 
undoped samples used previously for two- 
photon recording and storage. 

System Issues 
To assess the relative performance of these 
materials, it is necessary to consider the ho- 
lographic recording system as a whole. 
Trade-offs need to be made to balance capac- 
ity against data transfer rate and signal-to- 
noise ratio (SNR) or BER. This is best illus- 
trated by considering a basic holographic sys- 
tem layout, shown in Fig. 1. Digital data are 
input to the system through a spatial light 
modulator (SLM) and arranged into a two- 
dimensional pattern for recording in the ho- 
lographic medium. The pixels in the SLM are 
arranged in patterns that encode bit groups to 
allow for error correction and channel coding 
(15).  Multiple pages are superimposed inside 
the medium with angular multiplexing. Fur- 
ther capacity increase is achieved by spatial 
multiplexing. Upon readout. the pages are 
recalled by positioning the reference beam at 
the same orientation as used during record- 
ing. The difkacted light from the hologram is 
detected by a two-dimensional array and de- 
coded into bit streams. The parallelism of 
detecting all bits in the page simultaneously 
gives rise to an extremely high data transfer 
rate. As is the case in con~~entional storace - 
systems, channel coding is used to reduce the 
effects of noise; and a target raw BER of 

or better is sufficient to achieve a final 
user BER of less than 10-l4 with error cor- 
rection encoding. 

The required trade-offs can be captured 
by considering the following approximate 
equation: 

where IW/# is a variable based on system and 
materials parameters, O is the number of 
photons per watt, QE is the quantum efficien- 
cy of the detector array, P is the power of the 
readout beam, yo,,, is the optical efficiency of 

cy, tr,,, is the read timi of the recalled data, 
M and N are the number of pixel rows and 
columns, respectively, on the data page, and 
pn,,,, denotes the number of photoelectrons 
needed to get a 20-dB SNR (16). It is as- 
sunled that bit patterns are balanced (al- 
though this does not have to be the case) and 
half the pixels in a page are on and half are 
off. From this equation; the trade-off between 
capacity and data transfer rate is determined. 
Coding considerations can lower the required 
SNR, thereby increasing the number of holo- 
grams that can be superimposed. 

The capacity of the system is proportional 
to the nuinber of pages per stack, the page 
size, and the code rate (the number of bits per 
pixel), whereas the data transfer rate scales as 
the data page size times the readout rate 
multiplied by the code rate. As a general 
construct, the capacity of the storage system 
is maximized as the number of superimposed 
pages is maximized. This can be achieved by; 
for example, increasing iW#. IM!# is depen- 
dent on many system and materials parame- 
ters but reflects roughly the ratio of the era- 
sure and the recording time constants for 
plane waves (1 7). For image-bearing waves, 
the Mi# is strongly dependent on the modu- 
lation index of the recordings and is often an 
order of magnitude smaller than for plane 
wave recordings and not directly related to 
the recording and erasure times. 

Equation 4 also shows that, for a given 
Mi#, the diffracted signal strength is in- 
versely proportional to the number of su- 
perimposed pages squared. To maximize 
the capacity, the holograms' diffraction ef- 
ficiency must be kept at its minimuin ac- 
ceptable value. Any absorption during 
readout of the diffracted signal is undesir- 
able; making gated recording and single- 
wavelength IR readout more advantageous 
compared with nongated recording in Fe- 
doped congruent LiNbO,, which exhibits 

readout. Besides, two-photon gated record- 
ing and single (near IR) wavelength readout 
produce a large asymmetry in the readout 
and recording times, as high as a factor of 
50 to 1000, thereby largely avoiding infor- 
mation erasure during data readout. 

From this trade-off analysis; we note 
that an ideal material would have a large 
!W# and have no absorption and photosen- 
sitivity during readout and would be of 
very high optical quality so that noise scat- 
tered into the detector is small. For digital 
holographic storage, the SNR of the detect- 
ed signal determines the raw BER. In the 
limit, if a very large number of superim- 
posed holograms are stored in the medium, 
cross talk between holograms becomes 
dominant. In most of our previous work 
with LiNbO, doped with iron, we never 
reached this state of performance, because 
the dominant noise source is photovoltaic 
damage. This damage is proportional to the 
Fe3+ concentration as stated above, and in 
gated recording this effect is much reduced, 
malting it possible to store more holograms 
and increase capacity. 

There is, however; signal-dependent and 
random noise for compositions close to stoi- 
chiometric. From a sensitivity perspective, 
we would like to be close to stoichiometric, 
but in that regime crystals are inore striated 
and difficult to grow with good optical qual- 
ity. Therefore, we t1-j to find a compromise 
where we get as close to a stoichiometric 
composition as needed from a sensitivity re- 
quirelnent while compensating for the mate- 
rial inhomogeneities by using a phase conju- 
gate readout beam (Fig. 1). Phase conjugation 
(18) compensates to a large extent for the 
distortions introduced by the material. 

In conclusion, by changing the stoichiom- 
etl-j and the reduction state of photorefractive 
lithium niobate we achieved a two order of 
magnitude increase in the two-photon re- 

Fig. 8. IR erasure at 1 790 nm versus time 
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" Fe doped 49.9% 

1 " undoped 49.6% 1 
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for reduced stoichio- 
metric 49.9 mol % 
Li20 Fe-doped and re- 
duced undoped 49.6 
mol % [Li20] and 49.9 
rnol % [Li20] LiNbO,. 
IR beam intensity is 5 
Wlcm2. 
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sponse. Small polarons are identified as 
metastable species responsible for the near IR 
sensitivity, whereas bound bipolarons play 
the role of deep donors in undoped material. 
By introducing deep level dopants, such as 
Fe2 + and Mn 2 + , in reduced crystals, the 
gating efficiency and readout erasure time can 
be increased further compared with undoped 
material. The dark decay is slower because the 
deeper donor levels are more resistant to ther­
mal activation of trapped electrons. Other op­
tions of dopants include, for example, Cu+/2+ , 
whose energy levels lie between Fe and Mn, as 
well as combinations of dopants, such as Fe and 
Mn (19). 
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