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Introduction, revelation, and evolution of complementary gratings
in photorefractive bismuth silicon oxide
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Principal and complementary space-charge gratings are formed in photorefractive bismuth sil-

icon oxide with use of 785-nm light. An electric field is optionally applied in the direction of the
grating for hologram evolution by either drift or diffusion of charge carriers. For write times on the
order of the decay time of the principal grating, no complementary behavior is observed. For much
longer write times, a complementary space-charge grating is introduced both in the presence and in
the absence of the applied field, and is initially hidden due to screening by the principal grating,
Uniform illumination in the presence of the field reveals the complementary grating. Time-resolved
data show its growth and decay, with a response rate much lower than that of the principal grating.
A two-level electron-hole transport model explains the observations; one level participates in the es-
tablishment of the principal grating by majority carriers, and the other in the establishment of the
extended-lifetime complementary grating by minority carriers. A scheme for multiplexing normal
and extended-lifetime complementary gratings is presented.

I. INTRODUCTION

The photorefractive effect generates holographic grat-
ings in bismuth silicon oxide (Bi,2SiOzo), known also as
BSO, by redistribution of charge between states within
the energy band gap. Several studies have revealed the
energy levels of some of these states. ' BSO has been
shown to have a direct band gap of 3.25 eV, with
electron-filled electrically neutral states situated at about
0.65 eV above the valence band; these states participate
in the photoexcitation required for the photorefractive
process. A photoluminescence center has been identified
at 1.95 eV above the valence band. ' As many as eight
electron-trap states of depths up to 1.4 eV (from the con-
duction band) have been identified in BSO by thermally-
stimulated-current analysis. Wavelengths near 500 nm
(blue-green light) are best suited and most commonly
used for writing holographic gratings in BSO.

Detailed accounts of the photorefractive process may
be found elsewhere. " BrieAy, two plane waves of
wavelength A. intersecting at an angle 20 generate a
periodic interference pattern,

E =Eo+Re(Esce'""), (2)

where Ep is the applied field and Esc is the space-charge
field. This field mod ulates the index of refraction
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diffuse into the regions of destructive interference, where
they relax to empty states in the energy band gap. The
resultant periodic space-charge pattern may be described
approximately by its lowest-order Fourier harmonic as
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where Ip is the total intensity x is the dll ection of the
grating, m is the interference modulation factor,
k=(2m. /A)x, and A. =2Asin8, where A is the grating
period. Figure 1 shows I, k, and 20. Electrons are pho-
toexcited into the conduction band in higher concentra-
tions within the regions of constructive interference, and

FIG. 1. Experimental arrangement for holographic recording
in BSO at 785 nm. Il =665 pW/cm and I2=490 pW/cm .
Grating period A=10 pm. EO=0 or 5 kV/cm. Note shown is
a shutter-controlled 514.5-nrn beam of an argon laser, incident
on the surface of the crystal.
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through the electron-optic effect, creating a diffraction
grating. The space-charge accumulation limits the
diffusion process, much like the charge-depletion region
in a p-n junction in semiconductors. Application of a
high electric field in the direction of the grating intro-
duces drift and competes with the space-charge accumu-
lation, enhancing the effect.

The diffraction grating is a simple hologram and may
be read by a probe beam of any wavelength which is
Bragg-matched to the grating, including either write
beam; the scattered beam has a diffraction efficiency

I Esc I (3)

The gratings are erased by uniform illumination of the
crystal. Write-and-erase sequences are typically charac-
terized by simple-exponential behavior. For the case of
diffusion only (no electric field) and a large grating period
(at least 10 pm in BSO) the space-charge-grating decay
time is simply the dielectric relaxation time of the crystal,

7=Eeo/CT' (4)

II. EXPERIMENTAL DETAILS

Single-crystal boules are grown by Czochralski pulling
from a stochiorneteric melt. ' The dimensions of

where eo is the permittivity of free space, e is the relative
permittivity, and o. is the conductivity. In BSO, ~ in-
creases with decreasing grating period and increasing
electric field, to saturation in both cases.

This paper presents data which demonstrate the gen-
eration of photorefractive gratings and a sequence for ex-
tending grating lifetimes with 785-nm light in nominally
undoped BSO. Outside of the blue-green range,
photorefractive-grating enhancement has been observed
by preillumination with infrared light, ' gratings have
been written in undoped BSO with 632.8-nm light, ' '
and grating decays have been observed with 820-nm light
for gratings written with 514.5-nm light, ' but this is be-
lieved to be the first study of grating generation by in-
frared light in BSO.

Recently, the formation of extended-lifetime holo-
grams, known also as read-only, fixed, ' semiper-
manent, ' and quasinondestructive holograms, has re-
ceived much attention. Herriau and Huignard demon-
strate a multiple-step sequence for generating extended-
lifetime complementary gratings using both 514.5-nm pri-
mary and 632.8-nm probe beams. ' Attard uses a simi-
lar process for grating restoration. ' Arizmendi reports a
thermal fixing process for gratings generated with 632.8-
nm primary beams, apparently involving grating compen-
sation by mobile ions. ' Vainos et al. describe semiper-
manent holograms resulting from the photochromic
effect. ' Additional methods for extending the lifetime of
holograms have been identified in other photorefractive
crystals.

The sequence described in this paper is a two-step pro-
cess for introducing and then revealing extended-lifetime
complementary gratings in BSO using 785-nm illumina-
tion. A two-level electron-hole —transport model ac-
counts for the observations.

Esc = —m (Eo+iED ), (5)

where ED =kk~T/e, and Eo is the electric field applied
in the grating direction. Thus,

ri(EO=Ev)/vl(Eo 0)=(Ev+ED)/ED . (6)

For a 1-pm grating, ED = 1.5 kV/cm, g(EO =Ev )/
7)(ED=0)=2, and, therefore, c = —,'.

III. RESULTS

A write-erase curve is generated in the following
manner. Any existing grating is completely erased with
514.5-nm illumination between events. This erasure
wavelength has been chosen for convenience only; any
broadband source with significant illumination near or
below 514.5 nm would be adequate. Gratings are written
for successively longer time periods, measured, and then
erased until saturation diffraction efficiency is achieved.
The measured diffraction efficiencies are then assembled
into one write curve. The erase portion is generated
more routinely as a grating is read by a uniformly il-
luminating the reference beam and, thus, the decays. A

the cut crystal are 10X 7 X 2 mm for the
[001]X[110]X[110]lattice directions, respectively, as
shown in Fig. 1. Silver-paint electrodes are used to make
electrical contact with the crystal.

The experimental setup is shown in Fig. 1. Light from
a Sharp diode laser (model LT021MFO) operating at 10
mW with a wavelength of 785 nm is collimated and
directed through a beam splitter. The two primary
beams pass through computer-controlled electromechani-
cal shutters. Both beams are directed to the [110]face of
the BSO crystal, where they create an interference pat-
tern within the volume of the crystal. The grating vector
points along the [110]direction, and an electric potential
of up to 3.5 kV may be applied between opposite (110)
planes. The gratings are written with both shutters open,
665 and 490 IMW/cm illumination, and erased with
only one shutter open, 665 JMW/cm illumination. The
image beam is detected by a 512X512 picture-element
(pixel) array, computer-controlled CCD camera (CCD
denotes charge-coupled device); each pixel has a digital
gray scale from 0 to 255. When the image beam is
blocked, the grating can be detected with the reference
beam, now serving as a probe beam. This arrangement
does not permit continuous monitoring of grating forma-
tion, but does allow such monitoring of grating decay.
Because of signal-to-noise considerations, no two-beam
coupling is observed with the current arrangement. Not
shown in the figure is a 514.5-nm beam used to erase any
residual grating between events.

For electric potential V and distance d the applied elec-
tric field is represented by Ev =cEo, where Eo = V/d and
c ranges from —,

' to 1, as shown in the literature.
Here, d =7 mm. The value of c for V=3.5 kV is estimat-
ed by examining the relative diffraction efficiency as a
function of electric field for photorefractivity at 514.5 nm
and a grating spacing of 1 pm, as follows. ' For little
trap filling, the space-charge field is
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FIG. 2. Write-and-erase evolution of diffraction efficiency, g.
Eo =5 kV/cm, A, =785 nm, and A=10 pm. For the write por-
tion of the curve, up to 75 sec, the points are assembled from
different write events. The erase portion, after 75 sec, is taken
from one erasure.

typical write-erase curve is shown for EO=5 kV/cm in

Fig. 2. Although the decay slightly deviates from a sim-

ple exponential, the decay time of the diffraction
efficiency, ~/2, is estimated to be 15 sec, and the decay-
energy density, Sd=~I, is estimated to be 20 mJ/cm,
where I is the erase-beam intensity.

According to photorefractive theory, g ~ 1/A for the
case of diffusion only. " Consequently, the difFracted
image at 10 pm is 100 times weaker than at A=1 pm
and, for this case, could be detected only by visual inspec-
tion of the CCD camera display, thereby precluding
quantitative analysis. Nevertheless, the dielectric relaxa-
tion rate, I =~ ', is estimated by writing a grating with
the applied potential and then erasing it with no applied
potential. In this case, r/2= 1 sec and Sd = 1.4 mJ/cm .
The relaxation rate and, therefore, the photoconductivity
at 785 nm are approximately 25 times lower than those at
514.5 nm for equal light intensities, or approximately 40
times lower for an equal rate of photon incidences.

For exposures well beyond the minimum time needed
to saturate the diffraction efficiency, the field-enhanced
decay of the diffraction efficiency exhibits some peculiar
efFects. Again, the grating period is 10 pm. Throughout
the decay process, the reference probe beam and applied
electric potential are maintained at constant levels. For
this situation the grating-decay process consists of three
regimes, as shown in Fig. 3. First, the grating decays at
approximately the same rate as for the case of minimum
saturation exposure time. Next, the grating partially re-
covers. Finally, it decays at a rate approximately 150
times slower than the initial decay rate. The grating ini-
tially observed is the principal grating, and the grating
subsequently revealed is the complementary grating pat-
terned after the first. At any time during the process the
grating can be completely erased by uniform illumination
at 514.5 nm with no possibility for recovery. The
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FIG. 3. Typical decay of the diffraction efficiency for write
periods several times longer than the grating time constant.
Here the write time is 900 sec. The grating initially decays with

approximately the same time constant as that in Fig. 2, then ex-
periences partial recovery. The residual grating decays at about
150 times the grating time constant. Eo = 5 kV/cm, A, =785 nm,
A=10 pm, I) =665 pW/cm, and I2 =0.

recovery strength of the grating varies from decay to de-

cay; this may be related to fluctuations in grating
strengths for high applied electric fields, apparently due
to a random running grating effect.

For the case of writing with no field, a similar recovery
effect occurs leading to a reproducible process for extend-
ing the lifetime of a hologram. The same crystal
geometry is used, and the grating period remains at 10
pm. For exposures well beyond the minimum exposure
time needed to achieve the diffusion field, the following
sequence produces the extended-lifetime hologram. With
no applied electric potential, a space-charge grating is
written into the BSO crystal (by exposure to both pri-
mary beams). As mentioned above, the resultant
diffusion grating is too weak to be monitored quantita-
tively. Application of an electric potential of 3.5 kV dur-
ing erasure (by exposure to only one primary beam) re-
sults in the decay of the principal grating, revealing a
very strong complementary grating, orders of magnitude
stronger than the initial net diffusion grating. For longer
exposure times, the revealed grating is stronger, and
eventually reaches saturation. The gratings saturate at a
strength within 90% of a corresponding grating which
can be written with 3 ~ 5 kV. The revelation time evolu-
tion is shown in Fig. 4. The revealed complementary
grating decays at a rate approximately 150 times slower
than the revelation rate and at approximately the same
rate as the residual grating discussed in the preceding
paragraph; this decay rate is also 150 times slower than
the decay rate for a grating written at the revelation po-
tential in the ordinary manner. Figure 5 shows a series of
such curves for different write times. The grating is com-
pletely erased with uniform illumination at 514.5 nm be-
tween each hologram sequence. Figure 6 is a summary of
Fig. 5, showing the write time needed to achieve a partic-
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FIG. 6. Write time needed to achieve a particular diffraction
efficiency in the revelation sequences shown in Fig. 5 ~ The

po noints are determined by linearly extrapolating the decay of the
complementary grating to t =0.
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FIG. 4. (a) Revelation sequence for hologram fixing. The

zero-potential write time is 640 sec. Eo =5 kV/cm, A, =785 nm,
A=10 pm, I, =665 pW/cm, and I2=0 for the revelation se-

quence. The revelation rate is approximately the same as the
grating write-erase rate. (b) Decay of residual grating. This de-
cay rate is approximately 150 times slower than the revelation
rate.
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FIG. 5. Revelation sequences for different write times. Com-

plementary gratings are written without applied potential for
different time periods, as indicated. The peak diffraction
efficiency obtained in Fig. 2 is indicated as q&. Eo =5 kV/cm,
X=785 nm, A=10 pm, I, =665 pW/cm, and I2=0 for the re-
velation sequence.

ular diffraction eSciency of a revealed grating.
If at anytime during this process the applied potential

is turned off; the net grating decays to zero, but may be
restored by reapplication of the potential. No net grating
is detected, but principal and complementary gratings,
now hidden, still exist. Continuous illumination with no
applied potential and occasional revelation in the manner
described in the preceding paragraph show that the com-
plementary gratings are eventually erased, with a decay
rate 1000 times slower than the estimated dielectric relax-
ation rate.

IV. DISCUSSION

The observations may be explained by an electron-
hole —transport process, involving two different sets of
levels in the energy-band gap as described by Kukhtarev
et al. and Valley. Figure 7 shows the model. The set
used for electron transport consists of N total states com-
posed of filled states of density N and empty traps of
density X"; space-charge accumulation occurs by the
transfer of electrons from filled to empty states. The set
used for hole transport consists of P total states com-
posed of electron-filled states, P, and empty (or hole-
filled) states, P+; space-charge accumulation here occurs
by the transfer of holes from empty to filled states.
Compensating ions are present to ensure that the system
is overall charge neutral; thus, the superscripts do not
necessarily represent the charge state of a particular lev-

1
37

Photoconductivity of undoped BSO has been shown
generally to be of n type (see Ref. l and 43), and thus
o., &&o.z, where o „ando.

& are the electron and hole pho-
toconductivities. Although the relevant quantities have
yet to be measured, the photoconductivity at 785 nm in
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FIG. 7. Electron-hole —transport model utilizing two sets of
levels in the energy-band gap.

EDL — imED, (8)

and the space-charge field is Esc =EDL. This is the prin-
cipal, electron-formed grating.

The next phase involves minority-carrier transport us-
ing a second set of levels. After the electron transport es-
tablishes the principal grating, regions of accumulated
negative charge repel electrons and thus prevent further
accumulation of net charge. Holes, however, are attract-
ed by the regions of accumulated negative charge. There-
fore, both photoexcited and possibly thermally excited
holes diffuse and drift under the influence of the diffusion
field into the regions of highest electron concentration,
where they relax to states in the band gap. Because elec-
trons have higher photoconductivity, they will continue
to migrate to these regions to compensate for hole screen-
ing, but at a slower rate to preserve the amplitude of the
space-charge field.

The resultant electron-hole transport is a field-assisted
ambipolar diffusion process. In the limiting case that
o., =chez, no space-charge field will be established, as indi-

BSO is taken as n type and the dielectric limit is assumed
for the discussion that follows. Two-beam —coupling
studies are best suited for determining the relevant quan-
tities, but are not possible here because of signal-to-noise
constraints. For the case of p-type photoconductivity,
the roles of electrons and holes must be interchanged, but
the underlying physics remains the same.

Using the model, the charge redistribution for the
diffusion case may be described by three phases. First,
for minimal charge transfer within both levels, N and P,
the coefficient of the space-charge field in Eq. (2), Esc, is
diffusion-limited and is, in general, dependent on u„crj„
and k. For small k and minimal state filling, Esc be-
comes the diffusion-limited field and may be taken as

ED„= imEp(0—, —
0/, ) l(cr, +0 h ) .

This is the dielectric limit of the system and is equivalent
to the similar limit for single-level electron-hole trans-
port.

Using one set of partially filled energy levels in the
band gap, the majority carrier establishes a diffusion-
limited grating relatively quickly, and saturates when the
space-charge field prohibits further charge accumulation.
For n-type BSO, electron transport dominates, and the
resultant expression for the diffusion-limited field be-
comes

cated by Eq. (7), and normal ambipolar diffusion will
occur. In this manner, large numbers of charge carriers
migrate, creating large, complementary space-charge
gratings of nearly equal amplitude but opposite sign,
whose net field is the diffusion-limited space-charge field.
In semi-insulating Inp, a screening effect of similar physi-
cal origin has been observed by Nolte et al. : At low tem-
peratures, the formation of complementary gratings re-
sults in the weakening of the photorefractive effect.
The net space-charge field is described as a superposition
of two fields,

Esc ——lE, + lEg

where E„~Ois the amplitude of the m-shifted hole-
created field resulting from second-phase hole transport
and E, = ~EDL~+Et, ~0 is the amplitude of the electron-
created field resulting from first- and second-phase trans-
port, and, as before, Esc =EDL.

In the final phase, trap filling becomes substantial, and
the process reaches steady state. Here,

(10)

Esc(t)= iE, exp( I—, t)+iE—&exp( —I &t),

where I, and I z are the high-Geld grating-decay rates
for the electron- and hole-transport systems, respectively.
For I, &&I &, E&c is initially EDL, vanishes a short time
later at time t, &&I, ', reaches a maximum at E& after a
few time constants I, ', and then decays to zero at the
slower rate I I,

'. In the data presented here, the initial
decay would not be detected because of unsuitable
signal-to-noise ratio.

Unlike the decay of the grating field, the decay of the
diffraction eKciency is expected to deviate from a simple
difference of exponentials as

ri ~ ~E,exp( —I, t )
—E„exp(—I h t ) ~' . (12)

This deviation is observed, and may be further explained
by a distribution of levels in both the electron- and hole-

Esc imE—p ( Eq, Eqt, ) /(E—q, +Eqh +Ep ),
where E« =eN N+ /eepkN and Eqz =eP P + /6E'pkP
are the limiting space-charge fields for the electron- and
hole-transport systems, respectively. For E, )&E z,
which may be the case in BSO, again Esc =EDL, and the
expressions for the complementary space-charge fields
are identical to those in phase two. For the revelation se-
quences in Fig. 5, which do not reach the maximum at-
tainable value, the charge-transfer process has not
reached steady state and, therefore, has stopped during
the second phase.

The revelation process occurs as follows. When the
grating is illuminated uniformly under the application of
a high electric field, the effects of diffusion may be
neglected. Electrons and holes are photoexcited, drift in
opposite directions, and become evenly redistributed,
thus erasing each grating. The electron-formed grating is
erased first due to the higher photoconductivity of elec-
trons, revealing the hole-formed grating, which decays
more slowly, by a factor of 150. The expression for the
net space-charge grating decay is
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transport systems.
For the case of gratings written under the application

of a high potential, the process would occur as follows.
The electron-transport system establishes the initial
space-charge field, while ambipolar diffusion establishes a
complementary field at a lower rate. In this case, only
the components of the space-charge gratings due to
diffusion will be mutually screened as described above;
that component due to drift will remain unscreened, and
thus a hologram is initially observed. In a manner simi-
lar to the electron case, the net field is maintained at the
same level, E = —mE0 = —mcE0, according to pho-
torefractive theory after Eq. (5), while the complementary
gratings continue to grow. The decay process would fol-
low the same sequence as the revelation process above,
resulting first in the decay of the electron-created grating,
revealing the hole-created grating, which then decays
more slowly.

According to Eq. (5), the initial gratings established by
electron drift are ~-shifted with respect to the intensity
pattern. Complementary gratings resulting from ambipo-
lar diffusion are likely (m/2)-shifted, as in the case of uni-
polar diffusion-only transport (ED=0). The data show
that the net grating does not always vanish completely
prior to recovery; this observation may be explained by a
phase difference between the principal and complementa-
ry space-charge fields, resulting from such details of the
carrier-transport processes. Thus, the net space-charge
field is indicated by

Esc(&)= —E,exp( —I,t+5, )+EI exp( —I hr+5h ),
(13)

where E, 0; E& 0; 0 5 &2~ for j=e, h; and
Esc(0)= —mEQ. Any nonzero difference in phase
(5, —5z ) results in a nonzero minimum during the revela-
tion process.

The choice of 785-nm light is critical to the generation
of complementary gratings in BSO and the decoupling of
electron and hole transport; using the same crystal, no
such behavior is observed with 514.5-nm light, but two-
exponential decay is observed for gratings written with
514.5-nm light and erased with 820-nm light. ' The
thermally-stimulated-current experiments outlined by
Takamori and Just have been performed on a BSO sam-
ple taken from the same boule as the sample used in this
experiment, and similar trap levels have been identified.
Thus, the two candidates for levels participating in two-
level electron-hole transport described in Fig. 7 are the
donor level at 2.6 eV and a trap at 1.4 eV or less, both
measured from the bottom of the conduction band.

Using this model, 514.5-nm light excites electrons from
both levels into the conduction band and also excites
electrons from the valence band into both levels. For
electron-dominated behavior, no complementary gratings
form. For 785-nm light, whose corresponding energy is
less than half the band-gap energy, the level closest to the
conduction band contributes electrons to the space-
charge grating and the level closest to the valence band
contributes holes. Uniform illumination with 514.5-nm
light serves to establish a nonequilibrium metastable oc-

cupation of the levels needed for the generation of com-
plementary gratings. It is reasonable to expect that light
of wavelength near or longer than 785 nm will contribute
to the formation of complementary gratings, that light of
wavelength near or shorter than 514.5 nm will not, and
that light of wavelength in the middle of the range from
785 to 514.5 nm will show a transition range.

For both cases used to generate complementary grat-
ings, the presence of an applied field during uniform il-
lumination allows the revelation of the complementary
gratings. The electric field decouples electron and hole
transport, allowing the electron- and hole-formed grat-
ings to decay independently. Without the electric field,
normal decay occurs and complementary gratings are not
revealed.

V. COMPARISON TO LITERATURE

Holograms are written in BSO with 785-nm light, but
display certain recovery properties which can be ex-
plained by a two-level electron-hole-transport model.
Kukhtarev et al. and Valley briefly evaluate the mod-
el, but limit their discussion to the diffusion case and
draw no conclusions regarding the effect of high electric
fields. The introduction and exposure of extended-
lifetime complementary holograms is explained by ex-
tending the model.

Huignard and Herriau employ a multiple-step tech-
nique using 514.5- and 623.8-nm light to establish com-
plementary extended-lifetime gratings in 8SO in a
different manner. ' In this case the space-charge grat-
ing is established using 514.5-nrn light and a high electric
field, E0 =6 kV/cm. Then the 514.5-nm light is blocked.
In the presence of the field, the net grating relaxes in the
presence of 632.8-nm light, establishing a complementary
grating. At this time, E, =Ez. In a manner similar to
the process outlined in this paper, revelation of the com-
plementary grating occurs in the presence of the field un-
der uniform illumination with 514.5-nm light. Attard ob-
serves similar effects. '

Strohkendl and Hellwarth write and erase gratings
with 514.5-nm light and observe decay with a functional
form of two exponentials. Dube et al. have observed
similar behavior in gratings written with 514.5-nm light
and erased with 820-nm light. ' Baquedano et al. sys-
tematically study such multiple levels in BSO using
variable-wavelength light for grating erasure: ' By writ-
ing gratings with 514.5-nm light and erasing the gratings
with light between 390 and 620 nm, they observed two-
exponential grating decay; by examining the details of the
dependence of decay on erasure wavelength, they con-
clude that BSO has two centers, at 2.7 and 3.1 eV below
the conduction band.

Kamshilin and Mitiva observe enhancement of grating
transients in BSO by preillumination with filtered in-
frared light of 650—800 nm and grating formation using
488-nm light. ' They present a model in which charge is
pumped from one level to another during the preil-
lumination phase, setting up a specific metastable popula-
tion of states for subsequent charge redistribution.

Nolte et al. observe in semi-insulating InP a quenching
of the photorefractive effect at low temperatures. They
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explain their observations using a multilevel electron-
hole —transport model similar to that presented here. At
room temperature, shallow traps are thermally emptied,
and only one center contributes to the photorefractive
effect by majority-carrier transport; at lower tempera-
tures, however, shallow traps become populated and con-
tribute to the screening of the photorefractive effect by
minority-carrier transport. Thus, the quenching is a
temperature-dependent screening of the principal grating
by a superimposed complementary grating, and may be
recoiled with the formalism developed here by assigning a
temperature dependence to I

„

I &, N+, N, P+, and
P, and by including additional levels. The data on BSO
presented here describe the role of an applied electric
field in exposing the monitoring the time evolution of the
complementary gratings.

VI. CONCLUDING REMARKS

The technique presented in this paper offers a relatively
simple procedure for extending the readout time of holo-
grams through the introduction of complementary holo-
grams. No heating of the sample is required, as in the
case of thermal fixing, and only one wavelength of mono-
chromatic near-infrared light (785 nm) is needed. Ordi-
nary lamps, ideally with some illumination in the near-
ultraviolet spectrum, may also be used to erase the grat-
ings.

Recently, Vainos et al. have observed semipermanent
photochromic holograms in BSO. These holograms are
written with high write-beam intensity and are erased
only upon uniform heating at 300'C. Vainos et al. have
also multiplexed semipermanent photochromic and rea1-
time photorefractive holograms in BSO. Short-lived
principal and long-lived complementary holograms de-
scribed here might be multiplexed in a similar manner.
Their relative phase could be controlled by placing a
phase shifter in the path of the image beam shown in Fig.
1. Then a long-lived hologram would be written into the
crystal with no applied electric potential and revealed
with an applied potential. Next, while the potential is
sustained, a second, short-lived hologram would be writ-
ten into the crystal for the minimum time period needed
to achieve saturation; this hologram will display little re-

velation behavior, and the extended-lifetime hologram
will not be erased during this step. Thus, these two holo-
grams are superimposed and have the same grating vec-
tor k. Such multiplexing opens new possibilities for
wavefront interferometry, image synthesis, logic opera-
tions, phase-object detection, holographic interferometry,
and optical switching.

The species and concentrations of electron traps and
donor centers involved in the photorefractive process at
785 nm have yet to be identified, and o, /os has yet to be
measured. Studies with variable wavelengths similar to
those of Baquedano et a/. ' may help resolve some of
these issues. Temperature-dependent studies of the grat-
ing formation and decay characteristics would further aid
in this identification process in BSO. Addition of impur-
ities has been observed to alter physical process-
es' ' ' ' and may be useful in optimizing this effect for
a particular application. Additionally, introduction of
impurities into GaAs and BaTi03 may lead to similar
effects in these materials. Increased system sensitivity
would allow monitoring of diffusion-field formation and
revelation characteristics for weaker gratings resulting
from shorter write times; it would also permit two-
beam —coupling studies.

Although the response rate at 785 nm is lower than at
514.5 nm, the dipole lasers used are available quite inex-
pensively, promise to provide increased power output in
the near future, and offer a compact illumination source.
Furthermore, GaAs-based optoelectronic components
have been integrated with other photorefractive materi-
als; BSO may also be suitable for integration with such
optoelectronic devices, and the devices themselves may
display similar effects.
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