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Abstract
Cr-doped
has shown
shown significant
significant reduction
time of
Cr
-dopedstrontium
strontium barium
barium niobate has
reduction in the time
of response
response compared
compared to
to prepreviously
sec. The experimental
viously grown
grownCe-doped
Ce -dopedcrystals,
crystals,with
withroom
roomtemperature
temperatureresponse
responsetimes
timesasas short
short as
as 0.2 sec.
experimental
photorefractive
response time
time of
of1%
1%and
and1.6%
1.6%CrCr-doped
photorefractive two-beam
two-beam coupling
coupling gain
gain and response
-doped SBN:60
-doped
SBN:60 and
and1%
l9J>CrCr-doped
SBN:75
compared to
to results
results ininCe
Ce-doped
SBN:60. The
Thephotorefractive
photorefractiveeffect
SBN:75 will
will be
be presented
presented and compared
-doped SBN:60.
-doped
effect ininCr
Cr-doped
SBN:60
dependence, with
SBN:60has
has also
alsoshown
shownaa strong
strong temperature
temperature dependence,
with gain
gain increasing
increasing by
by aa factor of two
two when
when the
the crystal
was
Significant gain
was cooled
cooled from
from40
40 to
to -20°
-20° C.
C. Significant
gain enhancement
enhancementwas
was also
alsopredicted
predicted and
and obtained
obtained by
by applying
applying aa DC
DC
electric field
field of
10 kV
kV/cm.
electric
of up
up to 10
/cm.

1.
1. Introduction
Ce-doped
O6 (SBN:60)
O6 (SBN:75)
Ce -doped Sro.6Bao.4Nb2
Sr0.6Bao.4Nb2O6
(SBN:60) and
and Sr0.75Bao.25Nb2
Sr0.75Ba0.25Nb2O6
(SBN:75)have
havebeen
been shown
shown to be effective
effective media
media
for optical
optical processing
processing and phase
phase conjugation
conjugation applications
applications becuase
becuase of their large
large coupling
coupling constants,
for
constants, high
high optical
optical
quality,
In addition,
addition, the
theproperties
propertiesofofSBN
quality, and
and relatively
relatively short
short response
response time.
time.'1 In
SBN can
canbe
bereadily
readilychanged
changedby
byvarying
varying
its
cmcube)
cube)crystals
crystalshave
havebeen
beengrown,
grown, itit isis more
more resistant
resistant to
totemperature
its composition,
composition,large
large(~
( 22cm
temperaturechanges,
changes, applied
applied
electric
structure enables
enables the
theaddition
additionofofaavariety
varietyofofdopants
electric fields,
fields,and
and physical
physical handling,
handling, and
and its open structure
.2 The
dopants.2
The large
large

photorefractive gain coefficients
coefficients of materials
materials like
like SBN
SBN and
and BaTiO3
BaTiOs are
aredesirable
desirablefor
forhigh
high-efficiency
-efficiency devices
devices and
and large
large
optical amplification. However,
However, another
another major
majorgoal
goal is
is to
to reduce
reduce the
the response
response time
time of
of the
the materials
materialsfor
forsignal
signalprocessing
processing
applications
In this
this paper,
paper,we
we present
present the
applications where
where speed
speed is
is desired.
desired. In
doping in
theresults
resultsofofCrCr-doping
in SBN:60
SBN:60 and
and SBN:75,
SBN:75, which
which
showed
magnitude decrease
decrease in
in the
the response
response time
timeover
showed an
an almost
almost order of magnitude
doping, with aa corresponding
overCeCe-doping,
corresponding loss
loss in
in
gain
of 2.
20
gain by
by about
about a factor of

2. Material Properties
2.
SBN
bronze ferroelectric
ferroelectric material
general formula
SBN isis aa tungsten bronze
material with
with a general
formula of
of Srx
SrxBal_xNb2O6,
withboth
both xz = 0.6
Bai_ x Nb2O6, with
0.6
0.75 crystals
crystals having
having been
been successfully
successfully grown.
in large
large part
part determines
determines its
and zx == 0.75
grown. The
The cation
cation ratio
ratio zx in
itsferroelectric
ferroelectric
electro-optic material properties.
properties. Table
TableI Ishows
shows some
some of
of these
these main
mainproperties
and electro-optic
propertiesofofSBN:60
SBN:60 and
andSBN:75.2,3
SBN:75.2'3
Properties of
of SBN:60
SBN:60 and
and SBN:75
SBN:75
Table I: Properties
Material

Tc
0° C
C

E-O Coeff
(pm/V)
(pm
f V)

nfn,'/Cj
ni rtii /Ei
(pm/V)

µ
M
(cm2 /Vsec)
(cm2/Vsec)

ryR
7*
(cm3 /sec)
f sec)

SBN:60

75

235

5.8

0.5

10~8
55 xX 10'8

SBN:75

56

1340

5.0

0.5

10~8
55 xx 10'8

BaTiO3

128

1640

4.9

0.5

10~8
55 xx 10'8

Two
1.6% Cr in the
the flux,
flux, and
Two Cr-doped
Cr -dopedSBN:60
SBN:60samples,
samples,one
onewith
with1%
1%and
andthe
the other
other with
with 1.6%
-doped
andone
one1%
1%Cr
Cr-doped
SBN:75
SBN:75 sample
samplewere
werestudied.
studied. All
All were
were grown
grown using
using the
the Czochralski
Czochralski method
method and were
poled into a single
were poled
single domain by
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kV/cm
fieldofof8 8kV
electricfield
appliedelectric
withananapplied
temperatureswith
transition temperatures
phase transition
cooling
through their cubic
/cm
ferroelectric phase
to ferroelectric
cubic to
cooling through
their cc-axes.
along their
-axes.
SBN:60 for
Ce-doped
thatofofCe
as that
well as
as well
samplesas
SEN samples
Cr-doped
threeCr
thethree
spectrumofofthe
absorptionspectrum
Fig. 11 shows the absorption
-doped SBN
-doped SBN:60
for
Fig.
1 Cr-doped
Ce-doped
comparison. Ce
-doped SBN:60
SBN:60 has
has aa broad-band
broad -band absorption
absorption level
level around
around 480
480 nm.
nm.1
Cr -doped SEN
SBNhas
has an
an additional
additional
comparison.
infra-red.
nearinfra
the near
in the
absorption
absorption band
band centered around 650 nm,
nm, which
which may
may indicate
indicate aa photoactive
photoactive transition in
-red.
6

54`
E

3-

ö

2-

U

(0)

r-

1o

M

300

1100

900

SEN:60,
Ce-doped
(a)Ce
for(a)
spectrumfor
Absorptionspectrum
1: Absorption
Fig. 1:
-doped SBN:60,
SBN:75.
Cr-doped
(c) Cr
Cr-doped
(b) Cr
-doped SBN:60,
SBN:60, and (c)
-doped SBN:75.
(b)

expercoupling expertwo-beamcoupling
thetwo-beam
ofthe
Fig. 2:
Configurationof
2: Configuration

The
SBN:60 crystals.
the SBN:60
characterize the
iment used to characterize
iment
crystals. The
thecc-axis.
planeasasthe
sameplane
thesame
in the
was in
beam polarization
-axis.
polarization was
W/cm2
0.25 W
/i(0)
11 (0)++ /2(0)
I2 (0)was
wasapproximately
approximately 0.25
/cm2..

Photorefractive Properties
3. Photorefractive
3.
shows
Fig. 22 shows
SBN:60:Cr crystals
The photorefractive
photorefractive properties of the SBN:60:Cr
crystals were
were studied
studied using
using two-beam
two-beam coupling.
coupling. Fig.
The
The
horizontally. The
i.e. horizontally.
thec c-axis,
directionofofthe
thedirection
in the
polarized in
were polarized
beams were
Both beams
the experimental configuration used. Both
-axis, i.e.
inside
intersectinside
beamsintersect
two beams
the two
When the
argon-ion
514.5
nm line
line of
of an
an argon
-ionlaser
laserwith
with beam
beam diameter
diameter of
of 0.3
0.3 cm
cm was
was used.
used. When
514.5 nm
described
which can be described
thec c-axis,
directionofofthe
thedirection
in the
other in
one beam
the crystal, energy
is transferred from one
beam to the other
-axis, which
energy is
by

Ii(z) = I1(0)eXP[ -(r 4-a)z]
+ a)z]
/2(z) = I2(0)exp[(r - a)z]
by4by"6
where
the absorption
coefficientand
andFr isis the
the two-beam
two-beamcoupling
couplingconstant,
constant,which
whichis isgiven
given
absorption coefficient
is the
where aa is
+ iEd
E \ I11 -«p(*/01
iENE^ +EoM*+
r a« EE.C
E. = iEN
ex Pt (r)]-

(1)

(2)
(2)

given by
is given
material is
The
The response
response time
time of the material

Eo+i(Ed+EA)
r=toE,0+i(Ed+EN)
i(Ed

(3)

where

hvNA
(4)
NA )
sI<>(ND
sio(ND - NA)
externally
theexternally
EQ isisthe
(3), E0
and (3),
(2) and
Eqns. (2)
is
limit of
of the
the speed
speed of
of the
the photorefractive
photorefractiveeffect.7
effect. In
In the
the Eqns.
fundamental limit
is the fundamental
fields are given by
characteristic fields
applied electric
electric field,
field, and
and the characteristic
applied
too

EN= KA11

eNA

-ÑD/

kB TK
Ed
Ed = kBTK\\
e

Eµ =

88

ryNA
,
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for NA «ND
(5)
(5)

K ==2rr
2?r/A^
where K
/A is
wavenumber correspon
ding to
is the
the wavenumber
corresponding
to the
the grating period, ry
7 isis the
recombination rate, is
the electron recombination
p is
the
electron mobility,
mobility, NA
NA is
trap density,
density, ND
the electron
is the trap
N& is
donor density,
photoionization cross section.
is the
the donor
density, and
and 5s is the photoionization
Figs. 33 and
and 44 show
show the experimentally
experimentally measured two-beam
Figs.
two-beam coupling
and response
response time,
time, respectively,
respectively, of
coupling constant
constant and
the
Cr-doped
the Cr
-doped SBN:60
SBN:60 and
and SBN:75
SBN:75 crystals
crystals along
along with
Ce-doped
SBN:60
for
compariso
n as a function of the grating
with
Ce
-doped
SBN:60
for
comparison
grating
wavelengt
h.
By
differentia
ting
(2), the trap
wavelength. By differentiatingEqn.
Eqn. (2),
density can be obtained
obtained as
as aafunction
function of
of
the
trap
density
the
optimum
grating
optimum
grating
wavelengt
h for
The1%
1% Cr
Cr-doped
wavelength
for maximum
maximum F.
r. The
-doped crystal
response time, around
around 0.2
crystal showed
showed the
the fastest
fastest response
0.2 sec,
sec, but had
the smallest
smallest coupling
coupling constant, around
around 33 cm""
the
1
.
SBN:75
showed
high
gain
even
for
aa smaller
E9C
cm
-1.
SBN:75
showed
high
gain
even
for
smaller
Esc
due
to its
its larger
larger
electro-optic coefficient.

electro-optic coefficient.
iz •
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<KO4.5

O
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Fig. 3:
Steady-st
ate two-beam
3: Steady
-state
two-beam coupling
couplingconstant
constant Fr
grating period
period ag
as a function of the grating
A^ for
for SBN:60:Cr,
SBN:60:Cr,
doped
1% Cr;
Cr; SBN:60:Cr,
SBN:60:Cr, doped
doped with
doped with 1%
with 1.6%
1.6% Cr;
SBN:75:Cr, doped
ately 1%
SBN:75:Cr,
doped with
with approxim
approximately
1% Cr;
Cr; and
SBN:60:Ce, doped
approximately 1% Ce.
SBN:60:Ce,
doped with
with approximately

Fig.
4: Response
Response times
times of
of the
theSBN:60:Cr,
SBN:60:Cr, SBN:75:Cr,
Fig. 4:
SBN:75:Cr,
and SBN:60:Ce
SBN:60:Ce crystals as a function of grating period,
and
for A
A =
514.5 nm
/0 ==0.25
0.25 W
W/cm2
for
= 514.5
nm and I°
/cm2..

The preceding experiments
experiments were
using the 514.5
514.5 nm line of the argon
were all
all performed
performed using
argon-ion
materials
-ion laser.
laser. These materials
were
photorefractive at
were found
found to be photorefractive
at longer
longer wavelengths
wavelengths as well. Figs.
5 and
and 66show
show the
the
effect
of
using
the
Figs.
5
effect
of
using
the
lower
lower
photon energy of
of the
the He
He-Ne
-Ne laser for
for two-beam
two-beam coupling
coupling measurements
measurements in aa 1.6%
1.6% Cr
Cr-doped
SBN:60
at
A^
2.46
-doped
SBN:60
at
ñg
=
2.46
/-on.
Because
of
the
lower absorption
pm. Because of the lower
absorption and
andfewer
fewerionizable
ionizable donors
donors at
the longer
longer wavelength,
wavelengt
h,
gain
at
the
the
gain
and
and
response
time
predictably lower
time results were predictably
lower compared to
identical measurements
measurements using
shorter wavelength
wavelength sources.
to identical
using the shorter
sources. The
spectrumof
ofCr
absorption spectrum
-doped SBN
Cr-doped
SBN shows
shows aa broad-ban
d absorption
region
in
the
red
to near infra-red, and
broad
-band
absorption
region
in
the
red
and future
future
investigat
ion will
investigation
will determine
determine whether
whether these
these bands contribute
contribute to
to the
the photorefractive
photorefractive effect
effect and whether
whether
these
or
not
these
crystals
crystals are
are sensitive
sensitive at
at the near
infra-red
hs used
semiconductor lasers.
near infra -red wavelengt
wavelengths
used by semiconductor
lasers.
a
8o

o

O
X « 514.5 nm
O X=514.5nm
D X=632.8nm
X = 632.8 nm

35-35

r=632.8nm

O

6-6-

•t\^
40 -

O
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OX
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30 O
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O

^2525 o
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I
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I
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I
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I
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T(°C)
T
(° C)
Fig.
Two-beam coupling constant
Fig. 5: Two-beam
constantof
of1.6%
1.6% Cr
Cr-doped
-doped
SBN:60
514.5 nm and
SBN:60atat Aa = 514.5
and 632.8
632.8 nm
for
-20°
C
nm
for
-20°
C<
T < 40°
40° C.

a

o——————1——————9^——————!——————c<
0- ——————I——————¥
9
I
20-10
-20
-10
10
20
0
10
4
30
40
T(°C)
T(° C)

Fig. 6: Response
Response time
timeofof1.6%
1.6%Cr
Cr-doped
-doped SBN:60
SBN:60 at
A = 514.5
514.5 nm and
A
and 632.8
632.8 nm for -20°
40° C.
C.
-20° CC < T << 40°

SPIE Vol.
SPIE
Vol. 1148
1148Nonlinear
Nonlinear Optical
OpticalProperties
Propertiesof
ofMaterials
Materials(1989)
(1989)//

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 7/10/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

9

4. Enhancement of Gain
4.
SEN. These include optimization of the
increasing the photorefractive gain of SBN.
Various methods
methods are available for increasing
Various
to
found to
been found
has been
SBN:60 has
Cr-doped
CoolingCr
doping.Cooling
thedoping.
increasing the
andincreasing
-doped SBN:60
temperature, and
lowering the temperature,
grating period, lowering
increase
This increase
6. This
considerable increase
increase gain,
gain, but
but results in aa considerable
increase of
of the
the response
responsetime,
time, as
as shown
showninin Figs.
Figs. 55 and 6.
increase
to
due to
grating due
the grating
across the
charges across
separated charges
of separated
leakage of
decreasedleakage
attributedtotodecreased
beattributed
can be
in rF for
temperatures can
lower temperatures
for lower
in
Ed
of Ed
smaller of
the smaller
to the
E9C tends to
since Ear
Increasing the doping is
carriers. 8 Increasing
trapped carriers.8
is not
not too fruitful since
thermal excitation of trapped
crystals with
quality crystals
optical quality
high optical
obtaining high
of obtaining
problem of
or EN
Eqn. (2)).
with
practicalproblem
thepractical
existsthe
thereexists
addition,there
In addition,
(2)). In
(see Eqn.
EN (see
or
large dopant concentrations.
large
SBN:60 results
Cr-doped
onCr
field on
DCfield
externalDC
anexternal
ofan
-doped SBN:60
results in
in aa
application of
the application
that the
Experimental results have shown that
excited
theexcited
drive the
todrive
tends to
field tends
external field
An external
coupling constant.
improvement in
in the photorefractive two-beam coupling
constant. An
marked improvement
EQ ==
for E0
(2), for
Eqn. (2),
larger space
resulting in
away, resulting
period away,
grating period
half aa grating
electrons into
into their
their traps half
in a larger
space charge
charge field.
field. In
In Eqn.
electrons
which can
EN, which
approaches EN,
field approaches
charge field
space charge
thespace
EQ, the
0, the limiting field
Esc is
is the smaller of Ed and EN.
large E0,
For large
EN. For
field E9C
0,
NA •
density NA.
trap density
increased by
by increasing
increasing the
the trap
be increased
1.6%CrCr-doped
and1.6%
1%and
the1%
kV/cm
10kV
uptoto10
ofup
field of
DCfield
applying aaDC
ofapplying
resultsof
experimentalresults
Fig.
/cm totothe
-doped
the experimental
shows the
Fig. 77 shows
intensity
coupling intensity
two-beam coupling
the two-beam
Since the
realized. Since
were realized.
two were
of two
factor of
SBN:60
samples, where
where increases
increases by
by more
more than a factor
SBN:60 samples,
coupling
energy coupling
andenergy
amplificationand
beam amplification
in beam
improvement in
significant improvement
resultsininaasignificant
gain is
is exponential, any increase in rFresults
applications,
and applications,
experiments and
in experiments
SEN in
of SBN
crystals of
possible to use thinner crystals
would be possible
in devices
utilizing this
this effect.
effect. It would
devices utilizing
gain.
or realize larger signal gain.
12
12
10-10^

88-

7E

66-

E

o
U

L

~

SBN:60:Cr(1.6X)
SBN:60:Cr (1.6%)
(1.0*)
SBN:60:Cr
SBN:60:Cr (1.0%)

o

4
4=

2a
2

a

a

o
o

2

44

66

8

10
10

E
E (kV/cm)

1%
of 1%
constant of
coupling constant
two-beam coupling
Measured two-beam
7: Measured
Fig.
Fig. 7:
electric
-doped SBN:60
SBN:60with
with an
an applied electric
Cr-doped
1.6% Cr
and 1.6%
kV/cm.
10 kV
EQ < 10
field
field of
of 00 << Eo
/cm.

Conclusions
5.
5. Conclusions
Ce-doped
Cr-doped
Cr
-doped SBN:60
SBN:60has
has shown
shown significant
significant advantages
advantages inin having
having aa faster response over Ce
-doped SBN.
SBN. With
With the
previously
thatpreviously
coefficients that
gaincoefficients
photorefractive gain
lower photorefractive
significantly lower
hadsignificantly
reduced
-doped crystals
crystals had
Cr-doped
time, Cr
reduced response time,
DC
external DC
an external
of an
grown Ce-doped
Ce -dopedones.
ones. However,
However,enhancement
enhancementofofthe
the gain
gain was
was possible
possiblethrough
through the
the application of
grown
two.
electric
electric field,
field,resulting
resulting inin increases
increasesinin gain
gain Fr by over a factor of two.
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