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'., ~., Outline
· Potassium niobate as a photorefractive

· Theory

· Off-axisgeometries

· Experiments

· Results

· A controversial suggestion......

· Discussion

· Conclusion (confusion?)
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\1'. Potassium niobate as a
pl!otorefractive..

· High trap density

~ Allows efficient counter-propagating gratings to be written

~. Scope for further improvement of trap density!

· High sensitivity

~ Fast response times (-SOf.lsec)

· Broad spectral response

~ 400nm - -700nm (with Fe doping)

~ 400nm - >700nm? (with Ni doping)

· Difficult to grow reproducibly

~ Program under way to fix this (looks very promising!)

~ Series of 4 crystals now grown with almost identical performance

3
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\I Standard theory

· Opticalfields

Es (z, t) =! As (z, t) exp i(-kz - mt) + c.c
. 2

Ep(z,t) =.!. A/z,t)expi( +kz -mt) +c.c2

· Intensityfringes

(

A A*

J
I(z,t)= (Is+Ip) 1+ s p exp(2ikz)+ c.c.

Is + I p

dN;
( ) (

+

)

+
= S I+IDark Nd -Nd -YrnNd

dt

dn dN; 1 dJ-= +--
dt dt e dz

J = epnEsc + pkBT dn + s/( Nd - N; )eodz

dE
)

& sc = e
(
N+ - N- - n

s dz d a

(Kievgroup/Kukhtarevmaterialequations)

A..P are the slowly varying amplitudes of the electric fields5
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~ Standard theory
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· Solvingthe Kievgroup/Kukhtarev'sequationsforthe space
chargefield gives:

a 0 Ese +bE +em = 0- se,di 0 t
· Where:

m = JiJ;
Is + I + I exp(-icp),p Erasure

a=l+ Ed -i Eo
E E'm m

b=l+ ~d _i(
Eo+(NaINd)Epv

]q E 'q

'di = EsYrNa IeJ.1s(Ip + Is + IErasure)(Nd - Na)

Ed = 27rkBTeA

Eq =(1- Na I Nd) eNa 12kEs

Epv = YrN;81 J.1

c = Eo +Epv +iEd Em = Y rNa I (j.1K)

6
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Standard theory

· The space charge field modifies the refractive index through
the linear Pockels effect

· Substituting the modulated index into the optical wave
equation gives the coupled equations for the intensities and
phase:

oIp =-alp _ 2Jr~reff ~Ipls Jm( Eseexp(irp))OZ

01 2" n3refj {jTI 1m(E exp(itp))
s =+aIs - A. \j.l. p.l.s scoz

orp _ Jrn3reff(/p- Is) Re( Eseexp (irp))
oz - A.~IpIs

7
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Standard theory

· Insteady state the space charge field and coupled equations
reduce to:

Esc(z)= -(Eo + iEd + Epv)m(z)
E

l

E. N E
l+ fL-i ~+ a pv

Eq Eq NdEq

I Isp

dIp = -alp - r I + Is + IErasuredz p

I Isp

dls = +als - r I + Is + IErasuredz p

Where 2lr 3
( )r =-n rejf1m EsA
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~\ I~.''. "IIL...,..,Extended theory

· Piezoelectric/photoelastic contributions 1,2

eff _ S" 'E " A-I B
rij - rijknk + Pijklnl Ian m

A CE""

ik == ijkln jnl

B
" "

. == eki .nk n .
1 l} }

1fj~ is the clamped EO tensor
'E

Pijkl is the effective elasto-optic tensor

C~l is the elastic stiffness tensor

ekij is the piezoelectric tensor

· Scalar effective EO coefficient:

_ " eff"
reff - np ·rij ·ns

1) M.Zgonik, K. Nakagawa, P. Gunter, "Electro-opticand dielectricproperties of photorefractive BaTi03 and KNb03", J. Optical
Society of America B, vol. 12, no. 8, pp 1416-1421,1995.

2) M.Zgonik, R. Schlesser, I. Biaggio,E. Voit,J. Tscherry, P. Gunter, "Materialsconstants of KNb03 relevant for electro- and
aco,usto-optics" J. Applied Physics, vol. 74, no. 2, pp 1287-1297, 1993.
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" A,'t.i~
__=_EaJ!!!!M:C."LL.".il1""

Extended theory

· Dielectric"constant":

· Not a constant!

· Varies withangle

.++ e /'>.. /'>.. /'>.. /'>.. 1

ee}} S /'>.. /'>.. ..
k e n n n n A

-

u r = &ijninj + 1J mnl i j m n kl
&0

&: is the clamped dielectric tensor

· Determines the saturationfield

· Affectsthe space-chargefieldand gratingphaseshift

11



\1. -- - ----
Theory solutions

· No closed form solution to the coupled equations

· Numerical solutions only

· For self pumped two beam coupling the boundary conditions

are known only for the pump input

· Iterative shoot and match methods are required

g I (O)p IiL} ~
... ......... ~

4 ... ... .........

~ IlO} IlL}~

12



" ~". Off-axis concept

· Optical gain is potentially much higher away from the c-axis

c

· c-axis is best for Fe:LiNb03 owing to the huge PVeffect

· The same is NOT true for Fe:KNb03

13
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Off-axis effective electro-optic
coefficient

· Beam axis rotationabout the c-axis:
c

_ /\. elf /\.

relf - np · rij · ns "
ns Is--

+-
"

np
"'A

reffis zero for all parallel linear polarizations

14



~'..,.....
Off-axis effective electro-optic

coefficient

· Beam axis rotation in the a-c or b-c planes:

x
~. <-c..'" x
" "'{,,;
«
«"'"

~;!':.
:;5

~

.11;,:- p. . "". . " ~~

~

-'a,b

o L

_ " eff"

reff - n p · rij · n s

15
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" lA,...". Determinationof rand IE rasure

1.4

1.2

1.0

(
TLinear

J
if) =log! 0

I:!.O TsteadyState

o
o
<]

o
10-7

o 0 Experiment

- Conventional theory fitto data
(r=16.6 cm-1,IErasure=.1.1 W cm-2)

- - - Piezo/photoelastic theory fit to data
(r= 16.1 cm-1,IErasure= 1.5 W cm-2)

o

10-6 10-5 10-4

Pump power (W)

10-3 10-2

NA (conventional) =2.1 x1 016cm-3

NA (piezo) = 5.0x1 016 cm-3
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Measuring the off-axis gain in
contra-directional~ ~_:_KNb03

· Experiment:

Styrofoam blocks

G lass cell

Oil

Rotation stage

Magnets Crystal

4
Photo-
diode

~-
Support platform
with clearance hole
for magnet

Base

18



~ ,'-". Off-axis gain results

Internal angle from the c-axis (degrees)

NA (conventional) = 2.1 x1 016cm-1

NA (piezo) = 5.0x1 016cm-1

35
I

Conventional theory AC Plane

30 I - Piezo/photoelastic theory
....-...
.....

000 ExperimentI

E 25
0

..........

+-'
C
Q) 20.0

Q)
0 150
c
co

10(!)

I a
5

0
0 10 20 30 40 50 60 70 80 90
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~ ~
\.-11. Off-axis gain results

200

-.
E 150
o-+-'
c:
(I)
.0
~ 100
o
o
c:
ro

<.9
50

o
o

Conventional theory

Piezo/photoelastictheory
,

000 Experiment

BC Plane
a

10 20 30 40 50 60 70 80 90

Internal angle from the c-axis (degrees)

NA (conventional) = 2.1x1016 cm-1

NA (piezo) = 5.0x1 016cm-1

20



, ,j..{.
\ ~ /.-~.
~ A controversial suggestion....

o

.'
18 F ! b

h1

cI
F = +150mm lens Photodiode

· Repeat previous measurements of rand IErasurefor all crystal
angles
· Calculate the effective trap density for each crystal angle

"Conventional"transmission/reflectiongratingmethodcannotbe usedreliablyfortrapdensitymeasurements
owingto admittanceangularrestrictionsat largecrystalanglesand competitionfromrearFresnelreflection.

1.4 ,
o 0 Experiment

1.2 1- Conventional theory fit to data
(r=16.6 em-1, IErasure= 1_1Wem-2)

1.01-1 - - - Piezo/photoelastie theory fit to data
(r=16.1 em-1, IErasure= 1.5 Wem-2)

I
CI 0.8
0
<]

0.6

0.4

0.2

01 0

10-7 10-6 10-5 10-4 10-3 10-2

Pump power (W)

21
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'1It'...~.. Effective trap density variations?

1017

--.
MI

E
o--
>-

:!:
C/)
c:
Q)

\J 1016
a.
ro'-.....
Q)
>

1:5

~w

1015

o

o 00

D e ~DQ-_~_D 0

o ~ --fi-C--C-O 0 0

0 "';:.,_Q....
0 ~ "

D 8~,OO
o 'Q.

'19...,

000 A-C plane data
- A-C plane fit
000 B-Cplanedata
--- B-C plane fit

10 20 30 40 50 60 70 80

Internal angle from the c-axis (degrees)

90

NA(AC) =-9.09 X 101206 + 3.03 x 101505 - 3.85 X101704 + 2.26 x 101903 - 5.67 X102002 + 3.21 x 10210 + 5 x 1022

NA(BC) = -6 X 101603 + 1x 10200+ 4.42 x 1022
22
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Theory modified for apparent trap
dens itv variations-

20
A- C plane

5

Trap density modified
piezoelectric/photoelastic theory

000 Experiment

o
o 10 20. 30 40 50 60 70 80 90

Internal angle from the c-axis (degrees)
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\1 2nd attempt to verify trap density. variations --.._> ~ ~ .

· Measure small signal gain as a function of grating spacing:

I ,
I '
I '

· Difficult experiment +-:

· Gain becomes very large - leads to competition from spurious beams

· Difficult to maintain beam overlap at larger crystal angles

· Pump and signal beam incidence angles become asymmetric,

leading to a rotation of the grating k-vector. This requires a mechanical

correction of the crystal angle at every measurement.
25
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'.\ ,",'~,,'. 2ndattem pt to verify trap density
variations
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000 A-C plane data
- A-C planefit
ODD B-C plane data
- - - B-Cplanefit
o A-Cplanesupplementarydata
EB B-C plane supplementary data
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Internal angle from the c-axis (degrees)
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\.~.,. Discussion

· An effective trap density is possible if the charges
"remember" the original polarization state

· Delocalization of charges should randomize the charge
state (can they "remember" the exciting polarization?)

· Rule out electron-hole competition (gaindoesnotreversewith
grating spacing)

· Trap density anisotropy has no physical meaning unless
the grating spacing is greater than the mean trap
separation. .. .. ... .. But how can this occur?

27
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Growth induced defect layers

· Growthof potassiumniobatedoesnotoccursmoothly
· Growthisstochastic,addinga plethoraof microscopicallythinlayers
· Impurities(Fe) tendto segregateat the boundariesbetweenthese
structures*
· It isthereforereasonableto assumethe addedimpurities(Fe) form
stratifiedconcentrationsof traps

-----------..h ..n.. n ......

,. ...........................................
/'

./"

* M. B. Mishra and S. G. Ingle, J. Appl. Phys. 45,5152 (1974). 28



\1. Growth induced defect layers
Trans~ission . ratirt-9~ _

x
; ; ;..~;.;.;...;;.....

· Traps always coincide with fringes Z _It . e
· Average trap density remains
approximately constant with direction
· Effect of defect "layers" not apparent

x

v

VI __.._

29
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Growth induced defect layers

Reflecti<:)r'lgratin.9~L .

· Some fringes have a low trap density Z
· Local trap density becomes sensitive to
direction .. ..;i : .'I ,;" ,,{ ~ t '

· Effect of defect "layers" becomes apparent ..............
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-
".~v Franz-Keldysh Effect ?

· Electric field induced absorption in bulk semiconductors
· Can strain have a similar effect? - growth and/or poling
· Strain induced trap depth - directional variation of the effective trap density

CB-------..-----

E=O E-field

· Franz-Keldysh effect may also give a field dependent effective trap density
· Effective trap density, and hence saturation field, becomes nonlinear with
grating spacing....

32
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~. Real Off-Axis Testing

+150mm
f\

Polarization

4mm
diameter Undoped

LiNb03

]nI<eTr~~ "'-i

b-axiS (3.971;11)

- - - -. Optical axis,e
--

-<...~c .

'q)(fs (5.7.?.?A)
q'qJ(is (5.697A)

Fe:KNb03

Undoped

LiNb03

Detector
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~ Af,V~ Real Off-Axis Testing - Results

1.00
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· 80% increase in ilOD
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~ Summary

· High gain confirmed in off-axis geometries for Fe:KNb03

· Mismatch between theory and experiment for mid-range crystal

angles, especially for the a-c plane*

· Large apparent variation in the effective trap density with

crystal angle*

· Modified theory gives a good fit to experimental data*

· Mechanism for trap density anisotropy is uncertain, but may be

due to stochastic layering of impurities during crystal growth*, or

from the Franz-Keldysh Effect

* G. Cook, J. L. Carns, M.A Saleh, D. R. Evans, accepted for Phys. Rev.8,2006
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