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Lecture - 34
Electro-Optic Modulators and Devices

We were discussing Electro-Optics of Isotropic Media and we were talking about the
electro-optic effect of the gallium arsenide crystal and now, we will be discussing a very
important optical crystal electro-optic crystal that is KDP potassium dihydrogen
phosphate.
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And for this purpose we have organized the discussion in this way; electr-optics of
anisotropic medium, coefficients of the typical crystals, how we will provide a list of the
typical crystals with their properties, refractive indices, electro-optic tensor coefficients.
Then ellipsoid under electric field will look at the induced birefringence, then will try to
evaluate the phase retardation half voltage and the action as a half wave plate and then
will continue this a anisotropic crystal KDP a for longitudinal modulators as well as

transverse modulators and the subsequent discussions.
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Electro-optics of anisotropic medivm
Anisotropic media:
v under an applied electric field RI's may change

v thus, an already birefringent medium may exhibit changed
birefringence; the change can be electrically controlled

v" A half-wave plate between two crossed polarisers can yield an
amplitude modulator

v Electrical control of retardation produces modulated light in terms of
phase and/or amplitude
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So, for anisotropic media under an applied external electric field the refractive indices
may change it may change the lens of the semi axis of the ellipsoid or it can rotate the
distort the ellipsoid in terms of the rotation. So, that we have to look for the principal
axes system again under the action of the electric field. In general these all depends on
how this crystal is configured. So, as a result an already existing birefringent medium
and isotropic medium may exhibit changes in the birefringence and this change can be

electrically controlled by external applied electric field.

Therefore a half wave plate between the two cross polarisers can yield an amplitude
modulator this fact we have seen with all the details of the mechanism. If we place an
anisotropic crystal with an applied voltage across it then controlling the electric field
properties we can control the control the birefringence and as a result between the cross
polarisers it can be used as an amplitude modulator. So, electrical control of retardation
produces modulated light in terms of phase and amplitude and this fact we have seen

earlier also.



(Refer Slide Time: 03:18)

Electro-optic coefficients for typical crystals*

Crystal n, e Ay pm Non-zero coefficients

GaAs Isotropic  3.42 - 1.0 ry =-15

InS -do- 2364 - 0.6 r33=18113=0.9

KDP Uniaxial 1512 1470 0546 14 =153 =8.77,15=10.5
ADP -do- 1526 1481 0546 14y =75 =24.5715 =85
QUARTZ -do- 1544 1553 0589 1y =0.2,r3=0.93

KD*P -do- 1508 1468 0546 14y =15, =8.8,15; =264

Lithium Niobate -do- 2297 2208 0633 133=30.8 1ry3=8.6,r5, =281y =34
Lithium Tantalate  -do- 2183 2188 060 133 =33,1r3=8715=20ry=1

*Ghatak & Thyagarajan, Optical Electronics, 1993
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Now, provide a list of various crystals this we have already mentioned, but this time we
are we are at this region that is uniaxial crystals KDP, ADP, quartz, KD P, then lithium
niobate, lithium tantalite. Lithium niobate and lithium tantalite these two are a very
important crystal crystals, and we will see the application of these two at the end and we
can look at the refractive index properties ordinary refractive index, extraordinary
refractive index at this operating wavelength 0.456 micrometer and these are the r 41 and
r 52 they are equal in the case of KDP and also in the case of ADP. And these values are
this into r 10 power of minus 12 or pico meter per volt and r 63 is 10.5. So, these values

we will use to calculate the birefringence and retardation.
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Electro-optic tensor of uniaxial crystals

Crystal class 42m

p

naturally uniaxial \ KDP and KD*P

v widely used modulator class crystals
KH,PO, KDP
KD,PO, KD*P ¥ 3 non-zero electro-optic tensor elements are
(NHA)HZPOII ADP T41, Tgy = Ty and T'e3
(NH,)D,PO, | AD*P
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So, will first discuss this KDP and ADP the properties are like this their natural uniaxial
KDP potassium dihydrogen phosphate, then ammonium dihydrogen phosphate these are
very important crystals and these crystals are very widely very often used as a modulator
class crystal a lot of commercially available devices made out of these crystals are
already existing in the market 3. Nonzero electro-optic tensor elements of these crystals
are r 41 and r 52 equal to r 42 this you have seen, and r 63 r 52 and 42 they have the
same value as you can see from here 41 and 52 the values are 8.77 for KDP. Now, we

will use this value for the estimation of birefringence.
(Refer Slide Time: 05:41)
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About KDP, KD*P, ADP

Crystal class 42m

v crystals possess one 4-fold axis of symmetry
a rotation of the crystal about this axis by %" leaves it invariant
this axis is chosen as z-axis or C-axis (optic axis)

v additionally, possess 2 mutually orthogonal axes of symmetry (x, y)
crystals exhibit invariance for arotation of m

v In absence of field crystals are naturally uniaxial

v In presence of the field crystals become biaxial
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So, this group of crystal the class is 42 m crystals possess 4-fold axis of symmetry that is
a rotation of the crystal about this axis by twice pi by 4 leaves it. So, you can you can go
for 4 steps of rotation each one by twice pi by 4, and then the crystal will remain in
variant and this axis the about which this rotation is given is chosen as the z-axis or C-
axis the optic axis of the crystal. In addition to this so this is the 4-fold symmetry, in
addition to this the crystals possesses two mutually orthogonal axis of symmetry about x
and y this exhibit invariants for a rotation of pi. So, if you rotate by an amount pi then

again it remains the same, in variant the crystal remains in variant.

So, that is why this class is 42 plus and in absence of any electric field that applied
electric field the crystals are normally naturally birefringent and in presence of the field

external field it becomes biaxial, in general it becomes biaxial.
(Refer Slide Time: 07:14)

EO properties KDP and KD*P
http://gamdan.com/KDP

KDP KD +P
Chemical Formula KH,P0, KD,PO,
Crystal Structure Tetragonal Tetragonal
Transmission Range 200 - 1500nm 200 - 1600nm
Nonlinear Coefficients s = 0.44pm/V sy, = 0.40pm/V
RI's @1064nm % n, = 1.4938,ne = 1.4599 n, = 1.4948,ne = 1.4554
Electro - Optic Coefficients ::1 z 513081;;’:1{! 7]/ ::1 z g;g::,{,v
Longitudinal Half - Voltage V,="7.65KV(l = 546nm) V,=2.98KV(l = 546nm)
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So, these are some important properties of these two crystals which are very well
relevant for in terms of the design aspects and for calculation of various electro-optic
properties these are taken from this reference. Crystal is tetragonal this one is also
tetragonal operating range is from 200 to 1500 nanometer is slightly more 200 to 1600
nanometer, d 63 this will be d 63 this coefficients are this visible. Then not these are the
non-linear coefficients and then the refractive indices ordinary refractive index and

extraordinary refractive index these are given by these values.



Electro-optic coefficients the one which were talking about and which is relevant for this
present discussion is this numbers will have to use this and then half voltage for this
crystal is about 7.65 KV 1 as per these data. It may be different if you use different
wavelength and different configuration. So, this is very useful for the estimation of the

electro-optic properties.
(Refer Slide Time: 08:44)

Longitudinal Configuration of KDP

Retardation , light modulation
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We will now, discuss the longitudinal configuration of the KDP crystal in terms of the

retardation and then how this retardation can be used for modulation of light.
(Refer Slide Time: 08:59)

Impermeability tensor: uniaxial KDP

In absence of E-field
assuming C-axis along z-direction 1
. = 0 0
ny
xZ L z2 _ 1
ty —_=1 n;0)=|0 = 0
nﬂz ne2 ! 1
0 g —

X,y,Z are principal axes system
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So, this is again very well known by. Now, we are very much conversion with this
assuming the c-axis along the z-axis in absence of electric field that is the natural
representation for the index ellipsoid of this crystal is refractive ordinary refractive
index, extraordinary refractive index and you can write this ellipsoid in this form. This
impermeability tensor in this case is n 0 square, n 0 square and this should be n e square

is a mistake it should be n e square extraordinary refractive index.
(Refer Slide Time: 09:39)

Electro-optic tensor of KDP

0 0 0
0 0 0
. 0 0 0 ry =8.8pm/V
LR B 1 =10.3pm/V
0 1y 0 HS
0 0 rg
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So, when you and the electro-optic coefficient that values we have already mentioned
that r 41 is equal to 8.8 picometer per volt whereas, r 63 is so these two are the same
value and this is different. And now these values will make the system different

depending on the orientation of the electric field that is applied to the crystal.
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Ellipsoid under electric field

RECALL the ellipsoid

G+ 0G0+ G+ 0+ G + 0 ) 2+

0

A (%)4 252+ (%)5 2%+ (%)6 2y =1
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So, let us recall the ellipsoid when it is under electric field you have these incremental
values of the refractive indices attached to the square components of the ellipsoid, and
the these are the cross terms of which are also attached with this changes in the refractive

indices.
(Refer Slide Time: 10:38)
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Electro-optics in KDP (KH,PO,)

I fEfield A ! =A ! =A ! =0
e AT ) " nzz_ )l =

1 1 1
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The new index ellipsoid
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So, now, in presence of the field these quantities will be equal to 0 and these are because
what we will do is that if we use that equation we will multiply this with e x, e y and e z,

and e x will be attached to this, e y will be attached to this, and e z will be attached to r



63. So, and all other components being 0, so they are these components are all 0, but
these cross terms will be nonzero and this is what we mentioned r 41 is attached to e x, e
y and e z. Then the new index ellipsoid in this case will be represented; by this equation

the this will be the ellipsoid under the electric field.

Now, we will have to diagnolize this equation or we can gives an other end will rotation

looking at the equation who are the cross components etcetera.

(Refer Slide Time: 11:45)
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So, this is the longitudinal configuration of the KDP crystal you have taken your width d

and the length L and these are the x, y and z-axis.
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Electro-optics in KDP

v’ Field along z-axis i.e., c-axis
v Propagation is along z-axis

xZ + yZ ZZ
noz + n_ez + T63Ez ny = 1

(1)

Needs a transformation to a coordinate system in
which impermeability 7);;(E) becomes diagonal
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Now, if we assume that the electric field is along z-axis that is the C-axis of the crystal
and the light is also propagating along z-axis that is this longitudinal mode of operation
you have light which is travelling along x-axis and electric field is also applied along the

7-axis.

So, along z-axis the light is propagating electric field is also along z-axis, therefore this
in this longitudinal mode of operation we have because you have only one field e z. So,
you retain only one cross term and then it needs a transformation of the coordinate
system to look for the principal refractive indices. So, this impermeability becomes

diagonal in the system after rotation that we are looking for.
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By inspection
¥ Since no cross-terms involving z, Z remains 7'

v Symmetryin x and y tells x and y must be
relafed by an angle 45° to the new x"and y’

x+y h x-y
x’=xcos45°+ysin45"=f; = \/i;
: -x+y > =x’+Y'_
y’=—xsm45“+ycos45°=7; y ik
7 =7 y z=17
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So, because this problem is very well known we have discussed quite a few number of
times and we will give the Euler angle rotation of 45 degree about z-axis because x and
y are interchangeable and it does not it leaves the equation unchanged. So, the we
provide a rotation about 45 degree about the z-axis and this coordinate transformation
this is again a very well known transformation equation, z prime is equal to z but because
we need the reverse transformation because we will have to use this equation we have to
replace x square X y z by x dash y dash and z dash. So, we will be using the reverse
transformation that is in place of x will write x dash minus y dash under root 2 and y

equal to y dash plus x dash plus y dash by under root 2, z remains z prime.
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Substituting in (1) the equation becomes

xittyt 2 (a'*-yi2)
2 +F + y r63Ez =1
e 0

m

2

i (niuz + Tanz) +y" (nioZ - r63Ez) + % —L

e

m —
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So, if we substitute this into this equation then we can we write this equation in this
form, and then this equation becomes of this form x prime square 1 by n naught square
plus. So, this is the additional quantity, additional term which has come along with 1 by n
0 square and similarly for the y square term is now associated with these two

components. So, these are the new refractive indices in the principal axes system.
(Refer Slide Time: 14:51)

This can be written as

x'2 ylz 72
72 + 72 +—= 1
Ny ny° Mg

where the new RI’s are
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So, if we write this equation, if we write this equation in this form that x prime square by

n x prime square like this and y prime square by n y prime square like this then the new



refractive indices will be equal to this for x. It is this and for y there is a minus sign. So,

it is by the equal amount it is increased and by the same amount it this quantities

decreased.

(Refer Slide Time: 15:28)

New RI's in principal axes system
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Then induced birefringence
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So, with respect to the new principal axes system under the electric field you have n x

dash is equal to this which is with this approximation which can be written as this, and n

y square with this approximation can be written in this form. Therefore, knowing this n x

square and n y dash we can calculate the birefringence. So, the induced birefringence in

this case when you have an electric field which is

acting along z direction and the light is

also propagating along the z direction then there will be changes in the n x, n y which

will appear as n x dash and n y dash with the

birefringence I just have to take the difference of

rotation by 45 degree and the induced
this.

So, this will become n 0 cube r 63 E z, but E z as E z is equal to V by d the voltage by

the this should be L actually because it is longitudinal mode of operation. So, this will be

L.
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Half-voltage

The induced phase shift:

A = kgL ngrg, (%)

Therefore, AQ o« V : variable retardation

. in 4
Modulator half-voltage : 7 = = Ldrs (I)

V= A
T
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So, the induced phase shift will be equal to from here only because this is with the
multiplied by k 0 that is twice pi by lambda times this will be the will be the induced
phase shift which is equal to this. So, L cancels and you can see that this phase shift delta
phi is proportional to the applied voltage. And by changing the applied voltage we can
change the phase shift. So, this can be used as a variable retarder device just by
controlling the electrical field in terms of the applied electric in terms of the applied

voltage.

In this case, this is again the modulator half voltage which is a very important parameter
that defines the quality of the electro-optic material. So, half voltage in this case is we
can find by setting this phase shift is equal to pi and this pi cancels, L also cancels we get
the half voltage expression lambda by twice n 0 cube r 63. These are all very similar to
the ones which we have discussed in the case of gallium arsenide isotropic material, but
the difference is that the coefficient r 63 is very high and then that makes additional
either or other configurations which will be even more advantages for this KDP

application.
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For a longitudinal modulator

v with applied electrical field E = V/L
v the induced phase shift is A¢p = m

v' which is independent of the length L
v linearly proportional to the voltage V

( DO =
|~ NPTELONLINE Quatha ‘(J\.ctl.cﬁ.duaymmi )
IIT KHARAGPUR CERTIFICATION COURSES . ;
. Physics

So, for a longitudinal modulation we see that the applied electric field e equal to V by L
the induced phase shift del phi equal to pi and this is you can see that induced phase shift
which is independent of the length of the modulator crystal. But it depends on the
applied voltage depends on the applied voltage a phase shift is proportional to V, but it
does not depend on the length of the crystal.

(Refer Slide Time: 19:07)

Phase change in longitudinal configuration

Assume typical values
res=10.5x 10712 m/V; A=0.5pm;

n, = 1.512; V=10kv
d=1cm;
Induced birefringence e
a(\%
M=ngrgV/d=2x10"° p“yse(‘
a(%e

2m
A¢=ﬁx2x10-5x1o4=0.3n*’
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So, let us assume this typical values for r 63 which is 10 point that is at this wave length

and V equal to let us suppose that it is 10 kilo volt if we apply this much have voltage



across a crystal of this d should be L equal to 1 centimeter in that case then we can
calculate the birefringence this will also this will be L. So, this birefringence will be
equal to 0.8 pi which is a very large phase shift if you increase the voltage by some more
amount you can reach almost pi. So, this phase shift is very large, but it also required

reasonably very large voltage 10 kilo volt.

(Refer Slide Time: 19:58)

KDP (KH,PO,) as Half Wave Plate (HWP)

X v X
M=n Ap=0
% HWP
yr
. d LIGHT BEAM

a

1+ NPTEL ONLINE g)dml\gm ‘J\c @Kauapmmi.
ITKHARAGPUR CERTIFICATION COURSES y ¢
: Physics

So, as a half wave plate this is the configuration you have your x, y and this is at 45
degree to x and y of the old coordinate system. In the voltage is applies in the and the
longitudinal direction this should be again L, but if we call this is this d then this d, I
think we should write this equal to L then there will be a phase shift will be 0 when it is
oriented like this, but the phase shift will be equal to pi when it is oriented in this

direction.
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KDP (KH,PO,) as Half Wave Plate (HWP)

Half Voltage at A = 0.6 um
v A
BT

0.6x 107
2(1.512)3x 10.5 X 1012

=8.3KV
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So, half voltage in this case for lambda equal to 0.6 we can calculate that 8.3 KV for this
value of the electro-optic coefficient and this is your ordinary refractive index at the

operating wavelength of 0.6, ok.
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For KD*P (KD,PO,)

Half Voltageat = 0.6 um 1, = 26.4 x 107 mV;
- A
BT

0.6 x 107
2(1.5) x 26.4 x 1012

~ 3.4 KV
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Half voltage for this KD star P dihydrogen phosphate this the coefficient is now more
and as a result the half voltage reduces to 3.4 kilovolt which is as good as one-third times

less than the half voltage of this one that is for the KDP crystal.
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Electro-opfics of KDP

Retardation and light modulation

v Longitudinal configuration: v Transverse configuration:

v Phase modulation v Phase retardation
v' Amplitude modulation
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So, now we will continue KDP for this longitudinal mode of operation for phase

modulation, amplitude modulation and transverse configuration.

(Refer Slide Time: 21:47)
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So, this is the configuration for a longitudinal mode of operation you can see this is your
X, y and z you apply a voltage along the direction of propagation of the light beam. But
in this case the voltage that is the electric field that we apply across the crystal a direction

which is perpendicular to the direction of propagation of the light.



In the next section we will continue our discussion with this longitudinal and transverse
mode of operation of this KDP crystal. And we will see how we can use both this
configurations for light modulation and switching in terms of the amplitude modulation,
phase modulation and also this transverse configuration to make use of this longitudinal

and this amplitude and phase modulation.
(Refer Slide Time: 22:17)
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So, in this discussion we considered this electro-optics of isotropic medium, then we
looked at the coefficients of the typical crystals, we provided a list of the crystals and
then electro-optic tensor for KDP with the values of the nonzero coefficients that is r 41
and r 63. Then we looked at the ellipsoid without and with external electric field in the
case of longitudinal mode of operation we estimated the induced birefringence, phase
retardation, then half voltage, and use of this KDP as a half wave plate, also be compared
the half voltage for KDP and KD star P. We saw that it is about one-third times less in the

case of high electro-optic tensor coefficient for KD star P.

Thank you.



