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This thesis deals with the modulation and deflection of an optical

beam, utilising the electrically induced refractive index variations

in electro-optic crystals. The modulator and deflector configurations

considered utilise phase gratings produced by surface deposited

interdigital electrodes on a crystal face. When the electrodes are

arranged symsetrically, a Raman-Nath type of diffraction pattern is

obtained in the far field. However an asymmetrically electroded

arrangement gives rise to preferential deflection of the zero order

light beam to a higher order diffraction position. A typical unoptin-

ised device, which has been developed during the course of this work,

and having asymmetrical electrodes deflected about 81 % of the ‘

incident light having a wavelength of 0.63 pm to the first order at

an applied d.c. voltege of 157 Yolts. 53 % of the incident energy

wes deflected to the second order with this device at an applied d.c.

voltaze of 255 Volts.

Acoustic resonances were observed in the devices developed when

operated under @.c. conditions, In the symmetrical electrode arrange-

ment both bulk and surface wave resonances were observed. However in

the asymmetrical arrangeuent only bulk waves were observed. The bulk

resopences were almost completely suspressed by placing an absorber

on the face opposite to the electrode face.

én extension of the principle of the internal reflection modulator

device to a double reflection modulator vroduced about 50 % reduction

in the zero order extinction voltage
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1eoi General introduc: ; ya}

Tae advance of laser technology has lead to the potential

application of the laser in such fields es optical communications,

optical data processing, radar and ranging, optical logics and

memory systems. These applications often require means of

impressing information on to the laser beam. This may be achieved

by moculating the amplitude, vhase or frequency of the beam.

A controlled removal of ens! from the incident beam of light

results in the modulation of the beam. If this energy is directed

into a particular end definable direction, then the modulating

device also fulfills the function of a deflector. The different

principles of operation that can be adopted to sive both modulation

and deflection of the beam may de classified as

(i) Modulation and deflection by mechanical means.

(ii) Modulation and deflection resulting from acousto-optic

interactions.

(iii) Modulation and deflection resulting from electro-optic

interactions.

(i) Dhe mechanical mod: ator: The mechanical moduletor

(a rotating mirror, prism, mechanical shutter) may be

arranged to produce a variation of the intensity of the

beam (amplitude or intensity modulation). (1). This

amplitude modulation may be accompanied by the deflection

2

of the laser: beam.



The acousto-optic mock:Jator: The intersection of sound + es

and elcetromagnebic wives 2b optical frequencies can be used

the incident by deflecti it in space and/or

alterin: its fundamental frequency. It ° 23 been pointed

out (2) that the freiuency of the scattercsd light will be

Doppler hifted by amount equal to ths acoustic frewuoncy.

However, this effect is noviceatle only shen the acoustic

frequescy is appreciable comgared to the optical frequency. If fhe

acoustic wave inside the medium is assumed to produce a sinusoidally

Sie 2. rae Thaey jati se? 4} :
periodic refractive index variatioa, and if the optical and acoustic

wavefronts

snebion pattern is obi jeld. This is

Imo os the Raman-Nath type Alternatively,

if the wo wavefronts are at obdl:

of incidence satisfies the Bragg reflection law, the diffract
ed

uo

to have undergone

are further considered in Chapter 6, The principles, design

considerations and the experine

acousto-optic modulators have been given in such re:
\

as (3-10).

tion. ‘The comrontional



types of electro-optic modulators are the lonzitudinal and

longitudinal nodulator the j

electric field and the direction of light propogation are

allel while in the transverse modulator, it ey are mtually

perpendicular to each other (11-13). In the transverse

modulator, if a refractive index gradient exists in the

direction perpendicular to the direction of propagation of the

optical beam, then the trajectory of the incident beam will

be bent in the direction of the gradient (1). :

Thin film versions of bot': acousto-optic and electro-optic

deflectors have been produced and are roported in such, references

as (U;-17).

8 been concerned with the development of a novel
Tnis thesis

electro-optic modulator/d2flector. ‘the electro-optic moctilator/

deflector offers the advantage that the possible speeds of operation are

appreciably greater than that obtained by other methods, The particular

type of electro-optic modulator/deflector considered in this thesis

has been of the diffraction grating typs. ‘he diffraction gra

inside an electro-optic or: Stal may de conveniently produced by

having surface deposited interdigital electrodes on properly

chosen faces of a crystxl (28). The destin of penetrition of the

ah) and,therefore, in orderrHield inside the crystal is normally siz

to utilise the intense field region Akira tMishiwaki (19) and

Scthor~iiylsid. (20) have proposed that the o;

the erystal

itial work

and



the phenomena occi

erface. It waselectrad:

reflection modulators proposed by Akira ! and Scihor-ityls ii

Sensrated an undesirable bacxground scattered light. As a result

ial work undertaken it has been gossible to produce a noise

A:

2 modulators diffracted the

light into the higher orders in the form of a Haman-Nath pattern.

nese type of deflectors are, therefore, not particularly efficient for.

‘ -

a large percentaze of energy from one order to another.

As a result of te work carried out in this thesis an electro-optic

deflector has been produced which will deflect over S$0% of the

oO be expected that using the technique8 é a . fs or

a
results give

encouragement for further worl te be undertaken to produce an

a 
¥

integerated electro-optic deflector which

applications; one important application is a trunking switch in

optical communications. The final section of the work in the thesis

Pe ; ‘ . +f 5
apters of the thesis consider the theoretical background

to establish the principles of operation of the electro-

and deflectors. se principles

whic: considers the different tecimimues

to generite phase gratings in an electro-optic

crystal. © ar 3 discusses electro-optic effects in crystals.



The penetration of the field into the crystal due tothe interdigital

e

electrodes is one of the importent factors ing the operation

of the devices considered in this thesis. This is covered in

Chapter

Chapter 5 discusses the initial work undertaken to assess the perfor~

mance of the modulator/deflector of the type proposed by Akira

Nishiwaki, and Scibor-Hyliski (19, 20), waich operates on the princi-

ple of internal reflection of the beam off the crystal electrode

interface and considers the modifications necessary to eliminate the x

appreciable amount of scattered light which was found to be generated

in this type of modulator/deflectors.

Chapter 6 gives an exhaustive oretical analysis of deflection by

diffraction gravii From this work, the possibility of en

. asymmetrically electroded electro-optic deflector is discussed and

the experimental r ults obtained from such a device is given.

The acoustic resonances resulting from alternating voltages applied

to the devices 1 frequency operation are included <in Chapter 7.

The concept of a multireflection modulator to produce a low operating

voltage device is discussed in Chapter 8.

Tne technology involved in the production of the above mentioned

devices are important and, therefore, the procedures adopted for

!
device production are summarised in Chapter 9.

Conclusions of the theoretical and experimental vork undertaken

during the course of the work of 3 thesis ure given in Chapter1 0.

The potential - splication of the devices developed and suggestions

for further research work are included in this chapter.



Petsiecttece

ELECTRO-OPTIC PHASE GRATINGS

EN TRIO DUC 2 tcO.N

An optical b will be diffracted into different orders

when it is transmitted through a diffraction grating. A

controlled removel of the energy from the zero-order of the beam is

possible by varying the grating effect. This results in the

modulation of the zero-order beam. The grating effect required

to diffract the incident light may be produced inside a crystal

by different methods. ‘the ferent methods available for the

production of th ating effect using the electro-optic

properties of crystal are considered in this chapter. Also

the performance of some of the different types of electro-optic

grating modulators are summarised.

.
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The divferent methods that could be adopted to produce the grating

effect in the electro-optic crystal will be classified as follows:

(1) Methods using microwaves

(2) Methods using interdigital electrodes

(3) Other methods

These different classes are considered below in some detail.

2(i) Diffraction grating effects produced by microwave

oscillations in electro-optic crystals

Viith the advance of laser technology, light modulation by microwaves

in an electro-optic media has received considerable study. The

, having a frequency in the micro-passage of an electromagetic war

wave region, inside an electro-optic eryst2l produces a periodic

variation in the index of refraction (21). Thus a beam of light

passing through the perturbed medium in a correctly sen direction,

experiences a phase grating. ‘The interact the microwave and

the optical wave cause the optical b to be diffracted into many

orders. This results in a decrease of the energy in the main or the

zero order bes . This decrease in energy is proportional to the

applied microwave power (22). If the deflected beam is resolvable

from the zero order beam, the decrease in intensity of the zero order

2 could be measured and this order is id to be intensity

modulated. Tne deflected beam will be resolvable only when the

deflected angle is greater than twice the angular spread of the

incident beam. The deflection ans ter if the microwis g&

phase velocity in the medium is low. Maswells equations show that

the phase velocity decreases * an increase of the dielectric

constant of the medium. Therefore, in a practical phase grating
? z P

modulator, it is desirable that the medium hes a high dielectric

7



constant at the microwave freq

In certain classes of materials, t for exarple, the

dielectric constants and th ectro-optic coefficients at micro-

wave frequencics are large (23). ABO, perovskites are a class of |

materials that possess very large microwave dielectric constants

(04), Exanples of this class o. erials are BaTiO,, kTa0,

Ka Mb, 05 (KIN). In particular, when x equals 0.65, the Curie

temperature, of KIN is 283°K. The measured dicleciric constant of

KIN, @ quadratic electro-optic material, at room temperature

(295°K) is of the order of 10'(23). , ; 3

2en mer uring the e

modulator it is

produce a

reduction in this power may

~e
voltage to the sample so thal

produces in effect a linear transverse electro-cptic effect; it

has been reported (23) that at ve longth of 0.5 Hm, & povier

er has been acifereduction of at 1 one or ved using KIN as the

modulating material. An increase in the magnitude of the electro-

optic coefficients occurs near the Curie point. Hence, the

complexities involved in having long interaction lengths and

ng new this temperature.plead work.

res inte high dielectric

constant materials become more significant.

In reference (21) it was reperted that the micro.ave frequency

were launched into the dielectric

2 ridged waveguide as shown in



figure 2.1. The ridge height was tapered over a distance of

severxl microwive wavelengths from 0.497 in. to 0.003 in.

microwave pulses of width 2 psec. : AT RILON

RIDGED WAVEGUIDE
and psak power of a few hundrad ‘

9.560 Lr TO 0.6,
oy 

7 KTH | BIAS-5 GH, the authors 7 et965 2? " ager VOLTAGE
watts

have reported that about 9.5% of

the energy in the zero order wes

trensferred to the higher orders.

It was further reported that

sea. waveguide
tions have shown that in an transdacerealeu:

optimised system, complete extinction of the zero order beam could

be achieved with Hout 5 watts of microwave po!

by t 2@ application

~s
05 perovskites in the p: electric phase has

been extensively studied (25). It is reported thet for these

electro-optic materials, the change in the index of refraction produced

by an applied electric field varied by less than 15% between each

material when this change was measured under identical conditions.

Other materials in w ch grating effects are produced with the

passage of electromagnetic waves at microwave frequencies are XDP,

Cucl, ZnS. Such effects have been observed in KUP by Kaminow (26).

This author adjusted | the dimensions of his arrangement so that

the microwave phase velocity in the smedium approximates to the light

velocity when the cavity is excited in a predets ned mode. It

was reported that the half wave voltage required was of the order of

TV. These measurements were made at a wavelength of 0.8 pm.

ben the electro-optic coefficients (r,
33°%13)



produced by the microwaves in Es perovskites show that the change

is about two orders of magnitude greater then in KUP (25). Experi-

ments have shown that the reective drive power and the power

dissipation in ABO, ype of modulators are about one quarter of

that required in KDP type modulators. It has been reported tha’

CuCl as a modulating material (27) offers a power saving of between

one and two orders of magnitude over the ADP modulators, but the

material is not available in large crystals of consistent optical

quality. Observations of microwave modulation in 4n5 by this

method have also been reported by Domenico and Anderson (28).

' 2.2 Diffraction gratings in Blectro-ontic crystals

produced by interdigital elecbrodes

The diffraction grating produced by the passage of an electro-

magnetic wave at microwave frequencies has been considered in

section 2.1. A similar grating could be produced by the application

of potentials to an interdigital electrode cimre which has

been deposited on to the polished face of an electro-optic crystal.

Alternatively the electrode system could be brou into close

contact with the crystal face. The different ways of arranging

the electrodes to produce the diffraction grating which have been

considered by previous workers (references 18,29, 30,31) are shorn,

in figure 2.2.

0



io De Seer ln ic

Fig 2-2

a) See referance 19, 20, 50

d) See referance 18, 29, 39, 351

c) See referance 50

ad) See referance 50

tal electrode system

the crystal. This

the index of refraction of

f light, which passes through

mea suitably oriented crystal, experiences a diffraction phase grating.

The interaction of the electro-optically induced phase grating effect

nteraction of the

phase

a diffraction pattern in the f:

change in refractive index is assumed, and if the two wavefronts are

x to each other then the far field pattern obtained will

man-Natn type. The engular deflection of the different

orders of the diffracted vesm is 2 function of the wavelength of the

incident light and the periodicity of the induced electro-optic

phase grating. ‘The amount 90. enersy coupled to tne higher orders is

encea function of the phase diff mpresced on the optical bean

by the aratin is a function of the change in the refractive

index. ‘he chanse in tne index of refrection is pronortional to

Hie electric field in linear electro-optic crystals eg. Lined; , XDP

(the Pockels effect) and proportional to the sauare of the electric

field in the quadratic electro-optic crystzls eg 5 (the Kerr effect).

-i-



In the practical applications of these ini

deflectors, the

consideration are

i) The linezrity of modulation of the zero-order energy

ii) The complete extinction of the zero-order energy

) The totel number of resolvable spots produced by the

phase grating

iv) The angle between the different diffracted orders

ne variation of the intensity of the zero order (or the energy

coupled into the higher orders) depe! on the variation of the index

.etion of the optical modulating medium. When the light

‘ner orders by the application of a

to the modulator, the zero order beam is said to be intensity

modulated. ‘The di fracted orders are separated by an angle equal to

the ratio of the wavelength of the incident light to the periodicity

of the induced phase grating. In order to resolve the diffracted

orders completely, the width of the incident beam must be greater

than tyice the electrode pitch (13).

The depth of penetration of the fringing field produced by the

-interdigital electrodes depends on the electrode pitch (the detailed

anelysis of this effect is given in chapter 4). Reducing the

electrode pitch increases the angular separation of the higher orders

put reduces the depth of penetration of the field. Thus the diffi-

culty arises of ensuring that the light beam approaches close to the

electrodes in order to take advants gh field intensity.

Ye may consider to roaches to this provlen.

(1) The light beam travelling p2rallel to the base of the .

exystal which carries the electrodes. ‘

-12-



(2) The light bean reflectir £ the crystal

which carries the electrodes.

These tyo arrangements are illustrated in figure 2.3

tsfifective interaction

0)a Fig. 23 ee re sionoC

a} 2arallel transmission

b) Internal reflection traasmission

In case 'a' the practical diffic: siaple bulk

modulator ,of ensuring that the li sufficiently close

~e
ntsto the electrodes to tal field region. In

case 'b! this vrovlen is overcome by reflecting the light from the

pase of the crystal, but of course the effective interaction length

may be small.

In the design of a modulator of above type, important factors

to consider are the choice of the crystal, the relative orientation,

g field inside an electro-electrod: structure.

tal causes:

a) Rotation of the index ellinsoid

p) Variation of the indices of refrec Sion

The detailed study of sties of the crystal groups (refer _

chapter 3) shows thet classes 6nx tals for

this type of diffraction modul tals have

reasonably large electro-optic <



Optical modulators, in which the beam of light trevels parallel to

the electrodes (Pig.2.3e) ,using electro-optic material Limbo;

as tne modulating media have been reported (18,29,50).- In the

arrangement considered in these references, the electrodes were

deposited on the YZ plane of the crystal. The length of the elect-

rodes were along the Y direction. The optic axis of the crystal

was along the 2 axis (Fig.2.4).

The incident beam of light was eZ

polerised along the Z axis and ==
was transmitted along the Y i

direction. It was reported that

under optiaum conditions, 107

modulation of the zero order was

obtained with a 50V drive signal

(18). he electrode pitc

300 jim and the length of the

electrodes 6mm. Complete extinction of the zero order at 24 V has

been reported by deBarros and Wilson (30). Although not stated by

the authors it might be assumed that this reduction in the operating

voltage may have been due to the beam being brougat closer to the

erystal-slectrode intertace-The electrode pitch was again 500 [in

but the length of the electrodes were 7 mm. Grating effects

produced in a a5o cut ADP crystal by interdigital electrodes in

contact witn the crystal base has been reported by Scibor-Rylski

(32).

Prelim: é =-y veports of a sandwica type structiuce

been given by deBarros and Wilson (30). These aut!

=A ies



that a higher extinction voltage was required w glass substrate

than vi xt when operated at high speeds. However, owing to the

large difference in the resistivities of glass and Lilo, the arran-

gement failed to operate with direct current. In all these earlier

references, the wavelength of 4 was 0.6523 pia

Diffraction effects produced by an interdigitel electrode structure

deposited on sputtered thin films of Litao, have been reported (16).

Thin films of Litad, were deposited on glass substrates by radio-

frequency sputtering. The light beam was coupled into this thin film

vy two rutile prisms. Incident coherent light of wavelength 0.652% sa

was focused on 7 input prism base and a TZo mode was launched and

propagated under the gold interdigital electrodes at the first order

Bragg angle. A similar Bragg action modulator using a periodic

electrode structnxe has been reported by Hammers and Phillios (17).

In this report, the authors diffused metallic niobium into Liled,

substrates producing a higa index leyer of LiNb ‘fa ax?) - Since the
3

index of refraction of this layer is large compared to that of the

surrounding, this could be used as en optical wave guide. The

effective thickness of tie leyer and the index of vefrection can be

controlled to produce single mode wave guides. The incident Lignt

was guided into this thin film by Srfi0; prisms. The experiment has

been performed at wavelengths of 0.4976, 0.5592 and 0.5328 Jin. It

is reoorted that over 80% of the guided Light was deflected at 5.5V,

4.5V and 6.5V at the above wavelengths respectively.

The electrode pitch and ts of the electrodes were 7.6 pin

and 3 mm respectively.

= Sos

~2



biffrection gratings have veen vroduced in liguids using inverdigi-

tal electrodes and Nitrobenzene as the active wave guide material

plied with an integr: ted(35,34). The modulating field was app gr

electrode structure deposited on to a substruie. The substrate, a

micrescope slide, acts as the base of the channel cont: ning the

electro-optic material. Tae experimentel arrungement used by Polky

and Harris (34) is shown in

figure 2.5. It was reported that
VA oETECTOR

DOUSLE-ENDED' PRISH

with electrodes of length 5 mm

and electrode pitch 24 pa, 50%5

modulation of the incident optical —{— NITROBENZENE

energy was obtained with an SUSSTRATE

epplied voltage of 2007. e

wavelength of the incident li far g- 2:55 »

was 0.6523 Ha. Liguid electro-optic modulator

These modula ‘ors ch have been considersd are arranged with the

light beam travelling parallel to the electrodes. The deflectors and

modulators wnose operating principle is based on the internal

reflection of the optical beam off the vase carrying the electrodes

will now be considered.

Whe experimental arrangement considered by Akira Nishiwaki (19) is

o wm in figure 2.6. The electro-optic crystel used wes Lifad;-

The interdigital electrodes were

deposited on the Y4 surface of

the crystal. ‘The incident 1

vag polarised with the E vector

parallel to the Z axis and th Vs Tomales S30 mes a

Fig- 2-6
Internal reflection modulator (19)

ge



pase, the YZ plane of theb light was focussed on to th

crystal, by the cylindrical lens. The width and the spacing of the

electrodes were arzvenged to be equal to 20 pa. As seen in Fig.2.'6

the interaction length varies with the angle of incidence 8° The

zero order extinction voltaze is now a function of the angle of

incidence @,- It is reported vy this author (19) that for an angle

of incidence of about 0.02 radians, the mininum intensity of the

zero order was obtained at an applied voltage of about 25 volts.

The incident light was of wavelength 0.6528 pa.

A similar type of modulator using Limbo; as the modulating media

hes been reported by Scivor-Rylski (20,32,35). ‘he performance of

the device with the electrodes devosited on the X¥ and YZ planes
:

are presented in these references. The optic axis was along the

Z axis, and the incident beam of light was polarised with the B

vector in the direction of the optic axis. This autnor reports in

these references (20,32,35) that at an @ of incidence of ot

complete extinction of the zero order is obtained at 40V.The experi-~

mental arrangement used by him

a gs as shown in figure 2.7- The

spacing between the electrodes -

and the electrode width was made 
j

equal to 0.1 mm. The end faces 4 =

of the crystal were angled to . Electrode structure

refract the incident beam of Fig: 2-7

Light on to the base of the czystal P.1-R, .odulator (20,

carrying tae electrodes. he wavelength of the incident bea
n of

Lignt was 0.6523 pa.

i>



A bulk diffraction modulator also operating on the principles of

internal reflection of the beam inside the medium has been reported

by Kirkoy (36). ‘he modulator material was a prisa of Lead

Lanthanum Zirconate ‘itanate ceramic(PLZT), which exhibits quadratic

electro-optic effects. The

ceramic is resorted to have had

a composition of Pb,
0.865

129 9970.65 Tig 5595° ‘hn

interdigital electrode pattern

of chromium-gold was deposi

the broad face of the right angled

isosceles prism (Pig.2-.8). The

incident Light refracted through

one of the short faces of the prism is reflected c% wie bese

carrying the electrodes and is refracted out at the other short face.

It is reported that when the device was operated at a wavelength of

0,633 pa with an electrode period of 0.3 mm, and © equalling 200%

complete extinction of the zero order was obtained at about 100 volts.

=1S—



2.5 Diffraction ntings in electro-optic materials

ozoduced by other method

The modulators discussed in section 2.2 have all been arrs

the electrodes uniformly spaced and with electrode spacing equal to

the electrode width. This section consid ments that

have been used to impress a

bean of light.

nent considered by Hammer (37) the volIn the arran;

phase produced by colwans of electrodes on one face of

an electro-opt: stal slab ani a grounded pla on the opposite

face. The arrangement is

shown in Pigure 2.9. ae crystal

used was a Z cut Lilo, . Ghe

ts of a sinsle column vere

connected by @ common bus.

@imensions 'd' and ta' are different
‘GROUND PLANE

for each column. ‘When a volta

Figs: 9

Digital electro-optic modulator

was applied across any particul

coluim end the ground plene, a

grating effect is produced which was characteristic of thet column.

The Y periodic ce field causes a periodic perturbation in the

refractive index. The incident light, polerised in the % direction,

hence encounters a periodic phase chanze and is thus diffracted into

ozdexzs. When the electrode spacing 'd' is equel to

£ the elcctrode the author assumed that the varie tion

that of a square

ebs ct pendex will



be uniform and in the mid plane the author as ed Lint the variation

approxin ted to a sinusoidal function. By azplying a potential

difference between any one colurn of electrodes and the ground plane

the author, Hammer, was able to diffract en incident beam of ight.

As the interorder angle of diffr:ction is 2 function of the geometry

of the electrode colum, the beam could be diffracted with independent

angles of diffraction. It has been reporsed thay for sn incident beam

having a wavelength of 0.6523 pmand. with the electrode pitch equalling

0.3 mwa, 5075 and 740 modulation of the zero order was obtained at 6007

and 5007 respectively

An optical modulacor which impresses a square phase profile on the

emergent bgen has been proposed by Toshio lotoki (33). The arrange

ment used by this author is as

showrm in figure 2.10.

arrangement a periodic erysval

structure was placed in a uniform

electric field. As shown in

figure 2.10, an array of id

LiNbO, rods were bound to form a

slab. The 4 axis of the nei

i : “ Array type modulatorring crystals were oriented in a

opposite direction to each other. Electrodes on both XY planes form

acitor and in effect produce an a9

uniform field within the capacitor. Since

adjac

capaci

composi

uniform rect.



the energy from the zero order is distributed into the higher orders.

It is reported that 100; modulation of the zero order bean was

achieved with an applied vol 68 V. The anthor has also indi-

cated from his theoretical study st by fabricating four 0.3x.3 x 12.5

ma Li THO, crystals, the array modulator would give 100/3 modulation

with an applied voltage of 23¥. ‘he incident bezm of light had a

wavelength 0.6328 Um.

A new form of grabi arrangement to produce bezm deflection has been

reported by Wright and iilson (39). As discussed earlier in this

section, when the < > Spacings are uniform ail equal to the

electrode width it may be ass 1 that an approximate sinusoidal

perturbation of the refractive index will occur. ‘hen alternate

polerities are applied to the adjacent electrodes the transmitted

beam is symmetrically diffracted into higher orders and the far field

pattern is of the Kwman Nath type. However, in this diffraction

pattern no one order beam intensity is dominant. By appropriate

shapin;, of the impressed phas Z, it is possible to deflect a

large percentage of the light energy into a single higher diffraction

order.

figure 2-11, if

9 is adjusted so that 0 = mit

where m is an integer then

maximum emount of en

transferred from the zero order

beam to the m th order beam ie. Fig: an
nha eH ee

them th order dif Ideal saiwtooth phase profile
Fraction band

will be dominant. Since the phase

profile is periodic the wave could be represented by its Fourier

=21—



components. In

(39) (figure 2.1.

phase profile

iree differenti

crystal faces.

incident wave

electrode lengths, spacings, and voltages

ent of bright and Wilson

components of the sawtooth

front by having

macture on the

app-

lied to the electrodes wore adjusted to correctly give the firstJs

three Fourier components of the

desired sawtooth phase prof.

The electro-optic crystal was

Litho, Tne optic axis of the

S along the Z axis. The

electrodes were d

2% planes of the crystal.

pitch of the eloelrodes producing

the fundamental component of

phase delay was 300 pa. The

fundamental and the two harmonic

3.68 mm respectively. ‘The indiv

sth of the electrodes producin,

electro-optic crystal

A } c

input 
a

——>

beam

a deflected

beam

¥y
x

2-12

Cascaded electrode arranzement

g the

ments were 0.9), 2.36 and

dual voltages applied to the

electrodes were adjusted so that maccmun light energy in the first

order was obtained.

The voltages revuired for she fundamental, first

harmonics were 185 V, 40 V end 19 V respectively. It is

hat with these voltages a

to deflect 58); of

by this type ef savtooth pl

reported

Lied to the electrodes, it was possible

2 incident optical power into either the +1 or

voltage polurities.Ge Pp



(40). The electro-optic material was a slab of Lis 056 The faces

perpendicular to the 4 and Y axes were polished end-the optic axis

was parallel to the Z xis. the electrodes showa in figure 2.15

was deposited on doth faces of the crystal, Similer shaped electrodes were

exactly opposite to each other. Opposite polarities were applied to the

adjacent electrodes on one face of

reversed on the covressoading

opposite electrodes on the

opposite face of the crystal

Figure 2.14. ‘the incident bs

of light from a He-Ne laser »

focussed to travel along the X

direction. The beam then. experiences the sawtooth phase profile,

and will be deflected to a

ordsr. It is reported that with

mn applied voltage of about 50

Volts, the beam is deflected to

‘the first order. It is to be

noted that as this device is a

voltage controlled phase grating,

the voltage may be adjusted to

deflect the beam to any higher order.

he crystal, end the polarities were

Z

ve

x

Fig 2-13

Deflector arrangement (40)

a
AS
SK__Phase

pS

¥

Fig. 2-14

Phase change impressed on light

It is reported that when the



& modified version of the above type of deflector

i Minor
inal

we weco) Cr)®8 Q© teroQQ ct°8 Be aconstruction of

modulstor was constract

electro-optic material was LLnL, The optic axes of the adjoining

; ee e 2] : st

erystals were inverted; tne electrodes were of 2 parallelogram shape

and were deposited exactly opposite to each other on
 the two faces

perpendicular to the %

voltages applied to

the adjacent electrodes on

same face were elternately

52.15) andinverted (ref

polarities were reve

ondin; electrodes 0; Crystal

opposite face of eryst-1. In Fig- 215 ~

this arrangewcnt, since the

optic-axis of tre adjoining TEBE CRS) WEIS

erystnls were alternately cihaiyed, the author consicered that the

impressed sawtoota phase profile in this arr nu more closely

the ideal sdutoot: vave than in *aa a&po. earlier arrange~

ment. He has reported tnet vith nine elements each of dimension

hh + 580V of driving

si#ls of dimension 0.2 x 0.8

points fox + 64V 2

72s over 52 db.

he



Taz optical properties of a crystal can be altered by the

application of an external electric field. The electrically.

induced changes of the crystal properties may, in some cases,

be utilised to modulate an optical beam. In this chapter we

shall consider the nature of propagation of electromagnetic

i ste he yariati
waves inside en optically anisotropic ezystal and the variation

of the optical properties with an applied electric field. In

particular, the induce tive index chanses occurring

>
inside a Lino, erystal caused by the applicxtion of a voltage

balled on to a crys

face are analysed in some detail

—25—



21 The Ind &.

Some properties of a crystal vary with the direction of measurement.

The erystal is then said to be anisotropic for these properties

which are generally represented by a second-rank tensor (eg permitt—

ivity, electricel conductivity, dielectric susceptibility) or a

third-rank tensor (eg piezo-electric moduli) or a higher rank

tensor (fourth-rank tensor to describe the stiffness constant of a

crystal) (42).

Consider an electromagnetic wave passing tlirough an anisotropic

erystal., The pagation characteristics will dex nd on the

direction of propagation of this wave. Let 4 and i) be the electric

and displacement vectors respectively. ‘hese vectors are then

related as

Dy= xt Et 3-1

For an isotropic crystal 5 is a scalar denoting the permittivity

and, therefore, and § will be in the same direction. However, in

an anisotropic crystal €)5 is a second-rank permittivity tensor.

The subscripts refer to a Cartesian co-ordinate system where both

k and 1 have the values of x, y and 2. These reference axes are

fixed with respect to the crystal axes.

The stored electrical energy density € is given by

LEDeens a2€ =5°ED

Substituting equation 3.1 in 3.2 the expression becomes

P|
€=5 EE ae

=26=



The second rank tensor fa of an anisotropic materiel consists of

nine ele ne rate of ch:mts, but by considering ge of stored

energy it can be shown (43) that

=K* “x sf

Therefore, the permittivity tensor will be sy yrmetric and have only

six independent elements. This symmetrical tensor can be diagona-

lised by opriately choosing the reference co-ordinate axes.

The new sets of axes are called the principal dielectric axes and

equation 3.1 may be written with reference to those new axes as

Dy cy) OO Ex

c

Dy = ° €y 0 Ey 3-5

Dz Ce hee) | lee

where X, XY and 4 correspond to the principal dielectric axes (44),

by substituting equation 3.5 in equation 3.2 the stored energy is

obtained as

Dz

£5 376

C: NNO
oO u Nim sos,

eya
x

=2/ =



K,, K., and K, are known as the principal dielectric constants anda Sy? 2

are equal to the square of the index of refraction in the X, Y, and

Z directions respectively.

tive indices in the direction ofLet n|, n., end n_ be the refrac
a %

the principal axes X, %, & respectively.

Equation 3.6 now reduces to

a a

prs 7 3-8
LS2£5€ ny

This equation shows that the constant energy density surface in the fi

D space defined by D, D., and a is an ellipsoid. In order toyy?

find the indices of refraction it is convenient to analyse the

equation of [the index ellipsoid. This equation is obtained by

replacing

Dy Dy nd Dz by XY and Z respectively
A 2€€) “Vi22,6) (2 o£)

he equation 3.8 is then writsen as

2y z? ;

aoe ao) + =a = i 3-9

ny ny nS

omy

This equation now corresponds to an ellipsoid. The ellipsoid is

knowm 2s the index ellipsoid or the optics] indicatrix.

- 28-



An optical bean travelling inside a crystal in any arbitrary

direction is resolved into two components. ‘The polarisation of the

two components will be mutually perpendicular to ez 1 other. Tae

index ellipsoid is generally used to determine the to D vectorsE & a

and the two refr: 79 components

of the wave. Geometrically tt 32 parameters are found by considering

the plane of intersection of the index ellipsoid and the plane

normal to the incident beam which passes through the origin of the

ellipsoid. The intersection curve is elliptical and half the values

of the major and ninor axes corresrond to the two refractive indices.

directions of 1¢ D vectors are parallel to e major and

minor axes and thi phase velocities of the two coaponents are

determined by the respective tive indice:

In a crystal, the relative

of the elements of the dielectric tensor. When all v

indices are equal e ellipsoid reduces to a sphere and the crystal

is said to be optic ally isotropic. ‘hen two refractive indices are

equal then the ellipsoid reduces to a spheroid «nd the crystal is

said to be uniaxial. If all the refractive indices are difverent,

the optical indicstrix is a general ellipsoid and the crystal is said

to be biaxial. whe biaxiel crystals have wo circular planes

passing throu, erystal, one circular plane

sr ofand in the isotropic crystals there are an infinite m.

He origin. When an optical beam

, the two

¢ equal values



The direction of normal to the circular plane is called the

optic axis of the crystal end is in general defined as the 2 axis

(44). Hence, for the uniaxial crystals, the index ellipsoid reduces

to

2 z 72

aap + + a, eee 3-10

No Ne

where n= =n and n =n.
x y ° 2 e

ny and n, are called the refractive indices of the ordinary and

extraordinary rays. In the index ellipsoid if ny is greater than

Ray the erystal is called a negative unisdal crys wal (eg LiNbO3)

and if ny is less than ny then the crystal is called a positive

uniaxial crystal (eg Lifed,)

3 ice: : 5

The application of an external electric field changes the elements

of the pormittivity tensor. As seen earlier from xi on 3.7 the

refractive index is a function of the péimittivity. Therefore,

the propagation characteristics of an electromagnetic wave will be

altered when an electric field is applied to the crystal. For

simplicity, assume that the displacement vector and the electric

field are in the same direction. In general, these vectors are

related as

ao Z 3
Drcseke+-ae ee isles 3-11

-30-



° A
3 2,8, ++. are constants (42).where

The’ permittivity tensor €, is defined as aD, / OE, (42)

Differentiating equation 3.11 gives

€ uN

2
k°o+2GE + 3BE +--- 342

From equation 3.7 the dielectric constant is then given as

£ 3-13
°

IF 2
K =} |k°s 2aE + 3@E+--]

The dielectric constant is equal to the square of the refractive

index and, therefore, by representing equation 3.13 in terms of

the refractive index, we deduce that

ee Oo awae Soa 3-14

Ce cs A ; -
nis the refractive index at zero applied field 2

are constants. In the avove equation, the linear term (a8)

contributes to the linear electro-optic effect (Pockels Effect)

=e + ‘
and the quadratic term (b3~) contributes to the quadraticzoe

electro-optic effect (Kerr Effect).

In crystals which possess inversion symmetry, the refractive index

is unaltered by a reversal of the applied field. This occurs only

when the constants in equation 3.14 with odd pow

Therefore, in these crystals the linesr electro-optic effect

cannot exist. However, quadratic effects can occur in crystals

with inversion symmetry.

It is to be remenbered 4:

D and £ areassumpbion t! does nob occur and

Dand & are not narallel, an external electric field applied to tire

-31-



erystal may again change the dimensions of the axes of the ellipsoid

(equation 3.9) bus the ellizso: rotate. The deformed index

ellipsoid may then be represented in general terms asE 2 é

5 neg
Xx Y +a Z+(a_48 )YZ+(a_+a )ZX4(a +a _)XY¥ =1By FA e FA? FE ras NZ la +8 2X +(a +8) .

nao,

and since the permittivity tensor is symmetrical (Squation 3.4)

a isa a =a_ and na
23° ap aes “2 21

Following the Voigt notation (43) tris equation may be written

as

2 2 2
ZL NZ? ato eacai ky = A 3-16a,x ss nc a 2a + a, + a.

The cr, al considered in tnis thesis is LiNbO, which exhibits
3

the linear electro-optic effect. ve shall restrict

ourselves to the linear electro-optic variation only.

For crystals which exhibits linear electro-optic effects, the

changes in the index of refraction may be represented in terms of

the linesr electro-optic coefficients and in the matrix notation

these may be written as (43)

"4 4) te |

Chapter 7 for the complete expressioa for the change in refractive

index)

39)



The coefficients al ..... a6 of equation 3.16 isay be conveniently

represented in terms of the refractive indices as

1
= r. 3-18Ey 2 eit. EL

kt

where i=1,2, ....6 Ti, is a third rank electro-optic tensor,

‘When i =4,5 or 6, fron equation 3.9, Yn, is zero as no terms

of the form YZ, ZX or X¥ appears in that equation. These are the

terms in the equation 3.16 which gives rise to the rotation of the

index ellipsoid.

It was stated earlier in this section thet the linear electro-optic

effect can occur only in crystals lacking an inversion symmetry.

This requirement of no inversion symmetry is necessary for linea

piezoelectric effects to occur in crystals and a (3 x 6) tensor

defined as Gas describes this property. ‘The form of the Ply and

das tensors are uniquely determined by the point group symmetry of

the crystals. The form of the electro-optic tensor is obtained by
,

replacing ass by Ty and is defined by a (6 x 3) tensor (4,3).

-The total number of non vanishing electro-optic coefficients can be

determined by the crystal symmetry.

3.3 Hlectro-optic effect induced py

interdigital electrodes on crys.

In the previous section it was shown that the i ellipsoid can

be deformed, resulting in a change in the phase veloc. Ss of the

optical wave by the application of an electric field. This depen-

dence of the phase velocities on the applied electric field can be

utilised to modulate and deflect an optical beam.

<3)



This thesis considers the effec

refractive index inside the electro-optic medium. ‘n appropriately

polarised incident beam which experiences this perturbation will be

diffracted into the h: sner orders. The periodic variation of the

refractive index is achieved by applying a potential to a periodic

electrode structure deoeitsa on an electro-optic crystul. The

performance of modulators and deflectors are generally characterised

by the voltages reauired for extinction of the zero order and the

voltages required for deflecting the incident energy to the higher

orders.

plication of an external electric

i) a change in the lengths of the ellipsoid axes (refractive

indices)

ii) a rotation of the index ellipsoid giving rise to a rotation

of the planes of polarisation of the beam.F

This second factor is not desirable in the present application as

the voltages required for the diffraction effect are dependent on

the plane of polarisation of the ineiaare beam and, therefore,

suitable crystals must be selected which will give a large change

in the length of the ellipsoid axes out with zero or

contribution to the rotation of the ellipsoid.

A close study of the available electro-optic crystals with large

electro-optic coefficients suggests that (45, 46, 47, 48) the

triclinic, monoclinic and orthorho: classes of crystal are not

suitable for this purpose (a fow of ¢ lest two classes of the

crystals have reasonably large electro-optic coefficients but they

are difficult to produce as large crystals with consistant optical

ee



quality). Therefore, the follo.ing discussions will be broadly

based on the remaining crystal classes.

When an electric field is applied to the crystal the deformed indexoS v

ellipsoid equation may be written using ecuations 3.17 and 3.18 as

x + %Fy+ ngeel® +(15+ 5 Si geereY
yi

a(r Ey +1 oF ve ie

t E
(ao "4
ny

1

Vat BE x + 32Ey + S322
Z

rE IXYa1
51 X* 52 ae

aa

IZX,2(r B
Z Ext S2Ey* 'ga%z

Consider an interdigitul electrole systen deposited 01 to a polished

face of a crystal. The reference coordinate axes are taken to be

along principal rystal. for simplicity, assume

that the incident lis tiing along the direction of the

ates (Fig 3.1). The electrodes

are in the XY plane and are

periodically spaced along the Y Z

direction. The electrode len,

are along the X axis. ‘nen alber- Fs * ae

nate polarities are epplied to the Fig 341

adjacent electrodes, a fringing ; . ;’ = chase Crystal—electrode configuration
field Penestrates into the crysta

thThe expressions for e different components of the fields are

derived in chapter 4. In order to ensure that the incident bean

experiences a per: Lodicaliy varying refractive index, the optical

Jd be directed clon length of the electrodes (X axis).

angement co idered in figure 3.1 the electric field

inside the crystal will heve components Band E_ along the 4% and ¥
7

directions respectively. The optical indicatrix will be deformed

-35-



by these two comeonents and the modified index ellipsoid may be

written from equation 3.19 as

2 2
(Low 4Fy+ ee )X 4(Laneyet Sa

n. ny
y

( C Ee Be hele Ch eee Iz,
me oe) ae PEN LG ae

z

Ea Ey + SaezE_) ZX Dine e
Fi 0 -y

jak 2) ool 3°20

When the incident beam is along X direction, the ellipse which

determines the two refractive indices is

2 2
E E)Y E prebe lee 2 pee Za
a are) aligtig yes = * loys gee!

y Zz 3-21
The first two terms determine the lengths of the major and minor

axes of the ellipse and the tnird term corresponds to the rotation

of the ellipse. An identical equation can be obtained for the

case wnen the electrodes are deposited on the ZX plane with

electrode lengths along the X axis.

For the cases where the electrodes are deposited on the XY or YZ

Planes and the electrodes are parallel to the Y axis, the equation

of the ellipse reduces to

: 2 2
(ye tice gE) X + (14 5+ BEI + 2(L EGE NZX = 1

= 3-22

A similer equation can be obtained for electrodes deposited on the

2X or ZY planes with the incident beam traversing in the Z direction.

It can be seen from theso

Ss F,., Pp, and r,, do not contribute to either the chang4a? *52 63 & contribu te eit! the change

in lengta of the axes of the el psoid or to the rotation of the

ellipsoid. If the geometries are as chosen,then crystal classes



three non-vanis Bi coefficients, but with all

other coefficients equal to sero, are not s ole for this appli-

cation. These are the 422, 2m tetragonal 43n cubic and 622

hexagonal classes of crystals (42). However these crystals (eg

may be used when the crystal is not cut along the principal, axes.

In the remaining classes of crystals, materials with relatively

large linear electro-optic coefficients are Litad,, Belo,

Ba Dh Tad. 39 and TINO, - LiNbo, was the crystal chosen for the

work in this thesis. This was because these crystals are

relatively ct ap and readily ava ble with consistent optical

ctric (Curie fT cure 1483°k),qualit Se LinbC, is a ferro-<

uniardsl crystal. ‘The point group symmetry is 3m, and by convention

(42) the reference % axis was chosen parallel to the optic axes.

In this convention, the electro-optic matrix for LilbU, may be

written as

3-23OO" Oo. OS °o

0 0
i!

6

It can be seen that the coefficients of the electro-optic matrix

satisfy the earlier condition tt r olemants beside r
Ay?

T55 and P63 should be present if the principol axes are chosen to

oO

Gefine the crystel faces.

-37-



Substituting the above electro-ostic tensor coefficients in

equation 3.19 the index ellipsoid reduces to

2
Z(4 + Sp Eye gee IX ele Fyt bake) ree

ny y Oz

IXY = 4 3.24AEE, 20 14 20h Be

In the electro-optic tensor defined in equation 3.23 only four of

the coefficients are independent for the crystal Boo, end for this

erystel (78,79,80)

ae = “Mo =- re mes es 0" m/ V

4 = "9 = 28-0 ae m/V

"3 = 53 = 86 Lae, m/V

ras = 30-8 x10~ m/V

In designing an efficient modulator/deflector the direction of

propag2tion of light must be selected so that the coefficient 33

is retained in the final ellipse obtained. ‘The modulators

described in the thesis were arranged with the crystal faces

defined by the principal axes. However, it is expected that

improved performance would be obtained by choosing an optimum a:ds

configuration. This is indicated in Chapter 49 of this thesis.

The different electrode planes that could be considered using

a crystal cut along the principal axes are as shown in figure 3.2

The case of electrodes parallel to the Z axis hav2 deen neglected,

since the component of the field along this axis reduces to zero,

consequently the change in the refractive index is saali,

-38-



i) Electrodes in the XY plane

and electrodes parsliel to

X axis

ii) Electrodes in the XY plane

and electrodes parallel to

Y axis

iii) Electrodes in the YZ plane

and electrodes parallel to

Y axis

iv) Electrodes in the % plane
Electrode planes

and electrodes parallel to

X axis

As discussed in Chapter 2 in order to experience the intense field

region inside the crystal, the incident beam of light is reflected

off the face of the crystal carrying

the electrodes. Consider the first

arrangement where the electrodes are

deposited on the XY¥ plane and the

electrode fingers are parallel to the

X axis (Fig. 3.3)

Coordinate transformation

The modified index ellipsoid is given by

2 2
1oe te z!x + 3+ moEy + EZ NY es

°

E,ivz 21 3-25

epee et May!
e

i BF
(t+ 42
No

(

where n= aniy? ne a This equation is obtained by equating

5, to zero in the equation 3.24. Let the incident beam be in the XZ

=33-



plane and in a direction X'. This direction X' is at a angle 8 with!

the X axis. The two refractive indices experienced by the two

components of the beam are given oy the magnitude of the semi-major

and semi-minor axes of the ellipse formed by the intersection of

the ellipsoid given by equation 3.25 and X' = O plane. In order to

obtain the expression for the ellipse, first transfer the reference

coordinate system to the new axes X' ¥' Z' (Fig. 3.3) and then

substitute X' = 0. In the X' ¥' Z' coordinate system, the. ellipses

of intersection is

[sin?a ,cos%9 4 (1,6 sin26 +4 3° 2 sin 18.4 taes cos28) Z,
7) x

No Ne

2
A iy 2 eS4, Piles of 2)| + 2% EycosalYzZ = 1
0 

os 26

In the above equation, the quantities in the brackets shaped as ( )

are introduced by the applied field.

This equation may be written as

a i feryizs 3-27Zs 2 Lima A 3+ + eae =
. Z 2 2
y! a) Dyige

2a e) 5Vhere noes no 2, ty! correspond to the reciprocal of the

coefficients of Ce 2 and {' Z' of equation 3.26. It is seen
that the cross term Y' 4' which causes the rotation of the ellipse

appears in this equation. Let the angle of rotation of the

principal axes of the ellipse be ~ . angle is given by the

expression

ts 2 re Wee = Wh ;tan 2a =( 21M a) ( Inye no ) 3-28

20



Substituting the magnitudes of the Th cosificients for ee which

are given on page 33 into this expression, the numerator is found

to be very small compared to the denominator and, therefore, the

angle of rotation will be negligible. The chaanges in the indices. of

refraction can be obtained from equation 3.26 by e

coefficients of x zi binonially. For the change in the index

panding the

s : oe

of refraction along the Y axis we have

2
hy = — + 3-29

“a 13: 22 Ey* 3 z

OL Leos
Taking the square root and expanding binomially then

2 \ Sny = Mo] NG! ey t ees 3-30

and, therefore, the change in the index of refraction is

Se pee) 3-31PensAn, =-1ng (ney
2

v

Similarly for the change in the Z direction

ae) 2 aan) :
Anj--4 (43 Sin®@ — ty, 0S BE, lp sin“ Ey | 3-32

be sinfg , cosa | 2
2 2

No ne

In this equation Yio has besn replaced by -r,,

Similar expressions cold be obtained for the o sr three cases

and the results are summarised in Table 3.1. in «11 these cases

the rotation of the ellipse is n: Loe

-4) -



TABLE 5.1

Change in refractive index

(243010 o + 15,008°8) B= To's, ain’
3.

sin?a + cos8 =
2 2:

1

case(i) of 2
Be
2

0 a

>

Ansys 7S no

ease(iil

t e An, =—- 41. (5,43 sin°0 + r,,3 c0s*8)/( sin79 + So.
Z 3 133 33% 2

n n
° e

>» z*An,, =-in, P35 3,

ease(iii) 3 i z a,
Ans, = “i mn (2458, - 2x58, 0039 sin?)

case(iv) 4

5 3)

ne changes in the index of rofraction in the 4'. direction which

corresponding changes. This is because the change in the refractive

index: along the 4' direction contains the P33

12
(30.8 x 10°-“m/V) which is very large compared with the other

coefficients (735; Tp9)+ It is apparent from this table that, in

the first two cases, the periotic variation of the component of *

field per: icular to the clectrode surfs determines the

jon of the refractive index. owever, in the list two

cises the component of the field which is parallel to the electrode

ion of the index of refraction. for

this reason end m in the experir

tne devices constru course of this work, for a

aztrical phase grating (ch er 5) any one of the four cases
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can be selected. However, in the asymmetrical ph

er 6) only the first tvio cases ca be used.

Using these equations, the total ch: active index

and, hence, the total phase change impressed on the transmitted

beam can be calculated. Consider

the experimental arrangement shown

in figure 3.4. ‘shen the incident

Pp

t
'

beam reflects off the electrode a
' '

face, it experiences an electric i g \ x
Swit eR
eT

Fig. 3-4

é ea inctio :y are functions Internal reflection arrangement

of Z and Y.

In the follo ing section the < total change |

whe transmittedthe refractive int and phase change impressed on

beam are derived.

3.4 Principle of the theoretical derivation of the

total change in the index of refraction

fhe method of Geriving the changes occuring in phase is given below, In\the

derivation it is assumed that the electric field is confined to the region

PQRS of the crystal (Fig 3.4).

the olectrodes be 2b. The light is reflected

:etrodes (S).

sed on the ermsmitted beuwa ihon the
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fhe relevant expressionsWhere A is the

Q ky eeofor the components of the electric id ure derived in the next

chapter. : . ,

she =



LNTRODUCTION

The theoretical evaluation of the field induced in the

erystal by different electrode configurations

The propagation characteristics of electromagnetic radiation

inside electro-optic crystals change when an electric field is

applied to the erysbal. ‘jhien en interdigiteal electrode structure

is deposited on to the face of an electro-optic crystal and a

voltage is applied, a fri ictrates into the crystal.

odically chimes the index of refraction

3 te appear inside

te proper

the incident light energy

is diffracted into the higher orders. In order to estimate the

energy coupled into the hi. sr orders, it is necessary to estimate

the phase change impressed on the transmitted bean of light when

it traverses through the perturbed medium. The phase change

impressed by the medium is a function of the applied field. In

this chapter, the expressions for the different components of the

electric field intensities produced inside the electro-optic

erystal when a voltage is applied to ferent electrode structures:

deposited on to the face of the c tal are derived.
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don to the

ute electrodes

solution of the field inside the

crystal is only possible if tlie

boundary voltages on the crystal

face is defined. An exhaustive

solution for this voltage may b2

found by numerically solving the

Laplaces equ

Voltage distribution

> factors, upon the cross section

r of 4 electrodes.

It was considered thit the detailed solutio ~ the boundary volts

was not warra das only an indication of the field distribution

inside the crystal is required, snd thus the assumption that the

uniformly distributed between the electrodes was made. The

electrodes are assumed to be conductive so that the

ectrodes,potential remains a constant (V5 or Ve) along the e

the assumed voltzge distribution along the boundary

itch of the profile be 2d and the spacing between

bouring electrodes, 2ad ani 2bd.

potential distribution { p,? $21 surface m2

> Fourier serepresented oy

~46-



Pisa SS A cos nt +) 8 sin nna ° n an n al 4A

n n

where n= 1, 2, 3,-- and Ao» An, Bn are constants of the Fourier

series.

These coefficients Ags An, and Bn may be obtained by Fourier analysis.

Choosing the reference axes through A as in figure 4.1, it is apparent

that the wave profile exhibits sine symmetry and, therefore, A, and
0

An reduces to zero.

By is given as the solution of

x

Boomer es, sin ny dy LD

H NX d, a

tion describing the Fourier

coefficients, tms

vhere 0 rs _

and BS is the wavelength
es 5

file st

ae sinlbni) _ cos(nm)-sinlanm) |° 4-3
4 nil-b nit : Nit-anit

1Gre

N= 4,2,3)-

by substituts equation 4el

- \2V, |sin(bnit) _ cos(nit) sinfang) | sin nn- > ° | mit bn nit ant dy
yhere n zt Lh

Me 1.23).
In particular for the case there the spacing between the adjacent

electrodes. is the same ie 2ad=2bd, 8, reduces to

g = > 4% sintanit) sin nity
@ nit antl d 45

where 2
n=1,3,5,- sas
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2 __Poterfoi

The Laplaces

co-ordinate syste

Py 2

«, 14, + <, 38 + <,28 =o 4-6

4 5 oF and in the directions

The dielectric media is assumed to be

Z

X, Y and Z resne:

charge free. In figure )..2 the

Z axis is perpendicular to the LiNbO.

Plane of the electrodes and the

+= +=

Fig- : 4-2
length of the electrodes are

parallel to the X axis.

Crystal~electrode orientation

method ofThe solution of equation 4.6 be obtained by +

substitution. Assume a solution tc “hie above equation is of the forn

g = tx) g(y)h(z) he?

ynere is 2 function of x only und non sere

is a function of y only and non sero

is a function of g only and non zero

Substituting this general solution of #§ in the Laplace equation, ie.

equation ,.6 and dividing by £(x)g(y)h(z)

then

2 21 Mee). 1 Sor) 1 hte) 0
1 FR a2 ~ oO) ay? ar hiz a2

4-8

Since each term of equation is a function of one variable only, each

of these terms mist-i ' reduce . to a constant for the

equation to hold for ; arbitrary value of 4, Y, and 2. The restri-

etion on the values of these constants is thet the sum of

ust reduce to zero to satisfy right hand side of the
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equation.

£ figure 4.2 the electrodes were parallel to

2 vahie of Y and Z, the potential

remains constant for all values of X. Therefore § is a function

dy) Sea nieeeOan(ZiEes 0 4-9

this equstion becomes

Z Z
1 O'oy) , “3 1 Ohiz) -0 410
Ta 2 We

Bach of these terns, being functions of one variable only, must

reduce to a constant and thus

1 fay) 12 =0 oF “aly +k, IL-0 bl
dy" dy

€ 2 2 2 2<€3 1 d*hiz) .k5=0 or d hiz) .ko <2 blz) =0
ae Zz

6g NU) ae dz 3
— . 4-12

where ke and k are arbitrary constants and the only restriction on

these constants is tht

aaeer teas 0 413

From equation 4.11, if the general solution of g{y} is assumed to be

of the form

= i y) 4-4wh, sintky y) +A, costky 4,

where A, ani 4, are arbitrary constants
1 a
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al. solution of h(z)

h(z)=B exp (k shee fp bade psf ae 445
3

where By and, By are arbitrary cons ts.

the general solution of the Laplace equation would

form

ky Zz

: ‘ ce 4 3 4-16p= A,sinkkyY}+Acoslky ¥] B e + Boe

ary constants Ay Ags By B, are ke of the above solution

may be evaluated by consideri boundiry conditions.

1) then Z = 0, the value of the potential cin4 sign with a

change in the sign of Y

ie, eo Ml
1

< No.Zao

y=y

ie. § exhibits sine symmetry with respect to Y. Therefore, the

potential distribution at the surface of crystal electrode inter-

face must exhibit sine symaetry.

Therefore fe)

; rey : Los as
2) Along the Y axis, § is equal to zero when X is zero or an

one eger milti of d. Thus k_ will be equal to mitzd wher
y,

mis zero or an integer. Fran equation 4.16 it can be seen

that the c 2 of m equal te zsro is trivial, ce this is the

emg 0)



= Slee : = Come ) sin Om y LAT.

where

Ee 2 352. :

3) As 4 tunds to infinity, the rotential ~ tends to sero, and this

condition is satisfied in the above equation by placing Can

equsl to zero and. thus

[£2 mitt
€4 d ;

d= c ae, sin mit y 418
where m au
m= 1,23iene s te

4) When 450 the potential distribution ¢g is si sn by the potential

--distribition along the electrode - crystal boundary

B= 2X) [Sinton g costo sippstt | sn tty
phere nit bit NTt- anit d

DiS 2esieccas
oo may now be determined by equating these two equations

(4.4 and 4.18) at Z=0, and, hence, it follows that the general

expression for the potential distribution inside the crystal

is

~/-2 Mt,
p=2y,S [fintbom _ costrmsiniannl] oY 29g=2% 5 sinfbntt) _ cos(nn)sinfant | e sin hy

ATlbnn nTt-antt
where 1
e125 ee a eG92-7 >
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In particular if we consider an elect: such that the

ial distri-

a £3 ds
p= ay) sin fama) ¢ 2° sinmny 4-20

NT nya dite

where

Diet, SOs.
In determining the potential crystal it is

necessery to distinguish between the zero f eticy case where the

equivalent resistive network determines

and the high fr ‘lent capacitive nettork

[In the c2se there the

on inside the

fer thase con ong, the distribution of § is

ation of the form

2 2
Gg Geol2 ey ag

fais assumption has been made a3 further information on the samples

used in the experiment was nob available. The ma: icturers figure

for the electrical resistance of Lilbo, is 5x10" °2.M @\ Honever, no

advice was given as to whether the meeeraces varied in the

different directions for tl.c samples obtained, but it was of interest

ys

blish ti possible differences of the diffraction effect that

might be expected between the two equivalent networ!s considered for

That is the high fre:the cry ency case equation 4.19

and the zero fret ney case given by the solution of equation 4.21-

Later experimental work (ref. Shaper 7) has }



assumption that the resistances in different directions are the same

apsears to be reasonable

The solution of equation 4.21 will be similar to that of 4.20 with eo

and €3 omitted from the solution. That is

~ vs

= LV i ) we in nT .
fo =4% >’ sinfomal e © sin ny 4-22

n

vhere

nisnlegas, eae

rom the solution: given by the expression 4.13 it can be seen that the

potential distribution inside the crystal is a function of the electrode

piteh (d) and the electrode spacing (2ad, 2bd). For simplicity if it is

assumed that tne spacing between adjacent electrodes are equal sien the

potential § is a function of 'a'-and 'd'.

In order to*study the nature of the potential distribution inside the

crystal,a particular electrode arrangement was coasidered. In this

arrangement, the magnitude of 'a' was taken as 0.25. this gives a symm

etrical electrode confisuration where the electrode width is equal to the

electrode spacing. Tae value of 'd' , the electrode pitch, is assumed to

pe 0.1 mm, as this is of the order of the value chosen for the experimental:

arrangement.

In determining the potential distribution inside the crystal, two dizferent

cases should be considered.

i) Applied voltage at zero frequency

‘4i) Applied voltage at a high frequency

In the first case when the apolied voltage is at zero frequency, the

potential distribution inside the crystal is given by the equation 4,22 is

It is seen frou this equation that the potential distribution inside the |‘7 v

crystal is thé same hea the electrodes are in plane of the optic axis

~53-



or perpendicular to it. However, the potential distributioa in the high

frequeacy case changes with the electrode plene . wherefore two electrode

conficurations caa be considered for the hish frequeacy case. One, the

6.electrode plane along the optic axis, and the second, the electrode lane

eroendicular to the optic axis. the dielectric constants along and

perpeidicular to the optic axis were assumed to be 28.6 and 84.6 respect—

ively. these values were taken as they correspond to the dielectric

constants of iO; » the material used in the work described in the thesis.

The potential distributions for the zero frequency and the high frequency

case th electrodes in the piane perpendicular to the optic axis are

givea in figures 4.5.1 a and respectively. figures 4.3.1.b

and 4 2 b shows the penetration of the potential inside the crystal.

Similar ylots can be obtained for the hish frequency case when the electro—

des are in tha olane paralle: to the optic axis.

Comparision of figures 4.5.1 d and 4. > show that,in the arrange—

ment considered, the penetration of the potential is larger in the

anisotropic case than in the isotropic case.

Phe depth of penetration of the potential inside the crystal is an

important consequeace for an arrangement when. light travels parallel

to the electrodes as described in Chaoter 2. liowever, for the internal

reflection modulator, this penetration depth while important may not

be the most important nz factor. in this internal reflection arra—

ngement, rained by the integral of the product

of the eld intensity and tae incremental path length.
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VS ectric Field nsice the cry

in this section expressions are derived for the electri

intensities inside ‘he electric field intensitics

(or the co: ment of the ) is calevlated from the derivatives

of the potenticl

B=- grad (9)n

-(i jioe Siew eur) 4-23age eas #

where i, Jj, & are the unit vectors along the X, Y, 2 directions.

he electrodes are arrenged porallel to

4:24
m u oO u

1 iQ’ = wm : ww mR

For the general. case where vn 2ad and 2bd are

not equal, the potential iis tion 4.19, end fren

this equction the derivatives Sy and Ez sre obtained as

Ev 0

f2 oe
Ey =-2\) fete _ cos(nm)sin(nit al e on cos Aik y

n
ott pate nr anit

[2 nil,

E.=2V. sin(bntt) _ cos(nt)sininta) |e (F2 nit) sin nit y
Z 97 Vn boi nit ant J 4 d

H —— 4-26

where

nheizZ3
Hose - oe
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iven by

=-4V sinflann) e DM cos Nm 4.27Ey eo. nit anit d d y

E_=4V sinlann) (£2 nm) si 4-28y ee in e 2 ether ay

e fields with the

tke proper

+ Vibic equal spacings between ~

of a crystal is

etric field peretraves into the crystal are

idered. Three cf these assume constant 'd' and varyin, ge fat

while ‘the other three have constant 'a' and varying 'd'. Theying

ent values of 'a' and 'd! chosen . re surmarised in Table 4.1.

TASLE 4.1

vonstant a Constant a

1) a@ = 0.125 a= 0.10 m 4) . a i -& am 1= 0.075nn

2) a= 0.25 a@=0.10 nn 5) a hi ° : nN uw a u 0.10 ms.

3) a= 0.3575 d= 0.10 nn 6) a u ° . nN UW a " 0.12 uv mm

-58 -



sis of the co-ordinste

tions of the compor

tisbe

4s discussed exrlier, for the isotropic case where the r? P

ere assumed equal in ell directions, the poten

and, therefore Ex reduces to

ticl distri-

e crystal remains unaltered when the plane of th

electrodes is parallel or perpendicular to the optic axis.

considered for the arr

components of

ch the electrodes are deposited.

in Table 4.2.

The different possibil

% of tie electrodes and the correspon

distribution inside the crystal will vary with the plene on

ties

terest are summarised

lLectrodest to

PABLE 4.2

Anisotropic case Isotropic case

4) Component of H1to 3) Component of #1to
the electrode structure the electrode structure~

the electrode structure

the optic axis|2) Component of 2/7 t%o 4) Component of Z/ to
the electrode strucutre the electrode structure

5) Vonponent of B14 to 7} Component of ELto

Electrodes/ to the electrode structure the electrode structure
the optic axis|O) Component of 84 to 8) Component of ¥7to

the electrode structure

Of course for.the isotropic case fror,

40) 7, end of to Bs

by10h ar COMr tts of the ield ecro

Table 1.2, case 3 is

In order to siudy the vari.

« Gifferent cases in some detail, we shall first see the

‘oss

tion of these

yeriation

ss the electreds



widths for case 2.(a=0 +25 d=O.imn)of Table 4.1.' these variations wore

“ commited for the zero frequency 29 and €, ere
3

21d wasomitted from equation 4.28. The a, component of the fi

calculated for three different: values of 4, the perpendiculur ¢

from the elecirodes. The three values of 4 being 0.025, 0.05 and

0.075 ma respectively. It can be seen from these plots (Fig-4..40h)

that when 4 is equal to 0.025nm and 'a' is 0.25, the theoretical

maximum occurs at a distance of about 0.02 mm from the centre of the

electrodes. This may have been due to the electric field concen-

tration at the edges of the electrodes. Nowever, whon the value of

Z was increased, this effect was not present and tne maxima occurred

ication ofat the centre of the electrodes. therefore, as an i

the variation of the perpen lar component of the clectric ficld

wit: distance, for e different electrode-crystel configurations

the variations of this component along the centre line of the

electrodes wis studiscd.

A similer plot

electric field

the maximum of +

Ynerefore, the variation parallel component with distance fran

the electrodes was studied along the perpendiculir line passing

through the centre of the electro: ing.

Figure 4..5.1-3 shows the variation of t 1e perpendicular componcne

of tice field with distence from the clectrode face

and the two anisotropic cases resp

different curves on exch figure corre: mds

Table 4.1. i
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1.04
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0.0
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1.50

0.52
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0,0

Fig. 4.501 Variation of 5_ with 2
3

Isotropic case

Electrodes in the 4¥ plane
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1.50

1.04

0.78

0.0

x 1072

Electrode plane perpendicular to the optic

exis

C.01 0.02 6,03

Variation of B with 2

Anisotropic cese €4= 84.6

Electrodes in the ZY plane

~§3-

0.04

a tt th a

0.05



Os78

0.52

BO x 10 ?

Slectrode plane parallel

0,04

Fic. 4.5.5 Variation of =

Anisotropic case

Electroces in the }

~§ 22

to %:

0.05

optic azia
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Let BE, denote the perpendicular component of the field measured

rs

along the line centre of an electrode, and 4

denote the £

Graphs 1, 2 and 3 of figure 4.5.1-3 show the variation of y with

4 when the electrode pitch remains unaltered and the electrode

spacings varied. It can be seen from these plots that the magni-

tude of a at the electrode-crystal interface increases with an

increase of the electrode spacings. However, this component

decreased more rapidly with an increase of Z when the electrode

5 (corresponding toSpacings are increxsed. The plots h, 2

cases 4, 2 and 5 of Table 4.1) show that the mgnitude of Lb, at the

electrode-crystal interface increases with decrease of electrode

re rapid decre:se of 5,

occurs as the electrode pitch is decreased.

1) At 4 equals zero, EL,

spacing when 'd' is kept constant.

2) At Z equal to zero, BE, increases with a decrease in the electrode

pitch when 'a' is kept constant.

The anisotropic arrangement where the optic axis is perpenci-

culsr to the electrode surface (figure 4.5.2) and the

isotropic cese : (figure 4.504) clearly indicates that for LiNbo,:

3) With the electrodes on the plane perpendicular to the optic

axis, at a distance less than d/4, , is grester than that

$

f
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axis is parsllel to themt were the

imrortance when the

perpenciculer f the field is considered. ‘The detailed

study of this effect is given

5) At 2 equal to zero, the value the isotropic case is less

the decrease of thethan that for the anisotropic

magnitude of 5, with increase in Z is much sharper for the aniso-

tropic case than that in ithe isctropic case.

6) In the isotropic arrange: mt, the magnitude of a decreases to

approximately half of its value at Z=0 wien the distance from the

electrode surface is a provimately e/3. For tne snisotropic case,

a similer decrease ay ccsurred when 4 is considered at a

distance of about a/}, from the electrode

considered. The carlier graph (figure 4.4.2) shows that th

value of tite parzllel component of the electric field occurs at the

centre of the electrode spacing. Let BY dencte the parallel

component of the ficld measured along the centre of an electrode

spacing, and Z is again assumed to denote the perpen lar distance

from the centre of the electrode spacing. Equation 4.27 indicates

that at the interface ie. 4=0, the magnitude of = is the same for

the isotropic and for the two anisotropic cases when the electrodes

axis.

& forwit e threc different arrangements «re

figures 4.6.1-3.

Ln



Mw BS nN

2.86

2.60

2.54

1.82

P1555

30°

0.75

0,0

0.0 o 2 °

Fig 4.6.1

0.02 0

Variation of 5

Isotropic cese

Electrodes in ne EY plane

0.05



2.54

1-04

0,78

9.25

Blectrode plane parallel to the optic axis

0.0 0.91 0,02 0.03 0,04 9.05 0.06

Fis. 4-4-9 Variation of 5 with z

Anisotropic case £37 84.8 €4 = 28.6

Electrodes in the xf plane
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Bete,

2.00

2.354

1.82

1.58

1.50

1,04

0.26

2. mn

gx 10”.

Blectrode plane pervendicular to the optic
| 3 axis

9.0 0,01 0,02 0.035 0.04 9.05 _ 0.06

Bis 4.5.5 Variation of 3 with z

c Anisotropic case € 2- 28.5 =84.6

slectrodes in the X¥ plana
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The variation of Ss with z when the electrode plane

is perpendicular to the optic azis is not important

for the applications considered in this thesis. Detailed analysis

of this case is ie three figures it is

apparent that if constant electrode pitch but varying electrode .

spacing is consideied then, at 4 equal to zero, a increases with

a decrease in the spacing (2ad). In the plots 4, 2, and 5 where the

electrode width is equal to tne spacing of the electrodes but the

electrode piten (d) varied, it is seen that at 4 equal to Zero Ey

increases with a decrease in the electrode pitch (d).

Comparing the plots for the isotropic and the anisotropic case where

the elsctrode plane is parallel to the optic axis, even though the

magnitides of Eat the interface are etual, the drop of oF with

increasing 2 is snerper for the isotropic case than for th:

The plots of the different parallel and perpendicular components of

the field inten es show th.t the mgnitudes of the components i

decrease considera

is increased. lence, in order to ensure that the incident beam of

light encounters the intense field region, two approaches may be

adopted viz. passing the ligt boam very close to the electrode

erystal interface or reflecting the incident bem off the electrode—

crystal interface.
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INTGIAL INVESTIGATION OF T5

HEFLECTION i

ENTRODUCTION

The application of a voltage to an interdigital electrode structure

deposited on to the polished face of an electro-optic crystal causes

a fringing field to penetrate into the crystal. The detailed

investigation of the variation of the magnitude of this field with

the distance from the electrodes shows (ref. Chapter 4) that the

field intensity drops sharply with an increase in distance fron the

electrodes. To take advantage of the hiFas 2 field intensity, two

different rozches may be adoptafe 1. First we allow the incident

optical been to pass in the close vicinity of the electrodes.

Alternatively the beam may be allowed to reflect off the crystal

electrode interface. The performanée of devices operating on both

approaches have been reported by earlier workers (ref. Chapter 2).

An internal reflection modulator was constructed at the start of

this work and its operation tested. After careful alignment and

setting up of the device it was apparent that a subdiffraction

pattern was present in the far field even with zero applied voltage.
This pattern had not been reported in the earlier literature. and

had anparently been overlooked by these earlier workers. In this

chapter we shall identify the causes of the appearance of this

subdiffraction pattern and the means of removing this pattern from

the far field without degrading the performance of the device.



5.1 Phase chanses produced by reflection from an interface

Electronagnetic ses are divided into the reflected and

transmitted comporients when the waves encounter a boundary.

Let us assume that the first medium is a vure dielectric one

(ie conductivity equal zero). The second medium will be

considered to be either a pire dielectric or a conductor. The

characteristics of the reflected and the transmitted wave are

a function of the properties of both media.

5.1.1 Reflection at _a dielectric-dielectric interface

Consider the case when reflection of electromagnetic waves

occurs at a diclectric-dielectric interface, and assume that

the refractive indices of the two media en, and ny respecti-

vely as shown i

If ny is assumed to be greater

than n,, then by Snells Law,
2

it is possible to have total

internal reflection (T.I.#.)

of an electromagnetic wave

at the interface when the wave Fig 5-1

arel i .Cee ees a Reflection of e.m. waves at: -
towards medium 2. When 7.1.K. a boundary

takes place at a boundary, the amplitude of the reflected beam

is equal to that of the incident beam (ref. Appendix B).

However, the phase of the reflected wave is changed. Vhen T.1.2

occurs ,an evanescent wave appears in the second medium, the

ainplitude of which decays exponentially and no energy is carried

face by these evanescent waves.away From the 1



Let Ge be the critical a or the two medis of refractive

indices ny end Ag +

If a beam of light is transmitted throuzh the media 1 towards

the media 2 at an angle of incidence a (figure 5.1), and if

8) is greater than Gu then T.I.u. occurs at the boundary

between 1 and 2. If the incident beam ia assumed to be polarised

with the £ vector in the plane of incidence, the phase change

produced on reflection may be obtained from the Fresnels equa-

[2 2”
tan & =ne Jt sin? a 5-1

2 2) n, cose,

tion as

where 8,> ee Ds

Appendix B, A similar equation could be derived for the case

tiled derivation of this equation is given in

when the incident optical boum is polarised with the E vector

perpendicular to the plane of incidence.

5.1.2 Heflection xt a diclectric~conductor interface

Consider the case when medium 1 is again a pure dielectric but

medium 2 is now conductive. Maxwell's theory shows that the

index of refraction of a conductor may be represented as a complex

quantity. Let the complex refractive index of the conductor be

Ny, then

n= n+ik 52

where.n and k are the refractive index and absorption coefficient

. Of the metal respectively. Again if the incident wave is assumed

to be polarised with the 5 vector in the plane of incidence, then

by substituting this complex index of refraction in the Fresnels



equation, the phase change produced by reflection at the interface

can be calculated (ref. Appendix B). Let babe the phase change

produced on reflection, then

tan & = XY - UV 5:3
z XV+ UY

X= (n2-k? Ieoso, . Y= 2nk cos6, +n, B

U= 2nk cos 8,-n,B V=(n2-k2 Icos+n,A

At ptene Kan? sin?@, AB=nk
and 9, is the angle of incidence

A similar equation could be derived for the case when the incident

optical beam is polarised with the E vector perpendicular to the

plane of inci

Equations 5.1 and 5.3 show that the changes 4, and 6, are

functions of the angle of incidence. This initial theory indicates

that the phase change from a dielectric-dielectric interface

differs from that of a predominantly dielectric-conductive ainter-

face. If the conductor is arranged in a symmetrical gavies of

strips on the reflecting surface, then a periodic phase profile

will be impressed on the reflected beam. This periodic phase

front will cause the beam to be diffracted into different orders

and in the fer field a diffraction pattern will be obtained. Thus

it would be expected that in the T.I.K. modulacor constructed with

a series of conducting electrode strips on the reflecting surface

of the crystal, a subdiffraction pattern will be generated in the

far field at zero applied voltage.

S16



Dee Preliminary experiments on reflection at interfaces.

electric

tically in

Initial experiments were nerformed w:

A right angled isosceles siass prism with optically flat faces

(flatness to A/a vinere) = 0.6u2)» as chosen 3 the optical medium.

Copper interdigital electrodes c

with spacing equal to the width

£ the electrodes were deposited

A - B

Rides

Optical path inside a glass prisa

on the longest face of the prism

ABS by using Photolithogramhic

techniques. ‘he electrode

fingers were parallel to 43.

t

figure 5.2, sfter reflection the

beam emerges through the second short face BC. The reflected

beam was displayed on a distant screen and was found to consist

The inter-order angle was equal to sin”
of diffraction bands.

( uk /4 where A is the incident wavelength (0.6228 pm)
and d is the electrode pitch.

When the electrodes were removed from the face AB and when the

light was 4 ain reflected off the prism base 43 the far field

pattern observed was free from any diffraction fringes.

It was noted + when the electrodes were deposited on a

substrate and the electrodes brought into close contact W

face 4B, no diffraction p:



sbsence of the

ributed to the

cc redes and the prism

a unifor

Findings of this preliminary experiment clex

the light is incident at an angle greater

calculated for the two dielectric media (glass-air) a periodic phase

corrugation is impressed on the reflected bs dus*to the presence

of the interdi, al electrodes on the reflecting face, thus causing

a diffraction pattern to appear in the far field.

by reflection of light
5-3 ir ation of

c , crysbal~metal interface.

i electro-optic material of ref

for the ordinary a extraordi ely. If the second

medium is assumed to bé air, then the critical angle Gc can be

calculated using Snells Lay 1 the Snells Law cannot be

applied directly to find the critical angle for the extraordinary

ray, Snells Lay may be used to determine the direction of the (49)

wave normal. A negligible error only will be introduced by assuming

is angle for the critical angle.

For the ordinary ray a = 26°

ence is yrester than the corresponding

eam will be totally internally

f interdigital electrodes are deposited on the

i. now see two



fferent inter ace and the

erystal-metal interface. Thus a periolic phase corrrigation will be

a diffraction pattern obtained

The relative orientations of the crystal and the electrodes struct—

ures considered (Chapter 3) are:

(i) The plane of the electrodes is per pendic ular to the optic

axis and the incident optical beam polarised with the B vector

in the plane of incidence.

(ii) The plane of the electrodes is parallel to the optic axis and

the incident light polarised with the E vector perpendicular

Plane of incidence.

as (i) above was made.

ror chromium.

Tre refractive indices snd the absorption coe ents of copper and

chromium at 0.6 }WMare taken to be 0.186 2.98 and 3.19, 2:26 (50)

respectively. The refractive index of an, is taken as 2.2. As ’
shown in equations 5.1 and 5.3 the phase change produced on reflection

at an interface is a function of the angle of incidence. ‘he phase

change ( 5 and 85 ) impressed on the reflected wave was computed

from these two equations and the variation of g, and he with angle

of incidence 9 is plotted in figure 5.3.

mt from this graph that the diffraction effect produced

by the interdigital electrodes will only be eliminated when the angle

ence is either close to the critical angle or near 90°, the

grazing incidence. As a mz f the efficiency of an electro-optic

diffra: ion modulator it is u ial to measure 2 voltage required to

produce complete -extinction of the zer der be - The theoret tieal



al results show (Section 5.4.4) that the zero order

extinction voltage increases with a decrease in the angle of inei~

ence, in the practical modulator, working with sm311 angles

of incidence is not desirable.

Considering the second possibility of working at grazing incidence,

this case now reduces to the arrangement where the incident beam of

light is directed to travel parallel to the electrodes. This raises

the problem of ensuring that the optical beam travels in the active

field region of a milk modulator. Hence, the approach of selectively

choosing the angle of incidence to overcome the diffraction effect

due to the two periodic interfaces is not suitable in a practical

internal reflection modulator. Since the zero order extinction

voltage decreases with an increase in the angle of incidence, lower

operating voltages will be aciz eved only when the angle of incidence

is large. when the angle of incidence is large but less than 90°,

the reflected phase front will be periodically altered thereby ‘causing

a diffrection pattern to appear in the far field. Having established

theoretically the existence of the phase corrugation impressed by

reflection off the face of the crystal carrying the Piectcories! we

shall now consider the practical significance of this effecb.
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5.3.1. Sub diffraction fringes produced by Conver electrodes on LiWbO..
i 3

An electro-optic diffraction modulator was construced from'a Z cut

LiNbO, crystal. Copper interdigital electrodes ef width equal to the

electrode spacing were deposited on the polished face (4X) of the

crystal by conventional photo lithographic tecinimies (ref Chapter 9

for detailed sample preparation). The dimensions of the crystal were

4rmx 3.5 ma x 20.0nm. The electrode fingers were along the X axis

which had the longest dimension. Tne two faces used for light trans—

mission perpendicular to the X axis were also polished. The orienta-

tion of the crystal and the electuade structure are represented in

figure 5.4.1.

The incident beam of lizht polarised with the E vector along the plane

of incidence was allowed to reflect off the base of the erystal

carrying the electrodes. The experimental arra cont is schematically

represented in figure 5.4.2. It is apparent from the electrode

structure of figure 5.4.1, that when an optical beam of angle of

incidence greater than the critical angle is reflected off the face

carrying the electrodes, a Y periodic rectangular phase profile is

impressed on the reflected beam, and thus. the beam is diffracted oo

different orders. The diffraction pattern obtained in the far field

is symmetrical. The energy coupled into the higher order is a function

of the relative variations of 8 and & which are functions of
the angle of incidence. The angle of incidence was adjusted to be

1,° ( > & ) and the far field pattern produced dy the reflected

beam was carefully studied. A photograph of the far field pattern

obtained is shown in figure 5.5.1. The intensity distribution was

measured by a movable photomultiplier carrying a straight slit.
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‘> 5.4.ikodulator configuration

Deets polariser
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Fig 5-4-2 Cptical arrangement
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Photomultiplier



Details of the experimental systen is given in Sends A. The width
of the slit was along the Y direction. The qhotomllipiier was moved

along the Y direction end the corresponding intensities (I) were

recorded. For the same angle of incidence the incident beam of light

was allovied to reflect off a section of the crystal base which was not

covered by the electrodes. In this case the far field pattern was

free from any diffraction pattern. The photomultiplier was positioned

to record the peak intensity (I,) of the light through the straignt

slit. Figure 5.5.2 shows the variation of the ratio (1/T,) with

distance along the Y direction. The angular Separation of these

diffracted orders was equal to Sin i A/d) where x is the

incident wave length (0.6328 pTM) and d is the electrode pitch

(0.218 mm).

(fhe enclosed publicstion page 84 gives the performance of 4 similar

experimental modulator).
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Fig 5.5.1 Far field pattern

0.1

ona ee i
0.0

oO oe

Fis 5.5.2 Far field intensity distribution



J. Phys. D: Appl. Phys., Vol. 7, 1974. Printed in Great Britain. © 1974

Noise generated in the total internal reflection electro-optic

diffraction deflectorJ/modulator
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Abstract. The total internal reflection electro-optic deflector/modulator has so far been

limited by the subdiffraction patterns that appear in the far field when light is trans-

mitted through the device with zero applied voltage. This paper isolates the causes of

these subdiffraction patterns and describes a simple means of removing them from the

far field without affecting the performance of the device. The results of measurements

taken at zero applied voltage are included and give an indication of the order of this

effect.
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The figure 5.5.1 and 5.5.2 clearly indicates the presence of a

symmetrical diffraction pattern in the far field at zero applied

voltage.

When a voltage is applied to the electrodes a fringing field penetrates

into the crystal. ‘The variation of the components of the field alorg

Y axis has already been shovm in figures 4.5.1 and 4.5.2 of Chapter 4.

in the arrangement so far considered in this section the electrode plane

_was perpendicular to the optic axis and the incident light was

polarised with the EB vector in the plane of the optic axis (ZX plane).

The phase change impressed on the reflected beam by the induced field

is given by 0 2 2 2

Ag ui eal oe oF ze Ey sin Grid

EP 2 Siete 9) 3/2 d
Sear Pee eke awt tang n6 ng

(Ref. Chapter 3 for the detailed deri m of is equation).

Where EB, and BE, are the components of the field along the Z and Y

cirection respectively and aj are the electro-optic coefficients

and ©. the glancing angle .. ‘The expressions. for E and By ere

given by equations 4.25 and 4.26 (Chapter 4) respectively. The

change in phase produced by an applied DC voltage of 2h volts waa

computed jand the variation of the phase change with Y is given in

figure 5.6. Comparing figure 5.6 and figure 4.4.1 (Chapter 4) it

can be seen that the variation of the change in phase follows the

mirror image of the contour of the variation of ED about the Y axis.

In the computation of phase change from equation 5.4 it was assumed

that the electrodes are uniform along the X direction and that the

ge between the electrodes on the crystal boundary is uniformly

distributed. The length of the electrodes is 5.4 mm. The phase



1-2

126

Induced phase change

(radians)

@ = 0.25

voltage apogiied 24 Volts

Isotropic case

y mm

— ee 
as

0,04 208 4A 0.15 0.20

#ig 5.6 Induced phase grating profile
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don the optical be

effect (4) and by the reflection

of the crystal-clectrode inter-

5face (B) are given ‘in figure 5.7.

It is apparent from this figure

Ehét the rectangular profile (B)

Eig25;7

Phase change profiles inside

non-uniform interface is of half the crystal

caused by reflection from the

the periodicity of that of greph A.

The diffraction theory indicates that the engular seperation of the

diffracted order varies inversely with the pitch of the grating.

6order band produced by reflection off thepr
p inta eTherefore, the fi

erystul-electrode interface should ¢ with the second order

band produced by the
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S oF the fur field: pattern obtained

se (2h volts) to 2lectrodes. The

prediction to be valid.

5-3-4. Variation of the zero order intensity with angle

and with zero lied voltaze

From equations 5.1 and 5.3 it is apparent that 2 pase change

impressed on the reflected wave due to the electrodes is a function

of the angle of incidence. Conseqently the energy coupled to the

higher orders also should be 2 function of the incident angle. At any

e corrugation impressed by the two&iven angle of incidence, the pn:

different interfaces, crystal-electrode and crystal-air, can be

represented by a rectangular weve. es of the correspon-

ding phase chez i from figure 5.3. ‘The phase change

impressed on the reflected wave on xotion off the crystal base ig

represented by curve B of figure 5.7. ‘The electrodes are assumed to

be uniform and rectangular in 38 section. This periodic phase

change cen be represented mathen: ically as 2 Fourier series.
‘

f(P) = Uru cos 21n re
° n dea 5

where n

De oye.
iE (A) is the function representing the phase change (Fig.5.7) and if

this function is kno-m, the Fourier coefficients of the series may

. 2U;, + be the Fourier coefficients of the

ressed on the reflected wave. If the refle-

ve is diffracted into different orders then the amplitude of

the nth order diffracted b: is given by -



w= Mo i (Mile J,
N=2k-3k ~--.2k; 3k

2

(Up ( Cai)
3

Se OO

where 8 is the amptitude of the undiffracted beam and 6, the

amplitude of the Mthorder diffracted beam pr

grating of any periodic shape. J, (U:)denotesDi ki

ced dy a phase

2 Bessel coefficient

of order k; and argument Uj . The detailed derivation of this

equation is given in Appendix C, This equation is reasonably

amenable to computer solution as the higher order Bessel functions

are quickly convergent. ‘The first four Fourier components were takenS E

as representing the square waive and the

wave that these first four components vive is sh

efficicnis were

calculsted for angles of incidence

. ° Ano was
between 80° and 89° and by the sub-

stitution of these coefficients, the

percentage energy lost from the zero

roximation to the square

m in figure 5.9.

ff)

x

Fig. 5:9

Phase profile synthesised

from four Yourier components

order for each angle of incidence was calculated. Curve B of figure 5,10

shows the predicted percentage loss of. energy from the zero order.

The intensity distribution was measured by a photomltiplier. ‘The

laser light (iavelength = 0.6326 pm) was directed on to the base of

the crystal as described in section 53-1. Initially the light was

directed on to a section of the base not ‘covered by the electrodes.

A straight slit was placed in front of the photomultiplier such that

he slit was parallel to the fringe. pattern obtained in- the

The photomultiplier was then adjusted to give an

ar field.by



across the section of the baam covered by %. Thais maximum

outpul was assumed to be proportional to the intensity of the

undiffracted zero order beam and denoted by in: at the same engle of

incidence and with the light beala now directed at the exyapedeleowrode ie

terface, the photomultiplier was positioned to sive the maximum

recording of the section of the zero order beam covered by the slit.

The maximum energy in the second case is denoted by I. ‘The diBY anes

of the photomultiplier from the crystal being kept constant in bothis

cases.

The percentage loss of energy from the zero order, at any angle of

incidence was defined as

% loss= 7! | x 100

ed for different wwles of incidence.

srcentage loss with the angle of

these graphs

ion of the percentage

loss of the energy from the zero order was less an that obtained

experimentally. This difference between the theoretical and the

experinental values may in part be atributed to

i) The scatiering of the incident light oy any irreailarities on

the crystal surface

¢ seattering of light by the presence of =

\photoresist ,etching agent, dust}

@ presence of an

refraction of the electrode structure.

ay
4

tailed analysis of the contribu by tt



is beyond the scope of this thesis and, therefore, we shall restrict

ourselves to considering the different means of eliminating the

subdiffraction pattern fron the far field without degrading the per-

formence of the device.
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Fig 5.10 Variation of the percentage loss of energy from

the zero order with angle of incidence
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5.3.5. Variation of the light intensity in the zero

order with applied DO voltage

The electro-optically induced phase change which ocevrs in the inver-

digital electrode device is proportional to the applied voltage

(equation 5.4). Therefore, for a fixed angle of incidence, . . the

energy rezoved from the zero order will also be a function of the

applied voltage. As a measure of the efficiency of this device, the

variation of the zero order energy with applied voltege was studied.

The intensity was again measured by a photomultiplier arranged as

described in the previous section. The experimental arrangement is

es shown in Fig. 5.4.2. The voltage V applied to the electrodes was

gradually increzsed and the intensity of the sero order besm was

my ured by recording the photomultiplier output (I). The angle of

Sanaa Oma 5 : ;
incidence wes 87°. This angle was chosen in order to ac! ve a

conioromice between the operating voltage (zero order extinction) and

the reasonable ease of aligning the device. The position of the

erystal was chanzed and the incident beam was allowed to reflect off

the base of the crystal which was not covered by the electrodes. At

the same angle of incidence end with the photomultiplier slit in the

same position relative to the zero order the output was recorded as

T,- Figure 5.11 shows the variation of the ratio GByAr) is less

then unity when the applied voltage is zero. This graph shows that

minimum energy in the zero order was obtained with an applied voltage

of 63 volts. At this voltege the ratio (1/1) was about 0.013, that

is about 1 ining in the zero orderof the incident light was ren

at 83 volts.
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5.4 Elimination of the Sub-Diffraction pattern fron the

fer field

5.4.1. heoretical consideretionssteoreticél consideretions

The findings of the experiments described in the earlier section

shows that when the beam of light is reflected off the base of the

crystal carrying the electrodes, a pert of the incident energy is

diffracted into the higher orders. The Grating effect by the

electrodes will be eliminated only when the incident beam of light

Sees a uniform reflecting interface. Hence, any attempts to

remove the subdiffraction pattern from the far field must ensure

that the incident beam experiences a uniform interface on reflection.

As seen from the earlier experiment with the glass prism, one

method of oving 
sr field is

tion patiern from

by havi
on.to @ substrate and bri igang:

the electrodes into close contact with the crystal face as shown

ed. d.

crystal

Fig 5-12 1
1) Bxperimental arrangement

2) Equivalent network

The potential distribution inside the crystal and air gap can be

apalyeed by assuming the equivalent network show in figure 5.12.2.
where Ga, Gs, and Cc are the contribution: toithe total capacitance

between the electrodes.ca is the capacitance in the air €@P petween the elec-

trodes, Cs ae the capacitance due to the direct air gapand Cc is the capaci
ce of + 

5 -tance of the crystal between the electrodes'respretively « Ra,Rs ande ere

the resistances in parallel with the respective capacitances Ja, os

end Cc.

-~100 -



In this arrengenent the incuced electro-optic effect and the

the diffracticn produced by this arrangement can be conveniently

analysed by considcring

i) The zero frequency condition

ii) The high frecuency condition.

\hen @ zero frecuency (DC) voltage is applied to the electrodes

the resisitive network shown in figure 5.13.1 should be considered.

R ie

Fig. 5-13 Ry Ra CE Cy,

1) Equivalent resistive network tt ) Gs

2) Equivalent capacitive network (2)

Let the voltage applied to the crystal be Vo.

The potential rence Ve across lic representing the resis

. Vv.
Vig ere ate On SB 5:7
ce 2Ra+ Ro c

Similarly, potential difference -Va across Ra the resistive

“component representing the air gap is

ye Perea: 58
2R, + Ro

Qwing to the large differences in the resitivities of air and the

electro-optic medium LiNbo,, the potential drops drastically in

the air

-y the electric field ix < he crystal is considerably

reduced. In the he equivalent capacitive

network sham in the potential distribution.

If Za, Zc, ed Zs are taken as the impedences of Ca, Sc, and Cs

sl difference Ve across Cc is

-101-



ie % iSee Oe Se, cs ae 5:9
c 2242, 20 Ce

and the potential difference Va across Ce is

Vor ess a 2 Yo
a 2Z,+Z¢ a 2C¢+C,

If the air gap has a thiclmess of 0.5 }#M,2 reasonable minimun

C. 5-10

distance that could be achieved, then a device having electrode

Gimensions of the order considered in figure 5.4.1 would have the

air gap capacitance Ca appreciatly greater than Cc. Therefore,

at high frequencies the potential drop in the air gap would be

negligible. Hence, this device could be operative at high fremen-

nated.cies and the subdiffrection pattern elini

However, practical difficulties arise in ensuring that the electrode

surface is optic rntains a uniform spacing wath the

crystal face and spacing is not distorted by foreign particles.

If the electrode surfzce is not uniformly spaced with the crystal

face, the potential impressed on the crystal face will vary from

point to point and consequently the field distribution inside the

crystal will arbitrarily vary. Therefore, if this capproach is

adopted, it is apparent that the subdiffraction pattern produced by

the electrodes is eliminated at the expense of the performance of

the device.

Another upproach to eliminate the subdiffraction patten is by

depositing a thin film of a different iveriel on the reflecting

21 and then <face of the erys electrodes on the

exposed face of this film. ‘TheCc mess of this film should be

determined by the depth of penetration of the evanescent wave in

the second medium (film) ie. the thickness required to maintain



nge on reflection irrespective of the third@ uniform phase c

medium. The third medium referred to being either the electrodes

®or gir. The thin film material can either be a metal or a diele-

ctric. First consider a titin metallic fila bene deposited on the

reflecting fece. In metal films, if it is assumed that only a

single reflection takes place et the interface, then it can be shown

that when the thickness of the film is approximately half the

incident wavelength, the phzse change produced by the film is equal

to that produced by a bulk metel (51,52).Cn the exposed surface

of this film,electrodes of the same metal can be deposited. ‘The

We e length of nt light is 0.6328 ym . Therefore, in

order to suffice t required condition the thickness of the

2 should be of +L

ss larce

e clectrodces. not adopteble in practice.

Alternatively athin dielectric material can be evaporated on the

surface of the crystal and the electrodes could then be deposited

onto the film. To obtain T.1.i. off the crystal~film interface, the

ve index of the medium of the film should be less then

crysial (Refractive index of LiNbO, is 2.2). Another
3

% it should be hard and resistantent of

of the film should be of 2 order of the incident

+h (0.6 4m) to produce T.1.i. and the incident beam will

niform interface. Knom

suggests thet glass



well suited for this Furpose. ‘The refractive indices of glass and
Ke2 film are 1.5 and 1.39 respectively 50.) as NgFo thin
film deposition does not involve a Great deal of complexity, it was
chosen as the material to provide the thin film on the erystal base.

Dace Soperimental observ= ons with a crystal having a
Bef, film on the reflecting face

The crystal which was used in the earlier experiments (Gece 5.3)
Was again used as the modulator material, The Cu electrodes on the
polished XY face of crystal were removed end @ thin film of NaF,
of thickness of the order of 0.6 Hmwas deposited on the reflecting
XY face. (lef, Chapter 9 Page 206 for the detailed deposition
Process of NeFy). The crystal was then balzed in an oven 2t £0%
for about 12 hours. A thin dayer of Cu was deposited on the exposedface of the Esty film. --Int crdigital electrodes ef dimensions equal
to thet described in section 5.3 was etched on this Cu layer by
conventional photolithographic methods (See chapter 9 page206 ). The’
experimental arrangement wes again Similar to that shown in figure
5.4.2 end the engle of incidence W&S adjusted to be a2, This
‘angle of incidence was chosen for comparison purposes. The pattern
obtained on a distance screen is as shown in figure 5-14.1.. The
intensity Cistribution was measured by a Photomltiplier in the
manner described in the section 53.1 and the variation of G/T.)as defined in Section 5.3.1 along the ¥ direction is shown in
figure 5.14.2, 1% is apparent from these Pipices thet the far
field pattern obtained is free from any ciffreaction pattern. Trere-fore, it is cer cluded that a thin film of ler, of thickness of the
order of the incident wavelength acts as a bulk material when the



then the critical angle Q,and theangle of incicence is gre

incident beam sees a uniform interface. It should be remembered

that the angle Gis now determined by the two materials LiNbO, and

Her, rather then previously when Gc was determined by LiNbU, and
2

air. The indices of refraction of NeFy and Lito, are taken as

1.39 and 2.2, ard Oc can now be calculated from Snells Law.

sin@ = 1:39
c 2-2

°
& i}8. Paes 8 5-4

The performance of this inproved device is given in the following

two sections.

a0 oe



Fig 5.14 a Far field.pattern (Applied .voltage=0)

(i)

(ii)

0.0 ;

Fig 5.14 Far field intensity distribution



54.3. Variation of the light intensity in the zero order

with d.c. voltare applied to the modified device

As discussed in section 5.3.2 the variation of the ‘intensity in the

zero order is a function of the angle of incidence and the applied

voltege. First tlie variation of the zero order intensity with

applied voltage at a constant angle of incidence will be studied in

some detail. The experimental arrangement is similar to that shom -

in figure 5.4.2 and the angle of incident was chosen as 87° as in

the previous experiment se that the performance of the device

without MgF, film and the improved device (with HeF) could be

compared. The photormltiplier with the slit was positioned at the

centre of the zcro order as described in section 5.3.3. The voltage

V applied to the electrodes was gradually increased and the variation

of the zero order intensity (Iv) recorded. The crystal vas positioned

so that the incident beam reflects off the section of the erystal Lace

which vas not covered -by the electrodes and the intensity Io was

recorded. ion of (Iv/Io) with voltage V of this improved

device is shown in figure 5.15 (a). The graph (b) shows the perfor-

mence of the earlier device without HeF, end graph ¢ shows the

theoretically predicted variation of (Iv/Io) with voltage. This has

been computed from equations 5.4 and 5.6. In this computation it

was again assumed that the total contribution by the first four

Fourier components of the phase profile wes equal to that of the

impressed phase change.

Exeminstion of these gr:

(i) With the device without TisFp the ratio (Iv/Io) at zero

épplied volt: wes less then unity.



(ii) With the ireroved device the ratio (Iv/Io) is equal to unity

since no. energy is lost to the hi, orders at zero applied

voltage.

(iii) The minimum zero order intensity was obtained at an applied

voltage of 83 volts with the earlier arrangement without MgF

(iv) Complete extincticn of the zero order was obteined with the

improved device at a voltage of 77 volts.

(It was estimated that the light detector used in the above

experiments was capable of recording a minimum ratio of

Iv/Io of at least 0.98%)

(v) The theoret ly predicted zero order extinction voltage was

the deposition of the Ig?, film does

ce of the device at DO voltages, in fact

a small decreese in the zero order extinction voltage was noted.

Although it would be reasonable to expect that the insertion of Nek,

between the crystal and the electrodes would degrade the performance

of the device due to the voltage drop across the film in fact en

anerov enent has occurred. A possible explanation is that the

Presence of EEF on the crystal base provides a uniform resistive

leyer ecross the crystal face. Therefore, the variation of the

sl acress the face is improved giving a more uniform field

along the crystal face and an improvenent in the shape

of the diffraction grating. Cf
& re e validity of the theore-

ction voltage must be questioned asticelly derived zero order exti

this deri y distributed voltage between the

high concentration of the
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field will. occur at the electrode edges end a non linear voltage

distributioi will be expected to occur across the space betiveen the

electrodes.

54.4. Variation of the zero order extinction voltage with

angle of incidence

From equation 5.4 it is seen that the change in refractive index

inside the crystal varies with engle of incidence © and the applied

voltage. Therefore, for each angle of incidence, the zero order

extinction voltage will very. vion was systenatically

studied for this roved Cevice. The experimental errangenent was

again similar to that shown in figure 5.4.2. The photomultiplier

was positioned, as described in the previous sections. ‘the angle

of incidence was chosen to be large (in the range of 85 to 69°)

order extine ared.

gure 5, NS ation of the zero order extinction voltage

with angle of incidence. This graph shows that the extinction

voltave decreased with en increase in the engle of incidence.

Therefore, it is concluded that a low operating voltage modulator

is attoinable when the angle of incidence is large. However, at

large ungles of incidence the difficulties in aligning the crystal

to ensure the bean of light reflects off the erystal-electrode

interface is increased.
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Fig 5.16 Variation of the zero order extinction voltage with

angle of incidence



An optical been which is incident on a diffraction grating

orders, if the grating element consists of only a sinusoidal

itude, phase or both) will be diffracted into different

and the incident light is normal to the axis of

tbern produced by this

Raman-Na bion patsern is

he zero order. |} the diffraction

d
35 5

or the inc

1 techniques using diffraction

analysed in some dotail.

A novel form of voltage controlled blazed grating using the

electro-optic cry: O is discussed and the performance

of this deflector under d.c. conditions is included in this

ehnnpter.



6.1.fheoretical considerations of light bean deflection Lechnicues

An optical b a normally incident to a sinusoidal phise perturbation

will undergo Keman-Nath type of diffraction and the diffracted orders

will be symmetrical about the zero order. ‘The toval number of resol-

vable spots produced on diffraction is a function of the angular

spread of the optical wave vector and the spread of the diffracting

perturbation {3}.

frThe different diffracted be tions provide different points

for addressing 
orde rs,

ay

fore, this type o.

be used as

Speamel (grating

+2

ibiport switch. light Diffraction i i

{

, Zz.
Fig 6-1 : 23

imltiport switch

cation of device is operated in-

the Bragg mode,

perturodation at

percentage of the incident ene:

order position. Alternatively :

higher order position by appr

In the folla: all. consider the different methods

a diffraction grebing

ified into to

re are tio

transmission sr. iteflaction gratings

are almost al»

and are illustrated in fig:
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ra

2

Reflection grating

produced by ruling

2 greetings and

nm gratings) with a

“al edge of carboriundum crystal or a

sat an

Q@ to the fl

blazing angle @ is chosen s

arating j

orders.

e
re assumed to be saa

sin @=o@

sin8=@

ie diffrac

n thorder(537-

In order to dete



fhe diffraction

ctangular slit but

ion (53). Figure 6.3

shows the shape of this diffra-

Intensity
ected pattern drawn for the case

of n=l. It czn be seen from

order
of the refractive index of the 0

mediun and this index is a func- Fig- 6-3 Intensity distribution

tion of the incident wave length. tence, type of transmission

abing can only be used3 a ect energy jeular incident

velength.

Considering ti.c reflection g ng, in order to deflect the energy

‘rom the aero order to tae Nthorder, @ shold sa

d sing

equation

Since the angle incident

wavelength, the reflection blazed gratings are wore vers2 ile and

a spectrum of wavelengths 1m of the higher

order positions.

It can be ssen from the above four eq

possible to deflect the energy onl; to Vigher order



when

sfies the Bravari

cbive interference of the bem occurs,

particuler order intensity will

is not perpendicular to the axis of

the Bragg angle, there can he

cenno be strictly called Br.
3

is case ,consim-—

ar field a

incident beam

ion, and not at

ther types of on whicn

type difs

Consider the constructive and destructive interferenc

rays passing through a sinusoidally

hase grabing is assumed to bePB & iS

Length concerned.

In figure 6.4 1 e horizont:1 lines

phase points inside the medium.

The separation (or the period

of these lines is 'd' and the

width of the perturbation is taken

as W's) Dy and By By are the

incident and the reflected wave

phase grating.

ent wave-

sinusoidal phase variation

na reflected rays

the scatterin; points By ?

iz @= g

a

=116 —
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there will be reinforcement of 211 scattered rays from this plane.

This is of course similar to the mirror reflection (partially

reflecting mirror).

ii) Consider t cattering of a single wave BB. The different

scattering points are considered as Bos 3S, Bo ete. Constructive

hs B. iatths BB,Bs,B,B3B5,

is NA where n is

interference will occur in this

BB85 are equal, or the difference batweer

an integor order nurber and A is the in Fron

trigonometric constructi

is satisfied when

na = I[1-cosl M+0 }] 6-6
sin

and thus constructive reinfore ¢ 9 direction.

The more pha
isparent

and, hence, the intensity

increases. This

iii) Let us assume that the

6.6 ; S

ni = 2sin # — Bragg condition
d sn G7,

Under t 2se conditions, der is very meh

eater than the intensity obs<ined inav two eases. Again it

~117-



iv) perturbation

portion of the

ch points as 5. Dz, BS ete. If the21 Sa Yo,
3) £50,8., DyDp0, differs by NA veinforcezent of

2 far field, intensity domination

condition then satisfied is

nye ( sinff+ sin@) 6-3

ty of the

very mach

‘ant, orders when the

oriting is blazed. in wo arranements

ired se chime vas prodiced

to the

to
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‘The diffraction pattern corresvonding to 9 is
Mee

them given by the fourier

n 2,
fransforn. as co

@(u) = expli®iyy) expl-iuy) dy 6-10

where U=k sing, k= 21/d and gis the « igle of diffraction (53).

When th
= 1,2,5,....) then the

Gna at the nth order ie. the nth

is dominant (55,56.). in a practical electro-

optic deflector, the phase change impressed by the electrically induced

nase gratin, only apuroxdmates to the ideal sw tooth phase change.
& ke J BPE SI

ptica amplitude & diffracted oy a diffraction

Grating of an arbitrary. shape. The amplitude of thenth order diffra-

ected beam is given by

ao 
‘

U U U= 1 x Mea: Si csPr fo Te2ky-3kgu..)* baie hee
z 3

k.4k ==00
o?Kgo---= 

—— 6-1

are the Fourier cosfficients of the

sailed deriva-

tion of equatisn 6.11 is

tal to TT then the amplitudes

end have the values

Consider that th: 
of the ideal sax

tooth profile is i
then the first

on equation 6.211 as

U 12By 30)



(544043)? 6-13
Ig

eee
eti mal to the square of the

the contributions by the funda—

onic components are impressed on the

then the intensity of the first order beam Go

a 2

Ih), = TY “Sane 1 (Uy) 644
oe ee 2
2 co

for the in sion of an

Mo. of comp— 6 intensity
onents in the 1 st order

55-2

55-4
65.3

72.7

to the first

order UN
change constitutes an increasing

number of the

by computer .

> programe
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ion 50 the saw

tooth which will be obtained

by the inclusion of these Fourier

components is

Y
“right and \ ison nave reported Fig 66

st in their device (39), the Approximation of the

sawtooth profile

first three components of the ideal sawtooth were obtained by

apoljing voltages to three independent electrode structures deposited

on the electro-optic medium LENbO,. 4s discussed in chapter 2, the

electrode lengths, spacings, and the individual voltages applied

to the electrodes ere adjusted to give maximum intensity of the first

order beam, It is reported that this maximum intensity was 58% of

electro-optic deflectors over the conventional

ings or the Bragg deflectors is

impressed on the optical beam can be varied by varying the applied

voltages. Hence, the beam could be deflected to any order by apslying

the correct voltages to the electrodes.

From Table 6.1 it can be seen that an increasing percentage of the

incident energy can be coupled to the first or en an increasing

number of Fourier components contribute to the phase change. This

could be achieved by hav: dividual electrode

sets to produce

components. However, practical

large number of electrodes on a crystal fa



raction by the electrodes at the

earlier stages. For these reascns, an entirely new approach to the

problem was considered during the work undertaken in this thesis and

is reported in the following section.

6.2. The develoment of a new electro-optic deflector

The diffraction effects produced by the application of a voltage to

a symnetrical interdigital electrode structure were discussed in the

previous chapter. In this section we shall discuss the effect of

‘symmetrically arranging the electrodes on an Siete optic erystal

to produce the blazed grating effect.

Consider the electrode arrangement of figure 4.1 (chapter 4,) which

is deposited on the polished «£ face of LiNbO, crystal (figure 6.7). from
3

equation 4.25 and 4.26, the expressions for E, and oh components of

the field are given by

adie ae
i. No Vasant. Ne No

Fig. 6-7

Asynmetrical electrode arrangement

4. Dit,

E_ = 2V.\ |sinlbntt cosinttsinlann| e 2 dpm sin NIL y
Z 0 ) nit pnit

6-15

- nits
=-2V. +) [aRtaae _cos{nit)sin antl € B DIL cos nity

AM ani 
d

where 
“4Mosutk2os ee. e
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These equations are appli mney conditions

(ref. Chapter 4). The v. ty alo the ¥ axis can‘D nS

now be computed from these i 2ad, 2bd anda@i as
variation of

equal to 45 pm, 275, pmand Sh pms

the components. of the electric field were c computed and are recresen-

ted in figure 6.8. These dimensions were chosen so as to coincide

with those of the experimental arrangement. The apolied d.c.

voltage was taken as 100 volts. These components were calculated

at a distance of 10 HMfrom the interface ( z= 10 pn).

From these plots itcan be that the variation of the B
w

component of the electric field follows an apzroximate sawtooth

shape waich is not the case with the Ey component.

modulator was constructed so

index inside the crystal is governed by the 5,

which will impress a sawtooth phase corrg: the transmitted

beam.

In the case of LiNb when the optic axis i03,

and a voltage is asplied to the electroces, she total ch: ange in the

allel to the Z axis

path + length (AL_)is given by

2

AL, = (43 sin@as ae “oz 2s aEy es
: ne a costa 312

cs 2 :
n

( tana ° e
—617

SPAS) =



Phase change

(radians}
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Tl4

7 mm

90.54 1.08

Mg 6.9 ‘Variation of phase change with y (varying 7.)
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2 electro on @ vis the glancing

} and 2lis electrode.

that since 137 Po5 are small

Aa (es along the ¥ axis aporoxi-

mately; follows the contour of the mirror ne shape of =
- Z

transmitted beam is proportional

in path -:‘length--. The phase change ap impressed

on the deam is given oy

6.9 shows the c

ds obtained from equition 6.18. In this computation (see 6.17) the

angle @ were cfpoa8 pa

change is a function of re, to study

voltage, the ccnputations were performed

ied voltases. Graphs i, ii, and iii of figure 6.9

£ 100, 155 and 250 volts res ectively. It

yprofile closely soproximates to the sawtooth shane Therefore, a

modulator ouilt vith a LiNbO, crystal having the optic axis along

the 4 direction - osited asymmetrically on the XY

plane of 2 crystal cives the vossibility; ofZ S L 7

MEET
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order.

are 155 and 250 volts,

S approximatelyand 2 TL

equal %

= impressed by electri

2d) was studied theoretically and

6.10 shows this variation along the ¥ aids. The graphs a, b

ow the variztion of the phase change for 2ad equalling 60,

breakdown acrossoreakdown of

narrow spacings.

will

seen the

zystal or to the breik-

rent Nea net ste



In the devic

Y

crystal su sresent form of this device,

breakdown strength may be greatlybe expected

increzsed by coating

th narrow sracing

The electrode structures considered in the experimental work

techniques.

preparation of the electrode

structures are disct:ssed in detail in

nytected th2t such preparation in a higcly

order of ten

However, with m

scanning ni

resolution.

: iii)

A debailed analysis of

inside the electro-optic crystal (LillbC,) is given
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A novel electro-optic diffraction deflector

V Ramachandranf, A W Palmer, M Scibor-Rylskit and FC Widdist

t Department of Electrical and Electronic Engineering, The City University, St. John

Street, London, EC1V 4PB

$ Rank Xerox Development Laboratory, 30 Church Street, Welwyn AL6 9LU, Herts

Received 18 March 1975

Abstract. New developments of the electro-optic light deflector using total internal

reflection of the light are given. By arranging the electrodes in the manner described it

has been possible to deflect over 80% of the transmitted light from the zero to either of

the first orders. The arrangement is ideally suited for further miniaturization and it is
anticipated that switching between the orders will eventually be possible with an applied

voltage of only a few volts. Suitable applications include beam steering, multi-stage

deflectors and information processing.
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& thin

2 polished Ai f:ce of the crystal to

2

rh

anen
nturs of 60'S. The electrode

the exnosed

nce of the diffraction

figure 6.11.0. 2

E vector slong the

aent the E_ component of
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in the manner
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order
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was increased 4nd a diffractin

pattern obtained on a distant screen.

the far field was again measured by scanning

the diffraction fringes. The intensity

voltage of 100 volts d.c. is shown in f.

separation of the peaks Py and PS corresponds to the first order

diffracted engle( sins) \/2d)

ined°ee ° oO8 oO
aiaBa gz a& eo "Ss5 is°fi ¢ B

in figure 6.5 (2d = 344M). It can be seen that the +1 order

intensity is very much greater intensity.

The voltage polarities were interchanged far field pattern

was studied with an applied voltage of 100 volts d.c.

distribution obta figure

order intensity is very much greater than

since with the reversald

change is reversed.

A comparision of the curves 3 snd © show that the intensity in the

+1 order is equal to that in the -1 order whe the volarities are

experiment indica a bulk

modulator built with the electrode structure arranged asymmetricallyJ SJ

che incident light eners;will act like a blazed gratin,

to a higher order.

ordar ener

2 nei device

ol oo



applied voltage.
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section, tne performance of
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lator (chapter 5) that the overating
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fore, the energy coupled to the ter orders shold also vary

In ti.is section the variation of the first

order intensity w: vase is experimentally studied in some

etail,

63:5: losVar tabs

The experimental scovm in

Ges was gradually

on a distant screen.

at constant speed.

xt plotter where

ven by the Y ordinate was set

2 under this curve was taken to be

at any

2s measured in the
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An assessment of the blazed grating electro-optic deflector
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Abstract. Electro-optic blazed grating deflectors have been used to switch light selec-

tively into a particular higher order. This paper assesses the theoretical efficiency of

blazed phase gratings which contain an increasing number of Fourier components of

the ideal blazed grating, and gives an electroding modification which will impress more

than four Fourier components of the periodic phase change on the optical beam.
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age, the percentage energy coupled into gl.

can be seen #

components of ideal sawtoot 2: hance 4 sed on the

transmitted beam, a maximum of 72.7% of

transferred to the first order. ven though it is premature to

conclude the number of Fourier compon: contributing to the phasePe S E

change, it would be expected that the new arrangement impresses =Se, Ss E

more than four Four.

mitted beam.

The experimental

from graphs 6.8(ii), tao

se delay 8) is

should be expected that

the condition for maximum ener;

order is that the phase delay 8) is eqial to Tl

6.3.3.2 Effect of the ratio o2 the electrode spacing on
the counling efficiensia:

A second deflector was prepared in the manner <

In this new deflector, the electrode spacins 2ad was in equal to

45 MMbut the sracing 2bd (figure 6.7) was reduced from 344 Mo

172 hm. This to ‘at from

about 8 to 4. same in both

cases.

Preliminary observa Gevice showed that a

masimim of 56;3 of

The angle of inc:

the amount of we



be achieved when the electrode spicing 2bd is large. Typically when

the dimensions of 2d ond 2bd (figure 6.7) ere equal, the electrode

configuration reduces to the symmetrical electrode arrangezent and,

therefore, 2 symmetrical diffraction pattern is obtained in the far

field.

6.3.4 Verixtion of the 2nd order intensity with applied voltazes

The variation of the first order intensity with voltage was discussed

in the previous section. A similar variation wis observed for the

second order intensity and is given in the following section.

nt used was again us si:om in figure 6.ll.c.The experimental arrang;

The voltage applied to the electrodes was gradually increased and

the photorultiplier was scanned across the second order fringe as

described in section 6.3.3. The srea under this curve eae taken to

be proportional to the intensity (Ip), of the second order beam at

any applied voltage V. ‘The variation of the ratio (I5),/2, with °

applied voltage V is showm in figure 6.16. The angle of incidence

was again adjusted to 85.25°. It is seen from this figure that

maximum energy from the incident beam is deflected to the second

order when the applied voltage is 255 volts. This maximum percentage

was 53. This relatively small coupling efficiency to the second

order by the device will be improved by reducing the pitch of the

phase grating relative to the incident beam width. From the electrode

structure in figure 6.11.B it can be seen that the periodicity of

the phese profile is 0.344 mm. The laser beam width measured Was

approximately 2.5 mm. The graph 6.8 (iii), shows that when the

voltage applied to the electrodes is 250 volts the phase delay a is

approximately equal to 2 Tl . Therefore, it vould be expected that

maximum energy Will be deflected to the second order at a voltage
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approximately equal to this value. As seen, the experimental value

is in reasonable agreenent with this prediction.

6.4 Variation of the zero order extinction voltage with

angle of incidence

The equation 6.18 shows that the phase cherze impressed on the tra
ns—

mitted becm is a function of the applied voltage and the pierce

incidence. The experiments with the modulator having the symmetrical

electrode structure (Chapter 5) show that the zero order extinction

voltage decreases with an increase in the angle of incidence. These

observations may be theoretically reasoned thus as follows. As the

angle of incidence decreases, the interaction region for the periodic

refractive index perturbstion ‘and the optical wave is decreased, end,

therefore, in order to impress the equivalent phase variation on the

transmitted beam, the voltage applied to the electrodes should be

increased. A similar variation occurs in the deflector with the

asymmetrical electrodes, und in this section the variation of ne

zero order extinction voltage with angle of incidence is studied

experimentally.

The experimental arrangement was similar to that shown in figure 6.11.c.

The photomltiplier arranged in the manner described in section

6.3.2 was used to measure the intensity of the zero order beam. The

photomltiplier was positioned to give the maximum output of the

section covered by the slit. The voltage applied to the electrodes

was gradually increased so that minimum intensity of the zero order

was obtained ie. the photomltiplier output was a minimum (zero).

This was repeated for varying angles of incidence and the corresponding

zero order extinction voltage measured. Figure 6.18 shows the

The graph shows,- variation of this voltage with glancing angl

‘
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as expected, that the zero order extinction voltage decreased with

an increase in the angle of incidence.

6.5 Variation of the first order maximum voltage with angle

of incidence

The experimental observations of section 6.4 clearly indicates that

as the angle of incidence decreases the required phase pene is

impressed on the transmitted beam only by increasing the applied

voltage. A similar effect is expected for the variation of the

“voltage required for the maximum energy in the first order, and this

was experimentally verified.

The experimental arrangement ws again similar to that shovm in

figure 6.11.p. The photonultiplier slit was positioned at the first

order maximum position. The voltage applied to the crystal was

gradually increased until the output of the photomltiplier reached

a maximum. This was repeated for different angles of incidence and

the variation of the first order meximum voltage with the glancing

angle is shown in figure 6.19. ‘The graph shows that the voltage

required for first order msximum decreases with an increase in the

angle of incidence.
a

6.6 Variation of the first order maximum intensity with
angle of incidence

Experimental observations in the previous ‘section show that the

voltage required to give maximum energy in the first order increases

with a decrease in the angle of incidence. In this section, the

maximum percentage of energy coupled into the first order at different

anzles of incidence is studied in some detail.
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The exp:rimontal arrangenent was similar to that described in section

6.3.3. The angle of incidence of the light beam was adjusted to be

86.5°. At this angle of incidence, the voltage required for the

maximum intensity in the first order was 104 Volts. The incident

undiffracted energy and the maximm first order energy were measured

in the manner described in sectiors6.3.1 and 6.3.3.1 respectively.

It was found that 0€0.7,5 of the incident energy was coupled to the

first order at an applied voltage of 104 volts. This compare with

“gl measured for an angle of incidence of 85.25, in section 6.3.3.1.

Figure 6.20 shows the calculated variation of the phase change along

the Y axis at an engle of incidence of 86.5° ond at an applied

voltage of 104 volts. Vomprrison of figures 6.20 ond 6.9(ii)

indiextes that the magnitude of the parse profile is not agpreciably

altered at the two anzles of in nce (£6.5° and 85.25°). Therefore,

it is reasonxble to exzect, mand this is confirmed experimentally-in

this section, thst the percentage of energy coupled to the first

order will be unaffected by verying the angle of incidence over the

e considered.oeral
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CHAPTER

ACOUSTIC WAVES IN SURFACE ELECTHODED DEVICES

INTRODUCTION

The changes in the refractive indices caused by acoustic waves

inside a piezoelectric crystal may be utilised to modulate an

incident optical beam. However, the performance of a device,

whose operation is based on the electro-optic variations of the

refractive index, may be affected by the piezoelectric resonances

when operated with AC signals.

In this chapter the resonances observed in the experimental

devices used in the earlier chapters are isolated, and possible

means of eliminating these effects are investigated.



7.1 Primary and Secondary electro-optic effects in Sees

In Chapter3 the index ellipsoid and the electro-optic deformation

of the ellipsoid caused by an applied electric field was considered

in some detail. In general when an electric field is applied to a

piezolectric crystal the shape of the crystal is altered. This

effect is known as the converse piezoelectric effect (-42), and

in tensor notation this effect is represented as

=d E.+5S Ti Z 7-1
Sik “ijk i jkmn mn

where ES represents the component of the electric field intensity

inside the crystal, 9 ac is oS piezoelectric tensor, S tom is

the adiabatic compliance tensor, Tn is the stress tensor and

exe denotes the strain tensor which describes the change of the

shape of the crystal (¢2).

When the crystal is deformed the index of refraction of the crystal

will be changed. The strain in the crystal is related to the change

in the refractive index by the elasto-optic. coefficients of the

crystal, and the total change of the index of refraction is

conveniently represented as

6 6

SD ckes 7d rs
Ble =1 $7 J=1 \ :

where i = 1, 2...... 6 and r,P,e, are the electro-optic, elasto-optic

and strain tensor coefficients respectively. E is the component of

the field intensity and n is the refractive index (Cf equation Bald,

Chapter 3).
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In the above equation, the first and the second term of the right

hand side of the equation represents the contributions by the

electro-optic and piezo-electric effects respectively. The electro-

optic effect that would be obtained if the crystals were not strained

is called the primary (or true) effect and that due to the

piezoelectricity and photo elasticity is called the secondary (or

false) effect (42). In the above equation (7.2) the two terms do

not necessarily have the same sign.

If the crystal is free from external forces the observed effect

is the sum of the primary and the secondary effects and since the

algebraic signs of the two contributions are not necessarily equal,

the combined effect may be greater or smaller than the primary effect

( 45 ). If the applied electric field is at a frequency corresponding

to an acoustic resonant frequency of the device, then the magnitude

of the secondary effect may be considerably larger than that of the

primary effect. The resonant frequencies of the device are deter-

mined by the dimensions of the crystal and for surface waves, the

geometry of the electrodes.

The application of an alternating electric field to a crystal which

for example is in the shape of a rectangular parallelepiped causes,

in general, nine acoustic waves to travel inside the bulk of the

crystal. These are one quasi-longitudinal wave and two quasi-

shear ( 62 ) waves along the meals to the faces of che crystal’

(62 ). However, the symmetry of the crystal causes a reduction in

the number of waves capable of being generated inside the medium by

an electric field.
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AF Acoustic aves _in LiNbO,

The electro-optic medium considered in this thesis is LiNbO,. Some

of the properties of this crystal are

i) Low ultrasonic loss

ii) Large piezoelectric coefficients

iii) Large elesto-optic coupling efficiencies

In strongly piezoelectric crystals, in order to launch acoustic wav
es

inside the crystal it is not necessary to use an external transduce
r.

The crystal will act as its own transducer. Therefore, in the devices

considered in the earlier chapters, it is expected that the secondary

effect will be appreciable at the resonant frequencies.

If the LiNbO, sample is assumed to be an infinite plate and the

electric field is applied by infinite electrodes deposited on the

flat faces of the plate ( 60 ) then the different modes of propogetion

of elastic waves inside the medium can be summarised as in Table 7.1.

TABLE 7.1

Direction of field i Modes of propagation of elastic waves

x Two quasi-shear waves.

Me One quasi-shear wave and a quasi-longitudinal
waves

Zz Pure-longitudinal wave propagating along
the Z axis.

In the arrangements described in Chapters 5 and 6, the’electric field

inside the seen was produced by the application of a voltage to the

electrode structures deposited on the crystal face. These transducing —

electrodes on the face of the crystal provide a varias array source

for the generation of the waves inside the bylk of the crystal and
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direct coupling to surface waves. For

arrangement of Chapter 5 is consi-

dered the electric field inside

the crystal may be approximately

represented as shown in figure 7.1.

In order to analyse the nature of

propagation of the acoustic waves

inside the crystal, the contribu-

tion to these waves by the two

simplicity if the symmetrical

Z

- E LINbO3

i re Y
= ieee :

X

Fig- 7-1

Symmetrical electrode arrange

ment

components (E, and 2) of the field should be studied, in finite

arrangement, in contrast to the infinite plate arrangement considered

in the results of Table 7.1.

Theoretical estimates of the contributions made by these two periodically

varying components of the field is very difficult. It was not possible,

in the time devoted towards this aspect of the work to undertake the

detailed theoretical analysis of this problem. However, attempts were

made to experimentally analyse the different resonances observed

during the course of this work.

Applying alternating polarities to the adjacent electrodes of the

arrangement shown in figure 7.1 produces (5867)

i) Acoustic waves inside the crystal _

ii) Acoustic waves on the surface of the crystal (Rayleigh Waves)

/ aS
s

For Rayleigh waves ,the energy of the wave is confined within a thin

layer of the crystal close:to the surface. The amplitudes of these

waves decreases exponentially when the distance from the surface is

increased. The surface wave velocity is given with a maximum error

of 0.5% by the approximate forma.
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Y= 410-87 +1129 ) 73
(Gees)

where ve and V t are the velocities of the surface and the bulk

transverse waves which are in the same direction of propagation as

the surface waves respectively, 5 is the Poissons ratio (59/)

.7.2 Acoustic resonances observed in the symmetrical and

asymmetrical electrode device arrangements

At the resonance frequencies the impedance of the device will

abruptly change (60) § .

The devices considered in Chapters 5 and 6 were constructed using

a Z cut LiNbO, crystal. Symmetrical (Chapter 5) and asymmetrical

(Chapter 6) electrodes were deposited on the polished XY face of the

crystal. The electrode fingers were along the X axis. A thin 3

layer of MgF2 was deposited on the crystal face prior to the deposi-

tion of the electrodes.

The impedance of the device was measured by the Vector Impedance

Meter available at the City University.

The procedure for measuring the impedance is described in the

following section.

7.2.1 Initial observations of resonances in the device

The crystal was mounted inside the

holder as shown in figure 7.2 (The

photographs of the holders used for’ common SS
bare.

different electrode configurations

ee lS ae

62



are shown in Appendix A eiaeee ). The separation of the

connecting leads AA was adjusted so that the leads made contact

with the centre of the common bar (fig.7.2) connecting the electro-

des. The contacts between the leads A, A and the electrodes were

made by applying a conducting paint (silver paint) between the leads

and these bars. In the measurement of the impedance it is necessary

to ensure that a good contact is made between the bars and the leads,

but care should be taken to ensure that no stress is exterted on the

‘ erystal face as any stress may alter the resonant frequencies.

The lengths of the connecting leads AA should be made as small as

possible to reduce the contribution of the 'stray' impedance by the

leads. However, to facilitate easy connection, a compromise length

of 7 mm was chosen. The composite structure was then connected

directly to the Vector Impedance Meter via the BNC plug. The

electrical resonant frequency of the ayers was found to be

beyond the range of measurements.

The frequency range of the impedance meter is from 0.5MHz to 10@Hz.

The frequency at which the impedance was measured was manually .

eltered and the impedances were directly recorded on an XY plotter.

The X and Y axes represented the frequencies and the impedance

respectively. The experimental plots are given in figure 7.3A and

ThA respectively. It can be seen that he impedance gradually

decreases as the frequency of measurement is increased. This is

due to the decrease in the impedance by the bulk capacitance of

the device. However, at discrete frequencies the impedance changes

abruptly (e fluctuates). The phase of the device was also measured

and the variation was similar to that of the impedance. The phase
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angle was -90° and changed abruptly at frequencies where the

impedance abruptly changes.

The following procedure was adopted to isolate the elastic waves

causing the resonances.

7.2.2 Observation of resonance in the device with an absorber’

The acoustic waves produced inside the piezoelectric crystal may be

completely or partially absorbed by having a proper absorber attached

to the faces of the crystal. The absorber may be a soft material

(rubber or plasticine) or a liquid. Alternatively the waves may be

coupled out when the crystal is efficiently adhered to a second solid

medium. In order to isolate the causes of the different resonances

observed in the earlier section, attempts were made to absorb the

acoustic waves produced inside the crystal.

A thick layer of plasticine was placed between the crystal base

BB and the holder. The impedance was again measured in the manner

described in the earlier section and the experimental plots are

given in figures 7.3B and 7.4B.

Summary of the observations

When acoustic resonance occurs inside the medium, the electrical

impedance of the crystal will abruptly change. The nature of the

variation (either an increase or a decrease) of the impedance can

only be determined by knowing the exact equivalent circuit of the

arrangement. The equivalent circuits of the above devices are

rather complicated. The frequency range over which the change from

the minimum impedance to the maximum impedance occurs is of eas order

of 0.05 MHz. Therefore, although it is difficult to define exactly

the resonant frequency because of the complexity of the equivalent
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circuit, very little error will be introduced by defining the resonant

frequency as the frequency at which maximum impedance occurs.

i) Symmetrical electrode arrangement

For the arrangement without the absorber at the base BB, a large change

of the impedance was observed at 0.54 MHz. A considerably smaller

variation was also observed at discrete frequencies in the range of

0.5 MHz to 1.5 MHz. However, when the absorber was placed on the base

BB of the crystal these resonances were almost completely suppressed.

Therefore, it may be assumed that the resonances observed in this

range were due to elastic waves travelling along the Z direction of

the crystal. On the graph covering the range of 4.5 MHz to 1,.0 MHz

an appreciable regular fluctuation of impedance was observed fram

7.8 MHz to 9.5 MHz. The maximum variation was at 8.7 MHz. These

fluctuations were not appreciably altered by the presence of the

absorber. Similar fluctuations were observed on the plot covering

the frequency range of Ui, MHz to 35 MHz. These variations had about

one hundredth of Spodanee change that was observed at 0.54 MHz. The

impedance was found to decrease gradually with very little fluctua-

tions in the range of 35 MHz to 108 MHz.

ii) Qualitative analysis of the observations’

The previous observations clearly indicate that the resonance

observed at 0.54 MHz was due to the even travelling along the Z

direction. If this resonance is assumed to be due to a fundamental

frequency longitudinal wave travelling along the Z axis, then the

wavelength of this resonance wave is approximately equal to twice

‘the dimension of the crystal in the Z direction ie 14 mm (ref.Chapter 5).
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The velocity of the longitudinal wave along the Z axis is 7330.6 m/s

( : 47 .). From this data the resonant frequency of the longi-

tudinal Nave An the fundamental mode may be calculated and is equal

to 0.53 MHz. ‘This corresponds closely to the measured resonant

frequency of 0.54 MHz and it would thus appear that the observed

resonance may be attributed to a longitudinal wave along the Z dire-

ction. The deviation in the calculated and measured frequencies is

within the range of uncertainity in deducing the exact frequency at

which resonance occurs. The other small variations of impedances

Rpeeeved in the range of 0.5 to 1.5 MHz may be due to surface

irregularities of the second unpolished face perpendicular to the

Z axis.

The bulk waves inside the crystal can also produce surface waves

which travel on and near the crystal face. In addition, the inter-

digital electrodes deposited on a strongly piezoelectric crystal can

couple surface waves to travel on the crystal face ( 47 ). When

alternate polarities are applied to the adjacent electrodes, efficient

coupling of the surface waves will occur only when the electrode

pitch is equal to half the wavelength of the surface waves ( or a

multiple for the harmonics). The electrode pitch used in the

symmetrical arrangement is equal to 0.217 mn. The surface wave

velocity along the Y direction in the XY face of the crystal is 3900 m/s

( 60. ). Therefore, the fundamental frequency required for surface

wave generation is 8.27 MHz. This is in close agreenent with the

resonance observed which was not affected by the presence of the

absorber on the base (7.8 MHz to 9.5 MHz). Tne deviation Re tneen the

calculated and the peak resonance frequency observed is about 5%.
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This deviation may be attributed to the uncertainty in the determi-

nation of the frequency at which resonance is occurring and also due

‘to the device irregularities.

These observations clearly indicate that in the symmetrically

electroded arrangenient, two types of waves are produced by thé appli-

cation of an alternating voltage to the electrodes.

iii) Asymmetrical electrode arrangement

“For the arrangement without the absorber at the base of the crystal,

a large change in the impedance was observed at 0.64 MHz. Considerably

smaller variations was also observed at about 1.77 MHz. All these

variations were almost completely suppressed by the presence of the ,

absorber at the base of the crystal indicating that these resonances

were due to waves travelling along the Z direction. A random

fluctuation of the impedance was observed in the range of ,.0 to 25

MHz. The magnitudes of these fluctuations were negligible when

compared with the variation obtained at 0.64 MHz. In the other ranges

of frequencies upto 108 MHz the impedance decreased gradually with an

increase in the frequency.

iv) Qualitative analysis of the observations of the
assymmetrical arrangement.

If the resonance observed in the range 0.5 MHz to 1.5 Miz is due to a

longitudinal wave in the Z direction then the wave length of the

resonant wave is 6 mm (dimension of the crystal in the Z direction is

3mm ref. chapter 6). Therefore, the resonant frequency should be

1.22 MHz as the velocity of this wave is 7330.6 m/s ( 47 ve However,

if the resonance is assumed to be due to a shear wave along the

Z direction, the resonant frequency can be calculated using the shear
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wave velocity along the Z direction. This velocity is 371, m/s

( 47 )- The resonant ete of this wave is then 0.62 MHz.

Experimentally a large increase in the impedance was observed at

0.64 MHz. Assuming this resonance is due to the shear wave, the

deviation of the calculated and measured frequencies is about 5%.

.This may again be due to the uncertainty in the assumption of the

frequency measurement. The other small variations of the impedances

in the range of 0.5 MHz to 1.5 Miz may be due to the surface

“irregularities of the unpolished XY face of the crystal. The resonance

observed at about 1.77 MHz may have been due ce the third harmonic

of the shear wave.

In ae - asymmetrically electroded arrangement, if the electrode

spacing between the pairs of the electrodes (2d = 34h pra ref.

figure 6.11 Chapter 6) were chosen to be equal to an even mltiple

of the pitch of the closest pair electrodes (67 pm) then itis °

possible to launch surface waves along the face of the crystal. The

wavelength of these waves is twice the pitch of the closest pair of

electrodes. In the experimental arrangement this pitch is equal to

57 pa + Therefore, the frequency required for surface wave generation

is about 29 MHz. However, no resonance was observed experimentally

at this frequency. This may have been due to the distance 2d not be-

ing an even multiple of the closest electrode pitch, as this relation-

ship would be required to sustain the surface waves after it had been

launched from the closely spaced electrodes.
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7-3-1 Acoustic waves in a Y cut LiNbO, crystal

Detailed experimental analysis of the different types of waves

propagating inside the crystal can be made only when a the faces of

the crystal sample are well polished. This facilitates a uniform

reflection of the waves at the crystal faces. The availability of

the LiNbO, samples have restricted choice to the selection of a Y cut
3

LiNbO, crystal and in the following sections the acoustic resonances

observed in this configuration are discussed. The dimensions of the

yee! are 1.35 mx 0.3 cmx 0.72 cm

along the X, Y and Z directions res-

pectively (see fig.7.5). One of the

XZ faces was polished (flatness is Y

of the order ofA /4 where =0.53 Hm)

and the other faces of the crystal LiNbO

were polished to give a reasonably Fig- 75 >

cement

smooth finish to the surface. In recut cra tale arene

order to study the effect of the NeFy film on the propagation of

surface waves, a symmetrical electrode structure as described in

section 7.2 was chosen.

A thin layer of MgFo was first deposited on the polished ZX plane of

the crystal. The symmetrical electrode structure was then deposited

on the exposed MeF, surface, with its fingers along the X axis. The

crystal was mounted in the holder in a manner similar to that

described in section 7.2 and the impedance was measured in the range

of 0.5 MHz to 108 Miz without any external absorber attached to the

crystal.

-177-



— 8Zt-

Fig-ta7-6 2=.Y.cut LiNbO3 with

symmetrical electrodes
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Impedance varied from 16.2 K to 5.62 K

(without absorber)
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Fig 7.6

Frequency range 0.5 MHz to 1.5 liilz

Impedance varied from 16.2 K to 5.62 K

(a)

a) Absorber on the base of the crystal

b) Absorber on the base and two sides of the ¢rystal

c) Absorber fully covering the crystal
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Frequency range 4.5 hillz to 14.0 liz

1) Without absorber

2) Absorber on base and two sides of the crystal

3) Absorber fully covering the crystal
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In the frequency range of 1.5 to 4.5 MHz and 35.0 to 108 lillz the

impedance varied uniformly. The experimental plots ‘are given in

figure 7.64. Rapid variations of the impedance were observed in the

other frequency regions am the following tests were carried out to

isolate the resonances observed.

i) With plasticine on the base of the crystal

ii) With plasticine on the base and the two sides
perpendicular to the Z axis

iii) With: plasticine completely covering all the
six faces of the crystal.

In the frequency range 0.5 MHz to 1.5 MHz, the above eee tests ‘were

carried out and the variation of the impedance is shown in figures 7.6 a,

b and c. In the other two regions 4.5 MHz to 1,.0MHz and U,.0MHz

to 35.0MEz, tests with the arrangements described in (ii) and (iii)

were carried out and the impedance variations are given in figures d

7-6e and 7.6f respectively. ‘ 7

The second arrangement will isolate any reflection of the waves

taking place on the two faces perpendicular to the Z axis. In this

arrangement the absorber was purposely put over the edge of the ZX

face so that the reflection of the surface waves at the abrupt edge

of the face may be nullified. By putting the absorber over the

electrode surface (arrangement iii) the surface vaves can be

absorbed.

73.2 Summary of the observations for the Y cut ae crystal

Case (i) Frequency range 0.5 MHz to 1.5 Miz

A large variation of the impedence was observed at 0.76 MHz when the

crystal was mounted inside the holder without any absorber. It can be

seen from the plot (figure 7.6a) that small variations of the impedance
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occur around 0.52 and 0.68 MHz. A small fluctuation of the impedance

occurs at about 1.1 MHz. These variations were almost completely

suppressed when the absorber was placed on the base (Test i) of the

crystal. Therefore, these variations of the impedance mst have been

produced by waves travelling along the Y direction. In the arrange-

ments described in tests (ii) and (iii), no appreciable variation of

the impedance from that of test (i) was noted.

Case (ii) Frequency range 4.5 MHz to 1.0 MHz

In the arrangement with no absorber attached to the crystal, a fluc-

tuation of the impedance was observed in the ence range of 7.2

MHz to 8.8 MHz. The maximum variation of the impedance was obtained |

at 8.18 MHz. The fluctuation was not appreciably changed when

measurements were made with the arrangements of tests (i) and (44).

However, with the third arrangement, where the absorber was placed

on the electrode face the resonance observed was completely suppressed.

Therefore, the resonance observed in this range may be attributed to

surface waves on the crystal face.

Case (iii) Frequency range U,.0 MHz to 35.0 Miz

The impedance in the range of 14.0 MHz to 25.0 MHz fluctuated when

measurements were made without any absorber. The magnitudes of the

fluctuations were about one hundredth of that observed at 0.75 MHz.

No appreciable change in the fluctuations were observed in tests

(i) and (ii). However, when the crystal was completely covered by

the absorber, the fluctuations were appreciably reduced.

-184 -



7-3-3 Qualitative analysis of the observations with
the Y cut LiNbO, crystal

If the resonaice observed at the frequency of 0.76 MHz is assumed

to be due to a longitudinal (quasi-longitudinal) wave along the Y

direction, the wavelength of this wave is approximately equal to.

O.6cm. The velocity of a quasi-longitudinal wave along the Y axis

is 6837.9 m/s ( 47 ). Therefore, the resonant frequency is

1.1, MHz. This is not in agreement with the experimental observation.

-However, if the wave is assumed to be a2 quasi-shear wave along the

Y direction, the velocity of it being 4466.7 m/s ( 47 ), the

calculated resonance frequency is 0.74 MHz. The deviation in the

frequencies measured and calculated is’ about 2%. Therefore, the

resonance occurring at 0.76 MHz my be attributed to the quasi-shear

wave travelling along the Y direction of the crystal.

The resonance observed at 8.16 MHz was not affected by the presence

of the absorber on the base and the two faces perpendicular to the

Z axis. However, the resonance was completely suppressed by the

presence of the absorber on the electrode face. The electrode pitch

used in the experiment is 0.217 mm (ref. section 7.2.4). ‘The

surface wave velocity along the Z direction is 3490.0 m/s ( 60 Je

Therefore, the frequency of the surface wave is $8.23 MHz. This is

in close agreement with the experimental observations.

7.3.4 Effect of MgF. on the generation of surface waves

In the arrangements so far considered, a thin film of MgFy was

deposited on the crystal face prior to the deposition of the electrodes.

In this section the effect of the MeF, film on the generation of the

surface waves is considered. The crystal was washed in concentrated

Soe
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This arrangement is without the Ugh, film

Frequency range 4.5 itHz.to 14.0 MHz

Impedance varied from 1.8 K to 0,56 K



FeCl, solution to remove the NgFp layer. The interdigital electrodes

used in section 7.3.1 were deposited directly on the crystal face.

The crystal was mounted inside the crystal holder andthe impedance

was measured in the frequency range of 4.5 MHz to 1.0 MHz. The

variation of the impedance in this frequency range is given in,

figure 7.7. It can be seen that the resonances (or the fluctuations)

observed in the range of 7.0 MHz to 8.8 MHz are very much larger

than that observed in the crystal with the MeF, layer. The maximm

variation of the impedance was again at a frequency approximately

8.18 MHz.

The experimental observations of the devices so far considered

suggests that:

i) In the Z cut crystal, with the symmetrical electrodes an the XY”

plane and with electrode fingers erate to the X axis, two types

of waves are produced by the application of an alternating voltage to

the miectroress

a) Bulk waves which can be absorbed almost completely by a

suitable absorber at the face parallel to the electrode

face.

b),Surface waves on the crystal face.

iz) In the Z cut crystal, with assymmetrical electrodes on the XY

plane of the crystal and with electrode fingers parallel to the X

axis, only one type of wave is produced, namely Bulk waves inside

the crystal. These waves may be absorbed by putting an absorbing

medium on the face parallel to the electrode face. -



iii) In the Y cut crystal with symmetrical electrodes on the ZX plane

two types of waves are produced:

a) Bulk waves which can be absorbed by a suitable absorber

placed on the face parallel to the electrode face.

b) Surface waves on the electrode face. The surface waves

were found to be completely absorbed by an absorber on

the electrode face.

iv) Comparison of the surface wave resonance observed in the Y cut

crystal, with and without the MeF, film, indicates that the thin

film of NeF, on the ZX plane of the crystal reduces the surface wave

resonance. Keasons for this may be postulated but:no attempts were

made to analyse this effect in detail.

7.4 Optical effect due to acoutic resonance

The Y cut LiNbO, crystal as described in section 7.3.1 was arranged

. in the manner cescmibed in Chapter 5 (figure 5.4.2). The incident

optical beam was polarised with the E vector along the plane of the

optic axis. The glancing angle of the incident beam with the X

direction was adjusted to be equal to 255. The performance of the

device was examined by a net-work analyser. The experimental i

arrangement is schematically represented in figure A.2 of Appendix A.

The photomiltiplier was positioned at the centre of the zero order

beam as described in Chapter 5. The net-work analyser compares

the electrical input signal to the device and the output from the

photomultiplier. The net-work analyser was set at 0.8 MHz symmetrical

sweep with a band width of 0.1 MHz. The output of the analyser was

recorded on an X¥ plotter. The X and the Y ordinates corresponds
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to the frequency and the output of the analyser respectively. The

experimental plot is smown in figure 7.8. It is apparent from this

Plot that a resonance is present at about 0.78 MHz. ‘ith this arrange-

ment a resonance of the electrical impedance was observed at about

0.76 MHz. Therefore, it could be concluded that the optically observed

resonance was due to the acoustic resonance produced inside the

crystal.

2.5 Performance of the device at a.c. and d.c. applied voltazes

In deriving the expressions for the field components (Chapter 4) in

the high frequency case, it was assumed that the potential distribu—

tion inside the crystal is governed by the equivalent capacitive
network. Accordingly, the relative dielectric constants along and

perpendicular to the optic axis were acer as 28.6 and 84.6 respec-

tively. These were the values supplied by the manufacturers. However,

due to the lack of informtion of the resistivities, in the d.c. case,

it was assumed that the resistivities are equal in all directions.

Hence, it is important to verify the validity of this assumption.

A simple experiment was undertaken to compare the performance of the

device at a.c. and d.c. applied voltage. The experimental arrange-

ment was again similar to that show in Chapter 5 (figure 5.4.2). The *

angle of incidence was adjusted to 88°. The photomultiplier arranged

in the manner described in Chapter 5, was used to detect the intensity

of the zero order beam.

A 30 Volts 0.5 HHz signal was applied to the electrodes, and the output

of the photomulsiplier wes measured by an oscilloscope. The alter~

nating voltage supply was isolated and a d.c. voltage supply was



connected to the electrodes. The voltage applied to. the electrodes

was gradually increased until the decrease in the intensity of the

zero order beam was equal to that produced in the a.c. condition.

The voltage required was 24 volts.

The energy removed from the zero order is a function of the

applied voltage (ref. Chapter 5). The application of a voltage to

the interdigital electrodes impresses a periodic phase change on

the transmitved optical beam, and a difiraction pattern is obtained

in the far field. If the decredse in the energy from the zero order

is the same when the applied voltage is 30 volts (peats) B.C. or 24 volts ;

d.c., then the phase change impressed in both these prene ements

should be the same at the two voltages. Figure 7.9 shows the

variation of the phase changes along the Y axis for the above two

cases. The phase chanses were caleu sd from equation 3-55- In

the a.c. condition, equations 427 and 4. 23 were assumed to

represent the BY and E, component of the field. Justification that

at this frequency the whole of the equivalent network may be

described in terms of the dielectric constants as assumed in

equations 4. 97 and’. 23 is given by the phase reading at this

frequency of -90°, indicating a capacitive network. In the d.c.

condition equations 4. 27 and 4.23 ter and€ omitted) were esouned to!

the EY and E component of the field inside the erystal. It is

apparent from the figure 7.9 that the changes in phase in the a.c.

and d.c. conditions are approximately equal. Therefore, the

diffraction effect produced in the two cases rust be the same.

In the derivation of the emation . 4422 » it was

assumed that the resistivities of the crystal are the same in all
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Induced phase change

y mm

Fig 7-9 Induced phase grating profile

Isotropic case ({ Applied voltage = 24 ¥)

——— Anisotropi case ( Avplied voltage = 30 ¥)
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directions. Comparison of the performance of the device in a.c. and

d.c. conditions indicates that this assumption is reasonable.



HULTIREPLECTICN ELECTR0-Cr pric

INTRODUCTICN

Experimental observations with internal reflection

modulators ,described in Chapters 5 and 6 show that the zero order

extinction voltage decreases with an increase ia the angle of incid-
ence. However, when the angle of incidence is large, eee art linit-

ations are encountered in aligning the modulator. An extension of the

Principle oz single internal reflection modulator to a nultireflect-

ion modulator to give a low operating voltage at a conparatively
small angle of inci ence is described in this chapter. Initial obser-

vations with a double reflectica modulator ives ebout 50% reduction
in the zere order extinction voltage,
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8.1 Theoretical consideration of the multi-internal reflection

modula

Theoretical derivations and the experimental observations discussed

in Chapters 4,5 and 6 show that a periodic variation of the refract-

ive index inside an electro-optic medium may be produced by the

application of a potential difference te the Gntoraietter electrodes

deposited on to the’ ere face. 1e the electrode structure is

assumed to be symmetrical, as considered in Chapter 5, then the com—

ponents of the fringing field are given by

E,= 0

_m,

Ey oe sinlann) ed. om cos ofty d 8-1

: Ol z :
ESS aye sinlant) ed om sin ni y 8-2

where n

Nice eons 3

Those expressions are with respect to the coordinate system shown

in figure 8.1 where the electrodes are deposited on the polished xy

face of the electro-optic crystal, LiNbC,, with the electrode fingers

in the X direction. 2V is the

applied d.c. voltage, d is the

electrode pitch and 2ad is the Zz

spacing between the electrodes. ——= “ Pe Y

From these equations it can be S Fig- 84

seen that the = and the &. Hodulator configuration i'y i

components of the field decreases exponentially:
=f

Z. The computer plots given in Chapter 4 (figures 4.5 imd 4,6) =

with an increase of

indicates that, typically, when z is equal to @/2, the magnitudes



of these components are approximately equal to one quarter of that

at the erystal electrode interface.

The fringing field inside the crystal produces a periodic variation

of the refractive index inside a properly oriented crystal. Whe a

suitably polarised beam of light encounters this periodic vari-

ation of the refractive index, a pericdic phase change will be in-

pressed on the transmitted beam and thus Tithe diffrzcted into

different orders. Fron the diffraction theory it can be shown that

the inter order angle will be increased by decreasing the electrode

pitch. However a decrease in the electrode pitcn will decrease the

penetration of the electric ficld insice the crystal. Therefore in

order to take advantage of the high field intensity region, the

incident optical dean to be focused to travel very close to the

base of the crystal. Nodulators operating on this principle have been

reported vy St. Ledger and Ash ( 18 ). Although the arrangement lends

itself to dntecsrated circuit applications, as a bulk modulator the

device is possibly limited due to practical alignment difficulties.

Alternatively, in order to ensure that the incident optical beam

experiences: the intense field region, it may be reflected off the

crystal electrede interface. An account of the investigations with

an internet reflection modulator is given in Chapter 5. The operating
characteristics of a diffraction based modulator are generally

characterised by the zero order eceererion voltage and/or the voltage

required to deflect the incident energy to the higher orders. It

can be seen from section 5.4.4.(Chapter 5) of this thesis that the

zero order extinction voltage decreases with an increase in the angle

of incidence.
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Consider the internal reflection modulator arrangement of figure 8.2.

AB denotes the cffective

}

field regicn.tihen the angle

of incidence oe; is decreased,

the effective interaction length Fig- 8-2
f Siagle reflection arrangemof the opticel beam is decreased. Raoee 1 Senet

Therefore in order to impress an equivalent amount of phase change

on the optical beam, the applied volta:e should be increased. However

if the optical beam is allowed to undergo two feflecticons, as shown |

in figure 8.3 the total

interection region is increa-

--B
sed and therefore the total

phase change impressed on the

optical beam is increased.

Consequently the voltase required for the zero order extinction is

decreased. The total number of reflecticns that the optical bean

can undergo will be determined by the diffraction effect inside the

crystal.

In order to experimentally verify this effect, a modulator was

constructed with a thin LiNbO, erystal and the initial investigations

with this device are given in the following sections.

“Bl.2 Variation of the zero order extinction volt e with angle of

incidence =

A thin LiNbO, erystsl dimensions 28.5mn.x 4mm x 0.72mm was taken

as the modulating aaterial. Ti @ dimensions were along the X,Y

and Z directions respectively (Zisire 1 pase 202 ). The two faces © ~



perpendicular to the Z axis from which reflection occurs were

polished.(Bef.Chupter 9 for the detailed description of the pol-

ishin: Beery: The two faces perpendicular to the X axis were

also polished for the lisht transmission. To prevent the generation

of the Subdi fraction pattern by the presence of the two aifferent

reflection boundcries (crystal-electrode and crystal-air; Ref.

Chapter 5), a thin layer of high, Cthickness = 0.6pm) was deposited

on’ the faces perpendicular to the Z axis. Symmetrical nrtardiot cat

electrodes of electrode'pitch 0.2 um and electrode spacing of 0.1nn

were deposited on one of the magnesium fluoride Films. The lengths

of the electrodes were 22mn and were in the X direction (figure 1b,

page 202 ).

The viriation of the sere or with angle ofincticn volt

incidence was studied. TI rinental arrangement used for this

measurement is similar to thet described in section 3 4 of Chapter

5 and is shown in fisure £.4.

The auotaent light was polarised witn the E vector along the plane

of incidence and the intensity of the zero order beam was measured

by a photomultiplier carrying a straight slit. The photomultiplier

was positioned such that the length of the slit was along the centre

of the zero order bean. The voltage applied te the crystal was grad-

ually increased until the photomultiplier reading was minimum (zero).

The procedure was repeated for a varying angles ef incidence and

the variation of the zero order extinction voltage with the glancing.

angle (DS is given in figure 2 (page202). It is seen from this

rable



graph that the zero order extinction voltage deereased with an

increase in the angle of incidence. This observation is in agree-

ment with the theoretical prediction.

{

8.9. Comzarison of the variation of the zero crder intensity with -

applicd voltaze for the single and double internal reflection esrrangzements

In order to study the effect of the dcuble reflection, the incident

beam was initially allowed to undergo one internal reflection .

inside the crystal and the modulation of the zero order beam energy

with applicd voltage was measured.

\;

The experimental arrangement was similer to that show in figure 8.4.

sees ¥ Oe
The angle of incidence was aaj to be equal to 79.5 . This angle

o thet it would be possible to also ovtain two reflect-

ions off the crystal electrode interface at the same angle of incid-

e by properly positioning ‘the crystal. Tie intensity of the zero

order bean 2t zero applied voltage was msasured and taken as Io:

The voltage applied to the electrodes was gradually increased and

the corresponding intensities, lye race measured. Graph b of figure 3

in the following paper (pages 202 ) shows the variation of the

ratio L/t, with voltage when the optical beam undergoes one inter-

nal reflection. This paper gives a summary of the multi internal

reflection modulator.

The crystal was then positicned so that. the incident beam suffers

F Z : TES See
two internal reflections for the same angle of incidence (79.5 ).

The variction of the zero order intensity with voltase was again

measured. Graph c of figure 3 (pa:



Arrangement 1: Single
reflection

Polarised Photomultiplier

Arrangement 1

Direction of

novement

Arrangement 2 : Double

reflection

Polarised

Arrangement 2

Fig 8.4 Optical arrangement for the single and
'

doudle reflection configurations
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LA, with voltage when the optical beam undergoes tyo internal

reflections. Comparison ofthese two graphs shows that the voltage

required to proci:ce minimum intensity in the zero order is approxi-

mately halved fas two internal reflections take place on the crystal

electrode interface.

The final section of the paper summarising the performance of the

multireflection device (pages 205 ) gives an account of the

advantages of this device.
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Abstract. A low-voltage diffraction-type modulator using multireflection of the optical
beam off the crystal-clectrode interface is discussed. Experimental observations with a
double-reflection modulator gives 50% reduction of the zero-order extinction voltage.
This approach could be extended to give a further reduction in the operating voltage.
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CHAPTER 2

BPaPATLON OF Tl EXPE fal DeVICE:

INTRODUCTIGCN

The devices discussed in the earlier chapter elves

promise to a varicty of applications such as beam stearing, Q

switching and liode locking of a laser cavity (Ref. Chapter 10).

A device which is utilised in an application should be easy to

manufacture. Hence it is appropriate that a considerable amount

of emphasis is given to the prcduction of these devices. The

devices considered in this thesis were produced at The City

University. In this chapter the preparation of the experimental

samples cor arlier chapters are discussed in some

detail. The prcbitems of practical limitations encountered in .

develo; ng these cevices and suggestions for the elimination of



9.1 Prodtction of the experimen

The electro-optic crystzl consi ved in this thesis is LinbO,, a

uniaxial crystal. The physical properties of this crystal indicates

that it is relatively ere (hardness 6 moh), non hygroscopic, and

resistant to meee chemicals. The material is also highly teaperature

> is 1483°x. Devices used inside aresistant. The Curie tempera

laser cavity (eg © switching or ode locking) are required to be

accurately polisied and the preparation is hichly critical, to

losses ov the device. when the device is used

external to the cavity (eg. mor tcr or deflector) the losses may

not be so critical md therefore the tolerances on the device accu-

racy may »e relaxed. The devices d scribed in the earlier chasters

were used externallyof the laser ity. In following sections

the preperation of these devices are discussed.

9.1.1. Device requirenents

The two arrangements considered in the earlier chapters were

i) Symmetrically electroded internal reflection light modulators

ii) Asymmetrically electroded internal reflection light deflectors

In the first arrangement, the electrodes can be deposited, either

parallel or perpendicular to the optic axis of the erystal (the Z

axis Ref. Chapter 3). Both these arrangements will sive rise to a

sym trical periodic perturnacions of the refractive incex in the

crystal. However in the second arrangement when the electrodes are

endicular con-
asymnetrically sit: ated on the crystal facs the p.

ponent of the electric field follows an apyroxir te sawtooth vari-

ation.
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Therefore the electrodes si.culd be deposited on the KY surface of

the crystal so that the r,.. cos s the change in the
2 oO

refractive index. The first s e of prcoducins the device is the

production of a suitably oriented crystal. In the following section

the production of a crystal with the Z axis perpendicular:to the

plane of the electrodes is considered. A similar procedure. could be

adopted for crystal samples of different orientations.

9.1.2. Crystal cutting

LiNbO, erystals are generally grown by Czochralski method with the

Z axis of the crystal alonz the axis of growth. The crystal poule

is cylinJirical in shape. In the samples obtained, it was seen that

two protrutions were present along the le & the crystal boule.

The lines joining the centre of 2 circul:r section to the positions

of the protrutions made an angle of 120° with each other and the

radius vectors approximately corresponded te either of the Y axis

of the crystal. The crystal was mounted rigidly on the horizontal

platform of the crystal cutting machine (Meyer and Burger Ltd.,)

(See Fig. 9.1). The plane of the platiord was adjusted so that the

Z axis of the crystal was perpendicular to the plane of the saw.

The cutting saw of the machine was a circular blade whose edge was

impregnated with diamond powder. The rate of rise of the horizontal

platform was adjusted so that chipping of the sample is prevented

while cutting. During che cutting process, a lubricant (Castrol

llogrind 482) was sprayed along the cutting edge. The lubricant

further absorbed the undue h t evolved during the cutting.
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The exact direction of the axes of the crystal slice was determined

by conventional X-ray diffraction techniques. The slice

wes then cut into a rectangular parallelepiped with'faces perpend-

icular to the X and Y axis.

9.1.3. Crystal polishing

The crystal was polished by the polishing machine available in this

department. The base of the crystal (XY face) was first polished.

The crystal was held in position inside a rectenzular slot in a brass

block by paraffin wax with the XY face osed. The brass block ~

was then attached to the chuck of the polishing aachine (Fig.9.1).

The polishing plate was a lead lap and hypres lapping compound

(ingis Ltd.,) was used as the polishing/lubricating agent. First the

lubricant with larger diamond powder (14 pe wes sprayed cal the

polishing lap. The pressure exerted on the crystal and the speed of

revolution of the lap were adjusted to give reasonably smooth coated .

surface. The polisiing lap was then changed and a spray containing

oq pa diamond powder es used to give the final polish of the crystal

surface. Alternatively Ceriroughe powder (Thoriun Ltd) with water

could be used as the lubricant. Ne scratches on the polished surface

could be detected by the eye snd the flatness of the surface was

checked using an interferometcr. The interference pattern contained
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This indicated that the flctness of the surface isd/a across the

face of the crystal. The incident wavelength WES~O.53 pa

A sinilar procedure was adopted to polish the two faces perpendi-

cular to the X axis.

The crystal polishing was attempted using a pelon pad instead of a

lead lap. This quickly produced a polished surface but when viewed

under the interferometer, the face appesred to be curved and about

eight circular fringes were present in the interference pattern.

9.2 Preparation of the sample for deposition

The polished erystal was first washed in acetone for four hours.

This removed any organic contamination cn the crystal. The crystal

was then washed in rmmning ta water for 3¢ minutes. The crystal

was dried and put in « bath of potassium dichror @ solution with

eéncentrated H,SO , and was left in it for 12 hours. This removes

any inorganic contamination (salts) from the crystal. The sample

was taken out from the solution and the cleaning agent was aiicvea

to drip off from the crystal. Glass slices were used to hold the

erystal since the solution attacks metals. This solution aS highly

corrosive and any contact to the skin or to cloth should be avoided:

It is important ‘that the crystal is almost free from the solution,

otherwise when put in water, due to the evoluticn of heat (80 + #9)

the crystal will shatter. The crystal was washed in running deionised

water for two i:ours and then dried in a stream of flowing air. The

crystal was then baked in oven fer om hour at a temperature of

° F
100°C. Care should be txken tu avoid any form of contact with the

polished surfaces of the crystal, cspecially the surface on whic:

a



The electrode structure was etched on the crystal face by conventional

photolithographic techniaues (Ref.section 9.5).The photo-mask

required for this was preduced by photo-reduction of an enlarged

version of the required electrode pattern. The master pattern was

prepared by cutting on a Kimoto Strip film, procured fron speciality

Products. The dimension of the 'master' was about 200 times larger

than that of the required size. The original pattern was then photo-

reduced, in stages, to the r msion. If the reduction is

done in two stages, then the r

pattern optained will be the negative of the

in the production of the cevices considered in this thesis were pro-

duced in two reductions. ‘jhen the master is reduced, any flaws in the

original will be greatly reduced end can usually be neglected. The

masks required for the symmetrical electrode structures were made on

an pr sord N4E50 film. For the asymmetrical arrangement a Kodak High

uy

Resolution plate was used.

9.4 Deposition of NsF, film and the electrode metals

9.4.1 Deposition of HeFy film : A nolybcanum boat was used to evapor=

ate MgF, pellets (BDH chemicals). The pellets used varied in size

(4-40 mesh ). The crystal was clamped inside the vacuum chanver

(Sdwards High Vacuum Ltd) by metallic clips at about 20cm from the

boat. The oscillating crystai of the thin film thicknoss monitor was

- 212 -



clamped adjacent to the crystal and at the same distance fron tre

beat. The chamber was first evacuated by a rotary pump. This gives

a pressure of approximately 0.005 Torr. The chamber was the connected

—6
to an ion pump wnd the pressure was reduced to about 10 Torr.

The Migr, was first covered with a shutter. The current passing through

the boat was gradually increased until the pellets melted completely.

When the Lig, pellets melt, it is possible for air pockets to be

trapped under the molten material. Therefore the current was slightly

increased until all the air waich may be trapped inside escapes. If

this is not carried cut, then when the deposition of NgF,'g Commences,

the Ugr, will 'spit' on the crystal. The current’ was reduced and the

ain increased andshutter covering the lig, removed. The current was <2

the thiclmess of the ligF, deposited on the thicimess monitor crystal

was measured directly from the frequency of oscillation of the crystal.

The thickness of the film deposited cn the LiNbO, crystzl was assumed
3

to be equal to that on the oscillating crystal. The LiNbO, erystal was

then baked in an oven for 12 hours at a temperature of 80°C, This

produced a hard UsFy filn. This film is reasonably resistant 5 yee

and to a dilute Bon eos of ferric chlorice Cpe etching solution).

Eovever this film was affected by the chromium etching soluticn (rof.

section 9.5).

9.4.2. D sition of electrode metal

The electrode acetal can be either chromiun, a@ combination of chromiuna

and copper, or copper. It is seen from the previous section that the

Mer,‘2 filn is afiected by the Cr etching solution. Therefore only a thin



filn of cu (thick S$] pm) was deposited on the gk fila. Thicker

Cu films increase the difficulties of etching tc sive a high resolut—

ion. Cu can be evaporated ing the boat end the procedure for depos-—

ition is similar to that described for MgF,.

9.5 Etching of the electrodes

The photo-mask used was positive and therefore the Cu metallic surzace

was covered with positive photoresist (AZ 1350 positive working photo-

Pecigtonisiey Europe Ltd.).The crystal was clanzed on a spinning table

and rotated at a rate of approximately 2000 rpm. This produced a reason—

ably uniform layer of photoresist of approximate thickness bs pa on

the Cu surface. The rate of spinning slould be large to prevent 'Bead—

ing' of the photoresist at the edge of the crystal. This is necessary

to ensure that the photo-mas!: is in good contact with the photoresist

film. The crystal was then dried in an oven for 3C minutes at a ten-

‘° ; ; o
srature of 60 C. The ultra violet light source used for ex posure Was

an ordinary sun ray lamp (Pifco). The emergent beam\as not focused.

The photo-nasic was placed over the surface covered with photoresist.

If the photo-mask is not in good ccntact with the photoresist sur race, :

then due to the diffraction of UV light at the edges of the erek pattern,

the reproduction on the photoresist will deteriorate. The ies of

exposure was 7 minutes. The photoresist has the property of being

affected by the UV light, and the section cf tie photeresist layer

which is exposed to the UV light can fon dissolved. AZ developer

(Shipley Zurope Ltd) was -used to dissolve the exposed photoresist.

The crystal was then washed in distilled ee ‘onc dried in a oven,

2 %.
for one hour ,at 60 C, : - .



The crystal was then put in the Cu etching agent. The time for

etching the Cu varied with the concentratica of the etching

solution. The concentration was chosen such that the time required

for etching the pattern is not less than one minute. The etched

crystal was washed and dried in an oven for 30 minutes.

= ‘
The remaining photoresist was then rerioved using the photoresist

renover (AZ remover - Shipley Europe Ltd). The crystal was then

again washed with distilled water.

The two faces previously polished for light transmission were

cleaned with acetone by a lens tissue.

The compositions of the developer and etching sclutions used were

AZ developer:— 1 part of AZ developer: 2 parts distilled water

Cu etching solution:- 1 part of FeCl, (Hopkin and iiilliams):

ter50 parts of distilled

1 part of Fecl3:7 Parts of distilled water

(if Cr and Gu are used).

Cr etching solution:-

a) a solution was made with

20 ems of K,Fe( GN): 10. gus NaOH:60ml cistilled water

this solution was diluted as

1 parts (Volume) of solution ta': 3 parts (Volume)distilled

water

The etched electrode structures on the crystal base is ‘shown in

photosraphs 9.2)
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. Symmetrical and asymmetrical electrode

arrangements -
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CONSLUSTON, SUGGESTIONS FOR FURTHER WORX AND DEVICE APPLICATIONS
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410.1 Conciusion

It is apparent from the brief survey of electro-optic modulators given

in Chapter 2 of this thesis thet the grating effect produced inside an

electro-optic crystal can be used to modulate and/or to deflect an incident

optical beam. A convenient method of producing the diffraction grating

effect inside the crystal is by using surface deposited electrodes. A

close study of the electro-optic effects in crystals have show that

" among the readily available crystals, crystals belonging to classes 3m and

6m are suitable for using in the principal cut modes. The experimental

devices were constructed with TiNbO; crystals, 2 35m class material

Theoretical analysis of the different types of electrode configurations

suggest that. by the proper choice of electrode arrangement and crystal

orientation, the deviee may be used to produce a symmetrical or en asym

metrical diffraction pattern. The expressions for the components of the

field intensities show that thede magnitudes decrease exponentially with

an increase of the distance from the electrodes. Two different approaches

have been considered to utilise the intense field region in the close

neighbourhood of the electrodes.

i) Passing the light beam parallel and in the close

-Viscinity of the electrodes.

ii) Reflecting the incident beam off the crystal-electrode

interface.

In the internal reflection arrangement constructed with symmetrical

electrodes on the polished XY face of a Z% cut tatboe crystal, it was

found that a subdiffraction pattern appeared in the far field at zero

applied voltage. Detailed examination of this pattern indicates that this

pattern was due to the presence of the interdigitel electrodes on the

reflecting face of the crystal.



3%, deposited on the crystal face prior to the depositionA thin layer of

of the electrodes removed this degrading effect. The modulation efficiency

(zero order extinction voltage) of the improved device was not degraded by

the presence of the thin substrate layer.Infact the zero order extinction

voltage was reduced and it closely agreed with the theoretically predicted

value. At 87° angle of incidence, the d.c. extinction voltages for the

device without the gr, and with the Ij, film are 34477 volts respectiv aye

The theoretically predicted value wes 75 volts. S improvement may be

due to the high” resistance of the Rsk, » linearising the potential between

the electrodes along the crystal face. thus giving an improved diffraction

profile. No atteupt in the thesis has been made to optimise the thickness

of this film, At certain thiclmess of this filn ae Sensitivity the device

will be expected to decrease due to loss of field in the

The deflection of light by blazed diffraction gratings is dicussed. Theore-

tical es inations show that when the first f ur Sourter components of an

ideal sasrtooth phase profile of peak phase delay (6, - Pigure 6.5) equal

to JL is impressed on the transnitted bean, a maxinum of 72.7 % of the

incident energy is deflectei to the first order. Syatheet ane individual

electrode sets to produce these Fourier components is laborious and

therefore a novel approach of UIE electroding the device i been’

adopted to impress the blazed sawtooth phase corrugation. Theoretical

analysis shows that only the perpendicular component of the field can be

used for this application , and this is achieved with a Z eut Lino, sample.

‘ith the device constructed, a maxinun of 8173 of the incident energy was

deflected to the first order with an applied voltage of 157 volts. then

the voltage was increased to 255 volts, 535 of the incident energy was defle-

ctel to the second order. This lower percentase of the enersy nay be

actributed to the relative coarseness of the electrode structure. The -

reversal of tae voltage to the electrodes caused corresponding deflections

ners 
Se ee oon Oa eeto the negative orders, The angle of incidence mis 85.25 . Theoretical

computations showed that in the arm ment considered the

=219 —
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is equei to T[ and 27. when the epplied voltages are 155 end 259 volts

respectively. The zero order extinction voltage wes 150 volts. Since tne

zero order extinction voltage (or the voltage required to produce a

higher order maxima) is a function of the engle of incidence, a low

Operating voltaze can be achieved by choosing a large angle of incidence.

Typically when the angle of incidence is oe » the zero order extinction

voltage and the first orien maxinum voltages are 79 ana 80 volt respect—

ively

aooEatiG resonances may effect the performance of the device when operated
with asc. voltages. In the devices constructed the acoustic resonances

The later wes observed in
observed were due to bulk waves and Rayleich weves Ksymmetrical electrode

arrngement). The buik waves were almost completely absorbed when an

absorber wes placed on the face opposite to the electrode face. The

surface waves were completely absorbed by the absprber on the electrode

face. The thin viln of Net, deposited prior to the electrode deposition

reduced the magnitude of the surface wave resonance of the device.

A multirefiection modulator offers the possibility of a low operating

Voltage bulk device at a relatively small engle of incidence. The double

reflection arrangement considered in this thesis gives about 50% reduction

in the zero order extinction voltage.

10.2 Suggestions for further work

The asymmetrically electroded light deflector offers the possibility of

preferentially deflecting the light to the higher orders. The alternate

approaches are to use the Bragg deflector, which is unsatisfactory as

for each order and for constant electrode pitch (in the symmetrically

electroded arrangement), a new ancle of incidence of the light must be

selected. The acoustic deflector potentially does not offer the operating

speed of an electro-optic device and inherently requires greater drive

power. It would therefore seem that further development of the device
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initially suggested in the thesis is well werrented.

The questions that have been raised in this work are suwamarised as;

This is discussed in Chpter 4, and briefly it would appear that it may

be possible to optimise the shape of the electro-optic grating by

utilising the resistive and dielectric properties of films which might

be deposited between the electrodes.The material which may be used for
i

this purpose is 5n0, . If the conducting layer material is not affected
Za

by the etching agent, this layer may be deposited on the EgP, filn

prior.to the deposition of the electrode metal. If the conducting layer is

affected , then it may be deposited on the crystal face after etching

the electrodes. Care should be taken to remove eny foreign particles

(etching agent, photo-resist) from the electrode specing prior to the

deposition of the conducting layer
p 7

paot 5252) Ovtimisation of the electrode structure

The initial experiments (section 6.3.3.2 Chapter 6) Hae, that in the ~_

asymmetrical electrode arrangement the intensity of the first order

varies for varying electrode pair spacing. This indicates that an optimum

: ratio of the electrode pair spacing to the closest electrode spacing is

possibie for efficient light deflection.

10.2. Ontimisation of the crystal orientation

The experinental work described in the thesis deals with a device

operating in the principal cut mode. It is expected thet an efficient

utilisation of the electro-optic coefficients can be achieved by opti-

mising the crystal orientation.

0.2 Use with unpolarised light

In the arrangements considered the incident light wes polarised by an

external polariser, If the cryStal faces are oriented so that two

reflections are possible in the crystal ané if the faces are adjusted so

that Brewsters. reflection lew i8 satisfied at the first reflection then

Meme tee Wrist ee) a ere tate em Dg meen ease tie eee Ge MRE ee ee



the light will be polarised. This vole: ised beam may then reflect off

at another face of the crystal where the electrodes are deposited.

40.2.5) _Low operatins voltaze nodulator/deflector

i) Eultiple reflection : The arrangements described in the thesis

could be extended to heve multiple reflections off the crystal-electrode

interfece(s). The additional capacitance contributed by having long

electrode lengths may be overcome by having independent electrode struc-

tures at the predetermined refiecting positions

ii) Thin film version : A drastic reduction in the operating voltages

is possible when the incident bean is passed parallel to the electrode

face but in the close viscinity of the electrodes. This may be echieved

by coupling the light to an electro-optic waveguide. A deflector of this

type may be envisaged as operating at logic voltage levels and as such

would find applications in systems utilising optical logics,

i) The modulator arrangement with symetricel electrodes produces a '

symmetrical diffraction pattern in the far field: Hence this device

could be used as a multiport switch.

“ai) The arrangement with asymmetrical electrodes deposited on the XY

plane of a 4 cut crystal gives rise to an asymmetrical intensity distr

ibution in the far field. Hence this device could be used as a beam

deflector. However when the electrodes are deposited in a plane parallel

to the optic axis, the far field pattern will be symmetrical about the

zero order.

iii) Lodviation characteristics of the incident. team by these devices

show that complete extinction of the zero order beam is Rosette by

applying an appropriate voltage to the electrodes. Therefore it is

expected that these devices could be used inside a laser cavity to 2 switch

or imoce lock the laser. The insertion losses by the device should be

absolutely minizmt.
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- APPENDIX

The experimental arrangement

The propagation characteristics of the reflected and

transmitted beau produced when an incident optical

beam experiences 2 boundary.

The derivation of the intensity of the diffracted order

bean shen oz: incident optical beam experiences a phuse
\

grating of an arbitrary shape.

The computer prozramue which calculates the intensity

of the nth order beam when the phase grating is produced

by the electro-optic effect in LiNbO,.
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The optical arrangement used in the earlier experiments described in

chapters 5 —- 8 is schematicaly represented in figure AS 1s

(1) Zhe optical source : The optical source used was a Helle laser.

The Ci output of this laser at a wavelength of 0.6328 y= is ~0.5 ni.

(2) he polariser : The polariser was used to select the required

polarisation of the incident bean.

(3) he condensinz lens : A cylindrical lens was used to condease the

incident light on to the electrode structure. This lens wes necessary,

since at very shallow angles of incidence, the whole cross section of

the incident beam will not get reflected off from the electrode

structure.

(4) he exvstal nountin

i) the cxystal holder : The crystal holders used in the experimental

arrangements with the syimetrical and the asymmetrical electrode struct—

ures are show in figures A .2a and A.2b respectively

ii) Zhe crystal holder mounting tavle : The crystal holder was fitted y

on to a platform whose plane can be tilted with ressect to a reference

plane by three adjustable serews. Tae reference plane of this arrangeaent

was fitted on to the mounting table which had provisions of rotation in

the horizontxl and vertical planes.

detector : The detector usel in the experiments was a

1it. In the arran—

a Sserv-

movement of ck&© pemeter which provided a unifo evector in a varticular -

direction,

(5) Zhe chart recorder : ‘the photomultiplier output was recorded oa an
recorder. fhe record chart wes ériven at a

a2 2A



= G2C- 1 Laser

2 Polariser

“3 ylindrical lens (9)

' Fig. A- 1:

ae

4 i Urystal holder

ii Mounting table

5 Photomultiplier

The optical arrangement

6 vhart recordor

10 Servometer

11 Power supply





Le Components labeled

1,2,3,41,411,5, and 9 corvesponds

to those ghowa in figure 4.1

Fig. A-3-

}+-— —>»——-—+

12

ilet-work analyser

XY recorder

12 Oscillator

Arrangment of the net-work analyser



at any instent of time

gement used for analysing

mance of the device is schematically repre:

(7) @ae net-work analyser ;:

output of the photomultiplier

(8) The X¥ recorder : An X¥ recorder was used to record the output of

the network: analyser. The X axis corresponds to the frqueacy, of neasur—

ment and the Y axis corresponds to the output of ihe analyser.

(In the measurement of the vector impedance, Chapter 7, the X and the Y

axes correspond to the frequency ani the Impedance of the device respec—

tively)

eed



Propagation charecteristics of electromametic waves

The propagation characteristics of the reflected and transmitted

electromagnetic waves produced when the incident beam experiences

a@ boundary is conveniently analysed by considering the Fresnel's

Yornulae. In. tie following section these formulae are derived

starting from first principle.

B.1 Fresnels' formulae

When an electromagnetic wave falls on a boundary sen two hono-

geneous media of different optical properties, it is split into two

waves,

i) A wave in the second mediun . - Transmitted wave

ii) A wave travellin ci: in the first mediu= =

Let Z=0 plane be the surface o

of seperation cf the two media
®En

of refractive indices a and ny

and Y=0 is the plane of incidence

of the e-m wave. The electric

vector of the electromagnetic

weve can be resolved into two

components nanely a and Ey where Fig- B-1

Eg, is the component which is normal ta the plane of incidence and

E, the component parallel to the ¢ of incidence. The normal

have been used for the refiected und transmitted va
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The components of the incide:

alony the X,¥,Z directions ar

Ge

BE 8, ) respectively and cre given

For the incident 1 e

By, =- Ff cos § exo iw [+ -(n,/c) (x sin

B =5 exp iw [« -(n,/c) (x sin
Voge 1

Boe- 5 sin 9 exp iw [: -(n,/c) (x sin

For the reflected wave

By = Et cos 3* exp iw’ [: -(n,/c) (x sin

Bt exp io’ : ~(n,/c) (x sin

Bt =- 3 sin 8° exp io’ [: ~{n,/c) (x sin

and for the transuitted wave

Et! == Bt cos Of! exp iw” (ete c) (x*y 5 Di ( ol d(

: tt . pee ag ms jzB = Bt exp iw [: (n/c) (es

Ett ae = cos 8" exp iw” E -(n,/c) (x

raflected and transmitted wave

e (E gt By 2B, ),@ ayia “ and

9-2 cos |

8 - 2 cos Q)

cos 9)a-g

— BA

Q' +2 cos 0]

6' + 2 cos |

9' + 2 cos 0) |

Ge —— B2

sin 9'' — 3 cos al

sin 9'' — z cos |

sin 6'' — gz cos =e
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where c is the velocity of light in a vacuum @,9 and O are

defined in figure B.1 and W, w’ and w" are the frequencies of

the incident, reflected md transmitted waves respectively.

When the dielectric constant end the magnetic permeability are

changed abruptly, the electro nenetic wave satisfies the following

four boundary conditions -

1) .The normal component of the magnetic induction is continuous

2) - do -- electric - do -

3) The tangential component of the magnetic field is continuous

4) -do- electric - do -

At the boundary, the ccnditicns 3 and 4 hold at all times and at

all vaiues of x and y only ifes, ow’ and w” te each other {68 }

Ali the boundary conditions =re satis

(Z=8) when the arguments of the exponentials for the incident |

reflected. and transmitted waves are all identical.

Then e-e

and ny sin O= ny sin 6" (Snells Law) 7 2

If the intrinsic impedances of the two media ere Z, and Zor then

‘for the boundary condition 4

- 3, cos @ + BY cos @ =~ BNF cos gtr B-4

Me tee gan " “5a Bo +E = gt B



Ecos 9 S* cos? B** cos 9%?
n n- B+ a -- ; B-6

et 1 2

and

z gt
= +e 2 B-7

1 1

Using the equation B.4 - B.7 the Fresnels relations can be

obtained. Let a and R, be the reflection coefficients of the

components parallel and normal to the plane of incidence. % end

Tt are the corresponding transmission coefficients, then

n, cos 3, — :ms 2 1 908 35 B.8

n, cos 2, +n, co‘2 1 4 008 e,

EY nm, cos 9. —n, cos 9
me ee liane ee aL, B-9

EB non ‘2 COS 8, +1, cos 8,

ee = Say

2. a5 1 B - 10
9 +n, cos 9.E n, cos 9, FeO



yee 2a
and — Ds = 4 : B.11

a n, cos 8, a ny cos 8,

re © and 6" for the previous relntionship are now replaced by

& and Ro respectively. In the above equations since nM)18, 8,

are real quantities Ry RyT and T, are real. If ny is greater

than Ry then by Snells Law a limiting case is obtained when

n, sin 9, = -n,
1 1 2 B-12

and the angle of ‘incidence is called the critical angle. When the

engle of incidence is greater than the critical angle, the a:

of refraction is given by

: ny , 2 +

be sin 9) ) B-13i]cos 8,

‘But since ( n,/n,)sind, is greater than 1, cos 6, will be

imaginary and written as ( 44 )

cos 9, = -i (aetereine 2 Bakeny 1 ) i 5

Considering equation B.8, since cos ® is a complex quantity the

reflection coefficient R, will also be a complex quantity and may

be represented as r,exp (18): re 6, is the phase change intro+

duced on reflection.

Substitutins for cos 6, in 5.8 the equation becones

ny7° m5 a+ ing b
B15

a-into =+

InN

Ny

Rann om s wie oe [2 eae 2where a=n, cos 6, and b= a sin’ 3, os



In the ove equation, the m und the incident wave

is said to have underzone total internal ref}ecticn. the’ phase

chaunse, impressed on the refle conditions is

given as

§ 2 Dena 2
tan n n, sin’'6 - 1 s ESe fo B-16

no 4 cos oF att

Similar calculations could be done for the normal « mponent of the d

electric field. \hen total in reflection occurs an evanescent

uAwave appears in the nich idly attenuates on the

far side of the loundary. Since all the

it can Se concl:in the first med carried

away by the cvanescent wave.

B-2 Reflection at a dielectric —- conductor Soundary Be

Consider the nedium 2 as , conductive medium (metal). The refract-

ive index of a metal may be represented as a complex quantity and

givea as

nm, = a- i k B-17

where n and k are the refractive index and absorption coefficient

of the metal. The anszle of refraction in the second mediun is(51)

.

defined as a complex cuantity G5 Substituting for ny and 8 in

equation B.8 gives

* *

® =r, e@ 2 = soneee OC [Wakalar eae B-18
Ex ny Cos 8, +n, cos 95 ¢



whore §,i8 the phase impressed on the reflected wave.

From Snells Law

B.19sin 0, = Cay In ) sin 8

*

cos & may be determined fron equation B.19 and substituted into

B.18

ib, }
This gives é re (p —i a) cos ean (p' — i q)

= 1
(p =i a) cos 9, + ny (pt - iq)?

where —— 8°20

Biden --k- ne aginc de a:
1

2 Ee 2.
Pp = n-k

q = 2nk

By expanding equation 8.20 and separating the real md imaginary

parts we set

aWK Bos



where

K = poeos®,-n, A 3 Y= cos 0 +n, 3B

U = 4 cog 8, -n, B V=pcos 0, +n, A

= sop’ and 2a3 " 2

It can be showm from equation B.20 that the modulus of’ the

equation is not equal to unity.

In an arrangement where interdisitial electrodes are deposited

on the base of a crystal and an optical beam is reflected off

from the base, two effects will sive rise toa diffraction pattern

in the far field.

These are

i) The phase grating effect due to the difference in 8, and 8,

ii) An amplitude grating due to the absorption of the light energy

by the metallic electrodes.
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APPENDIX C

Estimation of the intensity of the diffracted order beams

produced by a phase grating

The natecaction of a periodic phase grating and an optical beam gives

rise to 2 diffraction pattern in the far field. One of the methods of

protucing this type of grating is by the passage of acoustic waves inside

the medium. An exhaustive study of acousto-optic interaction is given

in such references as 69= 77

In this appendix the basic theoretical considerations of this

inveraction phenomena developed by Klein, Cook and Mayer (JA and Zankel

aw Hiedemann (76) are summarised, and these are extended to the electro-

optically induced diffraction phase gratings. In the following discussions

the electro-optic medium is assumed to be transparent to the incident beam

of /ight and the phase variation impressed on the optical_beam is taken to

hay@ an arbitrary periodic shape. The phase change impressed on the

jemitted optical beam is produced by the electro-optically induced changetr#

ee refractive index. This change of refractive index will be small.

Consider plane monochromatic waves incident on the electro-optic medium.

qtn# electric vector of the incident beam may be represented as

E = E) exp [i (ot - po ko-r)] v ws c.1

were YW is the angular velocity and k is Peace vector of the optical beam

in freee space respectively. xr denotes the position vector and yo is the

index of refraction of the unperturbed medium.

Let the refractive index of the perturbed medium be yp, then

ey Au SRS C2

whee Ap is the small variation in the refractive index along the Y direction

(Fih- C¢.1). When the optical beam.passes through this perturbed media, the

elserric vector may be written as



E=E, exp [i (wt -uk,- xD] Bee 3

This equation may be re-written as

E= E exp ji ot - wok, - x)| ; : : C.4

where E) varies periodically along the y axis. EL can therefore be expanded

in a Fourier Series and is given as

ey

ee 6. ex, ink ‘ PA Cc.1 > ¢, exp tcinky) 5
nae

where $, are the Fourier coefficients and SS is the wave vector of the

perturbation, whose direction is shown in fig.¢.1.

Substituting for E, in equation © .4
a

«

i - ee ?Ee SS #, exp [itast - Gay + uk 2) C.6
ee ee $

The above equation may be re-written as

E = exp Gost) : (HOA



where yb = } o, exp [-i Gy. + ugk, -2)]
ne-o

QoQ fe)

Since uokoE is independent of n, it can be taken outside the summation

quantity. If the medium is assumed to be non-magnetic, then the wave

equation of the optical beam inside this medium is

2p a[H]? spy 2AzE El SB s,? Sen 60.9

Substituting equation C.7 in C.9,

2 ,

OED Teen Soe Dee. 2 -wk 2 y ; c .10

6x2 by? 622

In the L.H.S. of equation€ .10, without loss of generality it can be assumed

the » is independent of z and now substituting equation ¢.8 in the ‘L.H.S. of

equation C.10,

L.HcS (¢.10) = > [ - {ook sin 6 + nkp)? + Cuok, Cos6)2 on
n=

oe 8 [-i ;25% ugk, Cos 8 S| exp | ~i (nk y + por,-9| Crk

2

so is assumed to be negligible as $ is a slowly varying function in the

z direction. Using equation(€.2, and assuming (Au)? to be negligible, the R.H.S.

of equation €.10 reduces to

mee eeeg a2 cm
R.H.S. (¢.10) ko7u,2¥- 2k 2H, dub : He ele

As stated earlier, Ay is a periodically varying quantity along the y

direction and can therefore be expanded in a Fourier series as

Au = > Vie [ exp onenz) + exp Gite y)] : 5 C213

ks Se 2i ; 3

where Ve are the amplitude of the Fourier components of the refractive index.



Substituting equation C.13 and C.8 in €.12

oo.

te en ee oe : mmR.H.S. 10) k2u20 - 2,2, tse pe 1 ty OP [-i (akg + 1k, 2]
n= 0

v ee s
k -i kk_y)+ exp ikkx exp [(-i oy) exp pl}

0.14

Equating equations C.11 and¢ .14, then

2 ’ : 5 i $ iyee {ck Sin @ + nk)? + (uk, Cos ae} 9, ~ 2i uk, Cos 8 B44) exp int,
n= oo 6z

n=—~ KS
eos 2k. bo De Day o, exp (inky) v,[exe (-ikde y) +(exp ixk,y)| 4

~ k2u? “

n=
n oP (inky) uOaLo|

Equating the eGeEEscieaes of the individual terms with exp (-ink a and

dividing by ing kK Cos 0, it can be deduced “that

(uk Sin @ + nk)? + (pk Cos )22 Son ig2 + oo P oo 9. =

1 uke Cos 8

©

~ te > Vi tok ieat as eee = Sally ¢, : 6.16
k= i Cos @

This equation now reduces to

2 Son | i [ax tan 6+ (nk_)2 | =- k i
P Pp 4 <. ° NE CGS fi) c= OL?oz Tiok, Cones k = -o Coa 6 k *'n-k ntk 2

When 6 is small, tan @ is also small, and when Ls is very much smaller than

k, equation ¢.17 reduces to

cS

aor a Ko Vi ne On cae ieee LS
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Representing equation C.18 in terms of the phase change impressed on the

beam, the solution of the above equation (76) is obtained as

g, -J a Joe ee Ps (Uy) x J, (U2) x J, (U3) x3, (U.) x.-
Drie veckjeeat 2kg—3kg-+.-ik;... kp k3 kee

; yC19

where + and cn are the amplitudes of the incident and the diffracted beams

respectively. We is the amplitude of the sce harmonic component of the phase

change. J, @,) denotes the Bessel coefficient of order ke and argument U;.
i ;

If the variation in the refractive index Deere dependent, then in

equation C.13, Au is replaced by a time dependent quantity. This condition

will then give U; as time dependent, and thus o. will be a time varying

quantity.

The electro-optically induced phase chante impressed on the optical beam

is given by equation 333chapter 3, and the Fourier components can be calculated

from this equation.

In particular, if the phase variation is assumed to be sinusoidal then

Ug, U3, --- will all reduce to zero and the amplitude of the diffracted beam

is given by

4,74, J, Uy : : _ &.20

“As the intensity is proportional to the square of the amplitude, then

rT s
s = [3, ()]? 5 é Cc .21

: eae h Z
where I, and I are the intensities of the au and zero order respectively.

Equation C.19 is reasonably amenable to the computer calculation and

Appendix D gives the computer program which calculates the intensity of the

diffracted order beams when the diffraction element is assumed to be produced

by interdigital electrodes on a LiNbO3 crystal.



In this computer programme the electro-optically induced phase change



The computer programme calculates the intensity of the diffracted

order beams when the incident beam experiences a phase grating.

The grating effect is produced inside an electro-optic crystal by

applying a d.c. voltage to the interdigital electrodes deposited

on the bese of the crystal: The crystal considered in this thesis

is LiNbO, and the relevant electro-optic coefficients are used in

this programme.

The electrodes are taken to be in the plane perpendicular to the

w axis with the electrode lenjrtis along the X direction. The

electrode arraii, ment is assused to be asymmetrical. However, the

programe cun be modified for the symmetrical electrode structure

by substituting equal values fer A end SA (lines 21. and 22). In

the d.c. conditicn the dielectric constant Ej does not equal’E,.

‘The programme uses a sub-routine availuble at The City University

computer library which calculates the zero order Bessel coefficients rau

The calculations included in the programme are:

i) The path length

ii) The corresponding phase change

iii ) The Fourier coefficients of the phase profile

*

iv>) The zero order Bessel coefficients

v ) ‘The higher order Bessel coefficients



vi) The ratio of the anplitu of the diffracted bean to the

undiffricted bean

vii) The ratio of the intensity of the diffracted order beam to

the intensity of the undiffracted bean

The calculation (vi) ccasiders the contributic.: <f the first

four harmenics of the phase profile. It is exnected thet a better

approximation of the ratio of the amplituces will be obtained by

modifying the prozramme to incorporate th. contribution by more

harmonics.
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