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Abstract. In the present oc ication, & prohensive and sy

survoy of the need of the electroptic devices, its underlying physics and depen-
donce on the matorial aspecls 1 prosented. Principles aro outlqu for the
devolopment of materials having no centre of symmetry, and for sgoond har-
monic generation as & tool for' tosting such an accentricity. After\ grouping
some important electrooptic crystals, the material properties are relatéd to tho
electrooptic modulator design parameters and some iypical crysmla\\ aro dis-
cussed in the hight of these relations. In conclusion, the problem areas in eleo-
trooptics are indicated and the relevance of such investigetions to the national
scene is disoussed.

1. Imniroduction

Tho rapid dovelopment of laser technology has hastenod the possibility of nsing
laser systoms for a variety of apphcations. For sometime, due to nonavailability
of peripheral marerials and devices like modulators, deflectorg, @-switches and
harmonic generators, significant progress could not be achieved. In recent
years, a host of invostigators, particularly from USA, USSR and Japan have
initiatod the preparation, characterisation and subsequent utilisation of these
matoerials for dovice applications. These studies were on such a scalo that
numorous industries have commercialised many of those devices. In India,
though laser technology has been taken up even on commercial level, the techno-
logy of peripheral materials and devices is meagre, howevor.

Most of the dovicos mentioned above work on the principle of modulation
of Jaser beam. At optical frequencies tho modulation can be achieved by rapidly
altering the propagotion characteristics, i.e., the velocily through tho medjum.
One way of doing this is by changing the index of propagation of a material at
@ rapid rate as the light passes through it. The refractive indox of a material
can bo changed by applying an electric, acoustic or magnetic field (electrooptic,
acoustooptic or magnetooplic effects respectively). In the present discussion,
tho authors confine themselves to tho electrooptic effects only. The other effeots
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will be presonted elsewhere. In tho past a fow review articles and books
(Kaminow 1966, Milek and Neuberger 1972, Wemple and DiDomenico 1972,
Kaminow 1974, Hartfield and Thompson 1978 and Narasimhamurty 1981) have
appeared on the subject, each one dealing with a purticular aspect like physics
and description of the effect, matorial properties or device fabrication. Other
books include the application cf electrooplics to characterisation of somo typical
materials like biopolymers (O’Konski 1978). In the present article, a brief
roference is mado o the physics and characteristics of electrooptic materials
followed by material property and design paramector relations. Finally, the
relevance of these investigations to the national sceno and important problom
aroas in oloctrooptic material research are highlighted. The entire discussion
is limited to the bulk materials and no attempt is mado to includo the theoretical
aspocts.

2. Electrooptic (EO) effects and characterisation techniques

Tho optical properties of erystals can be described by optical indox cllipsoid or
indicatrix (Nye 1960) given by

z /S"I(x, =1 1)
Uj

where 8i5== <~1€—) ‘,:_-_-'- (“11,2')"- Here € is the electronic (velative) dielectrio
constant and n the refractive index. With the application of an electric field
tho ollipsoid gets deformed and theso distortions are simply related to changos
in the coofficionts S¢s in equation (1). Thus on application of an electric field,
tho changes in the phenomenological tensor quuntities which relate the changes
A(1/n%)qy to crystal perturbation can be givon by

A (%) = Z ik Ex+2 By EeEr+- ... (2)
g K Kl

Horo the first term on right hand side represents tho lincar electrooptic (LEO)
effoct aud 74,y (third rank tensor components in units of m/V) are called the
Pockels or linear eloctrooptic constants. The second term ropresents the qua-
dratic eloctrooptic (QEO) effoct and Ry (fourth rank tonsor components in
units of m/V¥) are called the Kerr or quadratic electrooptic constants. It can
be shown by classical or tensorial methods that LEO effoct oxists only in crystals
which are acontric. An alternative to equation (2), but more fundamental in
nature has the field innuced crystal polarisation P as the driving term. Thus

A (;,l‘; ) = %f(l-k Plc+5 gipkt PaPit... ®)
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Hero f-coefficients (in units of m?/C) and g-coofficients (in units of m?/C?) are
called the polarisation optic coefficionts and are similar to Pockels and Kerr
constants respectively. Botween r and f coefficients, the f coefficients are not
only remarkably constani from material to material, but also do not change
substantially over the frequenoy range 0-10' Hz and hence the magnitude of
linear susceptibility is of great importance in the study of electrooptics. In
order to understand the entire electrooptic behaviour one has to apply correc-
tions for the indirect effects caused in the material due to converso piezoelectric
effoct for LEO effect and oloctrostriction for QEO effect. The strain optical
constants play a vital rolo in these studies as also in the study of acoustooptic
dovices (Voorabhadra Rao and Narasimhamurty 1975), the other important
laser periphoral devices.

It is clear from the above discussion that in the final analysis, the determina-
tion of EO constants reduces to tho determination of changes in optical para-
meters Sy under the influence of an electric field. There are throo p;mmeters
1o determine these changes :

(i) the field induced birefringenco
(ii) the anglo of rotation of the optical indicatrix, and \
(iii) the absolute changes in the index.

Different methods are employed depending on the nature of change in the
optical index ellipsoid which in turn dopends on the point group symmetry.
For example, tho first method is used for 43m point group, second for 22m and
third for 4 mm for somo typical configurations. Field induced birefringence
has been measured by standard techniques employing & calibrated compénsator
(Voerabhadra Rao and Narasimhamurty 1972, Kaschema et al 1975, Fox and
Bruton 1976 and Baumann 1976) in the usual optical alignment. In someo cases,
the birefringence measurements alono cannot yield the coefficients and absolute
change in = (or phase chango) are roquired. Such measuroments can be mado
by ocither using an interfurometor (Kaminow 1966, Zook et al 1967) or through
the uso of a prism in a light defloction experiment (Ippen 1966)., Other techni-
ques include the optical heterodyne methods (Do Lang 1968). Some of the
methods can be used only for isotropic materials while some others are universal
in nature and some are usaful for LEO or QEO studies, one in the presence of the
other, Kaminow (1974) has dealt with some of the fundamental techniques to
study EQ behaviour.

3. Characteristics of EO materials

Materials with large EO coefficients appear to have a potentiality as harmonic
generation matorials and hence an objective in tho search of EO materials may
bo to find materials that make good modulators and harmonic generators. A
comparision (Hulmo 1972) of the materials for EO and harmonio gonerating
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devices indicates that the optical transparancy, availability of tho materials in
larger sizes and durability under ambient conditions aro common requirements
for both of them. TFor a solection of good EO material and modulator desigp,
the material propertios and parameters (Milek and Neuberger 1972) given in
Table 1 are important in addition to the requirements indicated above.

Table 1. Material parameters and their import in EO studi
Parameler Importance

1. Refractive mdex (n) 1. Figure of ment (n%), reflection losses
2. Transmission 2. Bpectral rogion for modulation

3. Relative dielectric cons- 3. Capacitance, speed of electric fields

tant (€) in the crystal
4. Loss tangent (tan J) 4. Eleotrical loss or modulation power
5. Eleotrical resistivity (p) 5. Space charge effects, heating of ecrys-
tal

6. Crystal growing technique 6. Laboratory, commercial availability
of large, good optical quality single

crystals
7. Hardness 7. Resistance to strains
Solubility 8. Ambient onvir & aoolicati

PP
Photoelastic and piezoelec- 9. Clamped and unclamped effects
trie proporties

10. Thoermal conductivity (k) 10. Deletorious birefringonce

11. Radiation damage 11. High laser power suitability

°®

Intuitive arguments lead to two typos of materials with large polarisability :
(a) with large eloctronic polarisability involving higher atomio numbered ele-
ments and closed shells, and (b) with large ionic polarisability like ferroelectrics
and piezoclectrics. Since LEO offoct is tho one which finds more use in applica-
tions, one tries to dovelop materials with large LEO effect to be used in devices.
The main condition for any material to show LEO effect is acentricity and hence
in the following, the generation of acentricity in materials followed by an expori.
mental test for the same is discussed bricfly.

Bergman et al (1969) developed a general principle involving the nonbonded
elootron pairs leading o acentricity in materials. Considering the genoral
roquiremonts of high index of refraction, transparancy in the visible and infrared
for nonlinear optical materials, one arrives at a system of the type 4BL, where
4 is the cation, B the highly polarisable component and L is of lesser polarisa-
bility with # smount. Usually the studies are confined to the system where
L, = 04, making the material 4BO; (Ex. LiNbO,, Ba,NaNb;O; etc.) with B
atoms situated at the centre of & distorted octahedron of oxygens. Accepting
the stereochemical activity hypothesis, it is found on caloulating the B-O dis-
tances that the nonbonded pair of electrons on B atoms (like Xe, I) definitely

15
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inoreases the distortion of the octahedron as compared to B atoms not containing
the unbounded electron pairs (like Nb, Ta). Additional considerations like mole-
cular geometry, radius ratio, ion size also ensure the accentricity of cation site.
On these principles Bergman ef al (1969) developed a variety of materials like
Xo0,, MIO, (M = H, Li, Na, K eto.), and MTeO, (M = Ca, Sr, Ba, Zn ete.)
which are found to be acentric. A second harmonic enalyser has been, designed
and fabricated by Dougherty and Kurtz (1976) to test the existence of crystalline
accentricity. The system (Figure 1) can be used even for powdered crystalline
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Figure 1. Second harmonic analyser

samples of milligram quantities. The experimental set up consists of a laser
source (Nd : glass), and lenses L, and L, to collimate and focus the laser beam
respectively. Various filters are used, to avoid flash lamp light (F,), to control
the intensity of fundamental laser light (Fy,), to eliminate the laser wavelength
(F,) and a 50%, second harmonic filter (F,). M is a front surface mirror and BS
the beam splitter. P, and P, are detectors of the radiation whose signals are
fod to an osocilloscope. The sample chamber contains the sample and the tem-
porature can be varied. The entire system should be made light tight so that
the untt can be operated in normal laboratory illumination. The well balanced
harmonic signals on oscilloscope indicate the presence of acentricity in the
sample. The test can normally be done in about 10 to 30 minutes. One should
take care to see that the material is free from acentric contaminants including
the second phases of nominal material being studied.
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4. Some important EQO materials

Usually the EO single crystals are divided into four groups (Kaminow 1974)
viz., isomorphs of ferroulectiio KDP type and antiferroeleotric ADP type, forro-
electric or pyroelectric ABO, type, tetrahedrally coordinated binary AB type
scmiconducting compounds and miscellaneous which do ot fit into above three
groups. In Table 2 are given some of the represontative materials with their
point groups and typical valucs of 7y x 1020 m/V (in brackets).

Table 2. Some important single orystal materials

EKDP Type 42m ()

KDF (10.5) RDP (16.5) RDA (13.0)
DEDP (26.4) DRDP (21.4) ADA (9.2)
KDA (10.9) ADP (8.5) CDA (18.6)
DKDA (18.2) DADP (11.9) DCDA (36.6)
ABOj; Type compounds (perovskite family) (rs)

LiNbOs, 3m (32.2) K,LiNbyO,5, 4mm (78)
LiTa0,, 3m (30.3) Srq75Bag 25Nb;0g, 4mm (1340)
BaTiO,, 4mm (28) Bry sBayg gNb;Og, 4mm (218)
LiIO,, 4mm (6.4) 8rg 25Bg 75Nb; O, 4mm (45)
Bu,NaNbsO,s, mm2(48) KTa, Nby_, Oy, 4mm(450)
AB Type compounds

Zn0, 6mm (rg, =1.03) CuCl, 43m (rgy;=86.1)

Zn8, 43m (r;=2.1) CuBr, 43m (r,;=0.85)

ZnSe, 43m (r=2) GaP. 43m (ry=b5)

ZnTe, 43m (ry =4.55) GaAs, 43m (r,,=1.6)
Miscellancous crystals

Bi(GeO,)s, 43m (rg;=1.3) NaNOj,, mm2 (rgg=3.0)
Sodium uranyl acetate, 23, (ryy=8.7)  KMg,(SO0,)s, 23(re==0.04)
Quartz, 82 (ry;=0.47) (NHL);0d5(804)s, 23(rqy=0.8)
Richello salt, 222 (ry=2) (NH,) Mny(50,)s, 23(re1=0.6)

Among thesc erystals particular mention may be made of KDP, ita isomorphs
and deuterated versions. It is found that in most cases the deutoration increascs
the EO constants, thereby decreasing the half-wave voltages. Other important
EO crystals are LiTaQ,, strontium barium niobate etc., the main advantage
being nonhygroseopic nature and higher transmission ranges. Some work also
has been initiated to observe LEQ effect in doped alkali halidos (Verlan and
Tsyaschehenko 1975), Tada 1976). A survey of present day EO modulators aud
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indicates that through KDP and its isomorphs are hygroscopic, they are the most
widely used modulator materials.

EO coramics (Land 1967, Huertling and McCampbell 1972, Land et al 1974)
are anothor class of important EO materials. An EO coramic is a transparent
or partially transparent polycrystallino ferroelectric material, i.e., it is an aggre-
gato of tho forroclectric single erystal grains of gize 0:5 fio 4% or more. Most of
the important EO ceramics developed aro based on lead zirconate titanate (PZT)
modified by lanthanum, barium ana strontium resulting in rhomboeedral slim
loop or tetragonal PLZT, ferroelectrioc and slim loop PBZT, and ferroelectric
PBZT rospectively. Compared to single crystals, EO ceramics are less expensive,
can be hot prossed to any size or shape, and optic axis oripntation can be con-
trolled. TImportant propcrty unknown in singlo crystals and possible with
ceramies is tho variation of the effectivo birefringence and coarse grained EO
offccts. Some importaut applications of EQ ceramics are light walves, and
shuttors, spectral filters, image storage and display dcvices. A variety of optioal
glasses (Pailletto 1975, 1976), particularly the ncodymium, niobste and colored
glassos, are also ot importance in EQ studies. Other popular EO \materiala
attracting the attention of the materials scientists are organic materials
(Ysmamoto and Ishilinara 1976, Dazai ef al 1977, Maogonum and Mller 1977).

5. Design parameters and material properties

With the nature anda propertias of differont materiels ostablished, ono may try
to obtain a relation between the design parametcrs and matorial propertics in
order to ‘cook’ & material to the spoecification of an EO devise. As an example,
the design of an EQ modulator is considered hore. Tho impotiant design equa-
tions* for high frequoncy small aperturc modulation for uso in wideband
(> 100 MHz) communuication system (DiDomenico and Wemple 1969) are :

(a) Temperature sensitivity,

- Va o
8T = 510 m(ﬁ)(”_,).w, v @)
(b) Banawidth,
Afin = 0-4 I%': MHz (5)

* Varilus parametors used ore :a : Diffraction parameter which limits aper-
ture to length ratio ; b : Breadth of the modulator erystal in mm ; Us : Stored
energy parameter ; 7 : Packing density ; 67y : Phase retardation in radisns ;
k : Thermal conductivity in w/°C.m ; Q : Dielectric quality factor at frequency
Jm; A : Light wavelength in microns; Pg: Reactive power in mW : Afm:
Bandwidth in MH, : I, : Modulation current in amperes ; P : Polarisation in
C/m? ; Vr: Half-rave voltage in volts ; K, : Dieleotrio constant along polar
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(¢) Power requirement,

(Pr[fm)pMin = 2:5x 108 bzl'q’( -;11,—:- ) . %Z_ (6)

(d) Current 1equirement,

(In[fm) = 22b(°/P). ‘1\1?:51{1&? o
(¢) Voltage requirement,
va = 25 ri). v ®

(f) Modulator capacitance, -
C = (160/V)(I [fs) PF. ()

The following conclusions can be drawn from above equations for typical values
of different paramoters in the design of the EO modulator.

1. Smallcr the stored enorgy parametor Uz, more precise should be the
tempurature control 8T' (Eq. 4). Modulator frontal ares b? also should be made
smaller to maximise 87

2. Tho thermal conduotivity % and quality factor @ should be highor to
obtain a higher banewith (Eq. 5). For example, for KTay ¢;Nbg 3,05 & = 5 w/°Cm
and Afm bocomes 5 @ MHz at 0-633 £ and 2 @ at 1-06 z. If the banawidth is
to bo more than 300 MHz, @ should be greater than 60 and 150 for 0-633 x and
1-06  rospectively, Hence the loss factor offcots the bandwidth seriously and
should be measured in all prospective EO materials.

3. In order to kecp the power requirments (Eq. 6) a minimum U, and b
ghould be 1oduced for & fixad value of (87'/6T) or U and (87'/0T,) should be
reduced for a fixed value of . Thus the temperature control places a lower
limit on the drive power and thermal considerationa place an uppoer limit on the
bandwidth. .

4, Smaller polarisation P requires higher modulator currents (Eq. 7). For
materials with P < 0-1 C/m? and bandwidth greater than 300 MHz, current
required will bo of the order of 05 A. For example, for LiTaO,, P = 0-5 O/m?
and I =160 mA.

5. The voltage roquirements (Eq, 8) are controlled by the dieloctric quantity
KP. If V. is to be less than about 25 V, tho diclectrio quality KeP should
be greater than 50.
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6. The modulation capacitance (Eq. 9) will be greater than 5 pF if V,, = 25V,
I > 240 mA for a bandwidth of 300 MHz.

Genorally one finds that the crystals of 4 mm symmetry (y = 1) are inheiently
superior both in power and bandwith to those of 6 mm (7 = 1:2) as can seen from
Equations (6) and (7). In practice, since it is not possible to get the best; EO
material, satisfying all the design conditions, one tries to obtain the nearest
material for a partioular design. In Table 3 the characteristica for “BEST”
EO material are compared with some well known oxygon octahedra ferroelectrios,
for 0634 and 106 . The caloulations are for V < 25V, 6T =0-35 rad.,
and @ = 8.

A perusal of Table 3 indicates that LiTaO, requires maximum drive power
compared to othor crystals and hence the cirouitry developed for LiTaO, oan
be employed for other crystals listed. 1f the bandwidth is to be extend>d to
1000 MHz it requires higher values of @ which is difficult to achieve of in other
words the loss properties should be clearly understood. Also, the operation at
1-06 p is far less practioal than 0-63 x since the curronts required are latger and
powers are also large with the exception of KTN. Matorials with low djclectric
constant require unreasonably long orystals, and tomperature control also is
more &tringent. Materials liko KTN, strontium barium niobate and strontium
potassium niobate appear as suitable EO materials, provided that tho lsrge
power and current requiroments are met. BaTiO, looks attiactive if half-wave
voltage can be reduced. It can also be noted from Table 3 that by suitable
cooking of LiNbO, and KTN an optimal material with low, drive power and
better EO properties may be tailored. Ultimately, in practico, the available
temperature controlles places a lower bound on modulator power and, dielectrio
@ and thormal conductivity place an upper bound on bandwidth and drive current
becomes large in materials having smaller values of polarisation P.

6. Problem areas and conclusion

A comprehensive survey of the literature indicates that the problem asieas in
eloctrooptics can be broadly calassified into three major groups, viz., (a) material
devolopment, (b) EO characterisation of material, and (¢) dovice making and
other relevant applications.

In the first group, the importance of the search for newor materials with
very low half-wave voltages and otber attractive properties need not be over-
emphasised. Theso can be ciystald belonging to any of the groups mentioned
earlior or others liko organic matorials, coramics and glasses. In the second
group, & nacossity for developing now experimental techniques for characterisa-
tion is felt. This is for the detormination of the EO conatants and their variation
with paramevers like temperature, wavelength and impuities. Further, the
properties like loss factor, thermal conductivity and others disoussed in gection 3



Table 3. Comparison of design parameters of some typical materials with best EO materials

Prlfn % L.fin T&‘}’_ T°C smm Imm
Material 063 106z  0.63x  106p 083 106z 063 106z  106s 106z
1. Best 0-35 6 026 0-44 0-05 008 0125 0125 70 42
2, LiTaOs 10-00 49 05 36 0-04 0015 018 050 150 660
3. LiNbO, 78 36 08 26 0.03 001 019 0-52 16 2
4, Bs;NaNb,O,5 7 33 0-6 26 0-06 0-02 0-18 0-44 12 52
5. KTaygsNbgasOg, 2 9 32 53 003 008 0125 0125 7 4
7. Br 5By sNbyOg 3 15 07 13 004 010 0126 0125 7 4
8. Sr,KWh;O; 2 9 07 13 0-01 007 0126 0125 7 4
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should bo investigated for the prospective EO materials. In the third gioup,
now dovices may bo tried in addition to tho existing ones and other application
areas (liko biopolymer electrooptics) may be aitempted. Theoretical models
working satisfactorily for EO coffects in (ufferent materials also are not yet
available.

In the national scone, the investigations on oloctrooptics is moagre. Somo
work has been dono in the development of oxperimental techniquos and studies
on malerials (Veciabhadia Rao and Narasimhamurty 1972, 1976 and 1978)
for the determination of EO constants Work has also boon done m the country
on ceramics of PLZT systems with respect to their dicloctric properties (Gururaja
and Subbarao 1979, Gururaja el al 1979). With a little effort the technology
can be extonded Lo matcrials which will be of importance as EO ceramics. With
heavy funding and importance to laser techmnology it is but natural fhat com-
parablo activity should be initiated in tho lascr peripheral devices fand their
technology also.
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