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Optical Waveguide Modulators

IVAN P. KAMINOW, rELLOW, IEEE

(Invited Paper)

Abstract—A tutorial survey of recent work on opﬁcal waveguide
modulators in electrooptic, acoustooptic, and magnetooptic mate-
rials is presented. Methods for realizing waveguiding layers in
modulating materials and various modulator configurations are
considered. '

1. INTRODUCTION

IGH-speed light modulators and beam deflectors

A that make use of the electrooptic, acoustooptic,
magnetooptic, and electroabsorption effects in bulk mate-
rials have been described in several reviews [17-[5]. The
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first three effects produce refractive index changes in
response to the appropriate modulating eleetrie, acoustic,
and magnetic fields. The last effect produces a change in
optical absorption in response to an electric field.

The performance of these modulators is often specified
in terms of u, the electrical modulating power P required
to produce a given degree of modulation over a bandwidth
Af. The performance depends upon optical wavelength X,
the properties of the modulating material, and the device
geometry. One of the chief advantages an optical wave-
guide modulator has over the conventional bulk modulator,
is the substantial improvement in the geometrical factor
allowed by the confinement of the optical beam to a small
cross section over an extended length.
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Fig. 1.
optic modulator rod.

For example, it is easy to show [1] for an electrooptic
modulator that

p= P/PAf ~ (hw/L) (1)

where 5 is the phase modulation index. Here we assume
that the optical beam completely passes through a volume
hwL having cross-sectional dimensions h,w and just con-
taining the modulating field as illustrated in Fig. 1 for
h=w=d. Fora focused Gaussian beam, the minimum
value of the geometrical factor is limited by optical dif-
fraction to

/L = S2(4\/7n) (2)

where 7 is the refractive index of the electrooptic crystal
and S is a factor that is unity when Gaussian spot diam-
eters at the ends of the crystal equal d. In the best prac-
tical bulk modulators, § is approximately 3 and u is about
10 mW/MHz (rad)? at A = 1.06 pm [6]. ‘With optical
waveguiding, the diffraction limitation does not apply
and, in principle, the geometrical factor can be reduced
without limit. Power reduction of 2 X 102 below that of
a bulk modulator has been predicted for a waveguide
modulator at 10.6 pm [7]. Values of u as low as 0.02
mW/MHz (rad)? have already been reahzed at A = 0.63
um [8].

Optical waveguides can be divided into two classes:
“planar’” waveguides confine the light in one transverse
dimension, “‘strip” guides confine the light in both trans-
verse dimensions. For the strip guide, diffraction does not
limit Aw/L, but, for the planar guide, the unguided dimen-
sion w is stﬂl hmlted by diffraction according to (2)
although

(3)

can now be reduced without a diffraction limit by increas-
ing (L'*/h). However, the corresponding reduction in u
can be realized only if the modulating field is confined to
the same volume hwL as that oecupied by the optical
beam. In later sections, we will describe the various
methods that have been studied for making planar and
strip waveguides. in modulator materials. We consider

hw/L = S(4\/wn) (h/LM?)

only single-crystal waveguides of the modulator material
itself rather than amorphous or polycrystalline guides on
substrates of the modulator crystal because such guides
tend to be lossy and/or the interaction tends to be weak.
Later, we consider the various electrode configurations
that can be employed to provide an efficient interaction
between the optical and modulating fields for various
purposes such as intensity modulation, deflection, and
switching.

It will be seen that strip waveguide modulators and
switches can operate with extremely low power when
compared with their bulk counterparts. Moreover, they
have the potential for beirig fabricated much more simply
and inexpensively. Furthermore, the geometry and size of
these devices meet the long-range objective of producing
rugged integrated optical circuits. Many important prob-
lems still remain before these devices can be applied, e.g.,
coupling in and out of the modulators, building an efficient
PCM modulator, devising a practical multipole switch for
single or multimode operation.

II. OPTICAL WAVEGUIDE MATERIALS AND
MODULATORS

A. Guide Properties

A variety of techniques for producing planar wave-
guides will be described in later sections. The refractive
index profiles in these guides are of two general types:
the slab guide, in which the refractive index of the guiding
layer is uniform; and the graded-index guide, in which the
refractive index of the guiding layer varies throughout its
thickness.

The coordinate system for such guides is illustrated in
Fig. 2. For the slab guide, Fig. 3(a), the indices of the
slab, substrate, and superstrate, respectively, are defined as

ny > Ny 2 ng. (4&)

The slab thickness is B and (n; — np) = 4
For the graded-index guide, Fig. 3(b), ns is the super-
strate index, ny = n,, is the substrate index for # — « and

n{z) = n, + An(z)
An(®) =0
An(Q) =a

n(0) > ny, 2 ns. (4b)

The characteristic layer thickness is taken as b. [See
Tig. 3(b).]

The properties of asymmetric slab guides have been
treated by many authors [97]. Normalized plots of the
propagation constants g; of the jth TE and TM modes are
glven in [107]. The number of modes that can propagate

in the guide is the integer less than
= 3 + (2B/)) (2mA) (5)

The wave functions are sinusoidal inside the slab and
decay exponentially outside. Sufficiently far from cutoff,
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Fig. 3. Refractive index profiles. (a) Slab. (b) Graded waveguides
llustrating wave functions for TE, and TE; modes. Number of
modes M for graded guide is for exponential profile.

which is at 8/k = ns, most of the optical energy is con-
fined within the slab, 0 < r < B. Here k is the propaga-
tion constant of free space.

For general functions An(z), the waveguide character- .

isties of graded-index guides must be found by approximate
or numerical methods. However, a useful funetion that
allows analytical solutions 117 of the wave equation and
can be used to approximate actual graded-index profiles
(see Section II-D) is
An(xr) = arexp (—z/b1). (6)
Normalized plots of the propagation constants for the
exponential guide are given in Fig. 4, which is taken from
[12]and [13]. The number of modes that can propagate is
the integer less than
M =%+ (4b1/)) (2n,a1) V2. (7
The wave functions are oscillatory inside the range
0 < z < z; and decay exponentially outside as indicated
in Fig. 3(b). Here , is the “turning point” for rays of the
Jth mode, and z; increases with increasing j. The centroid
of energy density is concentrated near z; and is therefore
buried more deeply below the surface for higher order
modes. The behavior of rays in multimode slab and graded-
index guides are compared in Fig. 5. The turning points
for the two cases are B and x,, x1, respectively.

A qualitative feel for the behavior of actual guides with
more complex n(x) can often be obtained by comparison
with those of the slab and exponential guides.

Some applications may call for multimode and others
for single-mode waveguides. It is clear from (5) and (7)
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Fig. 4. Normalized phase velocity versus thickness parameter for
TE and TM modes of exponential index profile guides [12], [13].
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Fig. 5. Ray paths for slab and graded index waveguides illustrating
turning points at x = B and r = x,,z:. The solid and dashed rays
represent low and high order modes, respectively.

that for given M the thicknesses, B and b;, of a guide
must vary inversely with the root of the refractive index
difference. For surface excitation and surface interaction,
thin guides with high index difference are advantageous;
for end excitation, low loss, and good mode control,
thicker guides with smaller index differences may be
desirable. :

Most devices will range in length between 1 and 10 mm,
and a nominal allowable loss might be 1 dB. Thus guides
of practical interest should have less loss than ~1 dB/cm.

B. Plasmon, Schottky Barrier, and p-n Junction Guides

A plasma of free charges (electrons or holes) of density
N makes the contribution AK to the dielectric constant
K (w) of a solid, where

AK = —wp?/(w? + twr™) (8)

w is the applied angular frequency, 7 is the collision time,
and w, is the plasma frequency given by

(9)

wp® = Ne2/en*m*
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with e the electron charge, ¢ the permittivity of vacuum,
n the high~frequency refractive index, and m* the effec-
tive mass. (For N = 10® em—3, K = 1 and m™* the electron
mass, we have w, = 5.7 X 108 s 1and \, = 33 ym.) Thus
the free carriers reduce the refractive index n,

AK/K = 2An/n < 0. (10)

Waveguiding layers have been produced in semiconduc-
tor materials by reducing the carrier concentration in the
guiding layer with respect to the concentration in the
substrate. The methods used include proton implantation
of the surface of GaAs!* or GaP® to trap some of the
carriers, and epitaxial growth of a higher resistivity layer
on a low-resistivity substrate [167], [177]. The waveguiding
produced is very weak unless N is large; but, then the free
carrier absorption, due to the imaginary part of AK in
(8), makes for a lossy guide. Proton bombardment causes
optical loss due to lattice damage; annealing reduces the
loss but at the same time restores the carrier concentration.

The resistivity of these semiconductors is usually too
low to allow the modulating field to be applied directly;
therefore back-biased diode junctions must be employed.
Often the modulating field is applied across a Schottky
barrier [147], [16] at a metal electrode-semiconductor
junction. The width of the barrier should just match the
width of the guided mode for efficient interaction. This
condition will be satisfied if the resistivity of the guiding
layer is very high and that of the substrate very low and
if the mode is well confined in the layer. If the resisitvity
of the guide is not sufficiently large, the depletion layer
will not overlap the guide and the modulation field will
interact with just a fraction of the optical mode.

The first optical waveguide modulator made use of a
reverse-biased GaP p-n junction [18a]. A back-biased
p-nt homjunction might be expected to guide because of
the reduced carrier concentration in the depletion region
and because of the increased refractive index that may
be produced by the junction field through the electrooptic
effect. In fact, it has been found that the guidance in a
p-n junction in GaP is much stronger than can be ac-
counted for by these two mechanisms [18b) ]. (The true
mechanism is not understood.) Even so, because of the
relatively small effective index difference, the confinement
width of the optical beam exceeds the depletion width
containing the modulating field and the overlap is poor.

Moreover, the waveguide changes in width and index due -

to the modulating field thereby introducing nonlinearities
[18¢c)]. Some of these problems are alleviated by the use
of p-n heterojunctions [see Section 11-C-4) .

C. Heteroepitaxial Guides

1) Epitaxial Growth: An ideal epitaxial erystal is a thin
layer grown over a bulk single-crystal substrate of the
same material. The substrate serves as a template or seed
for the location of atoms of the layer so as to continue the
structure of the substrate at the interface. The growth
material may be supplied in various ways: 1) solution

growth—a saturated solution of the material is available
at the interface, 2) liquid phase epitaxy (LPE)-—a melt
of the material is available at the interface, which is held
at the crystallization temperature, 3) chemical vapor
deposition (CVD)—the component elements are con-
tained in one or more kinds of molecules that are passed
over the interface as gases and react there to form the
desired compound, 4) molecular beam epitaxy (MBE),
evaporation and sputtering—the constituent atoms or
molecules are slowly fired at the substrate, which is at a
sufficiently high temperature to allow the constituents
enough mobility to find their proper places in the lattice,
5) recrystallization—the film material is first deposited
on the surface in powdered, polycrystalline, or amorphous
form and then heated to the melting point where it forms
a single-crystal film using the substrate as a seed. If the
interface is a unique natural growth facet of the crystal,
the epitaxial overgrowth will be smooth; otherwise, the
surface may be rough or characterized by terraces, pyra-
mids, etc. Such surfaces must be polished to reduce scatter-
ing in waveguide applications.

The growth of an epilayer on a substrate of the same
material is known as homoepitazy. A typical example is Si
on 8i, which is employed to obtain defect-free silicon with
longer minority carrier lifetimes than can be realized in
bulk materials. However, for optical waveguide applica-
tions we are interested in layers that differ, at least in
refractive index, from the substrate. When the composition
of the epilayer differs substantially from that of the sub-
strate the process is known as heteroepitary. Even though
the layer and substrate materials differ chemically and
optically they may have the same crystal structures and
very nearly equal lattice parameters. Then the epitaxy
will be similar to homoepitaxy except that the lattice mis-
match (on the order of 0.01 f&) is made up over the inter-
face ares by elastic strain or by the introduction of lattice
defects. The mismatch may be graded over several lattice
cells normal to the interface. If the lattice match is poor
at the growth or application temperature, one expects
strained, cracked, or polyerystalline films. If the structures
are totally dissimilar, one expects polyerystalline or
amorphous films. In polycrystalline films, the discon-
tinuities at the boundaries between crystallites having
dimensions comparable to \ scatter light making for lossy
waveguides. In some cases, the polyerystalline film may be
partially oriented with a particular axis normal to the
interface but with the other axes uncorrelated.

While the preceding discussion may sound reasonable
and may even be correct in near ideal instances, epitaxial
growth in practice is not well understood. A good review
of the present situation is given in [197]. For example, it is
found that a (111) Si plane with 3-fold symmetry grows
epitaxially on a low-symmetry (1012) face of sapphire
(Al;03) [207]. The lattice match is poor but near—ecoinci-
dences may occur in certain directions with periods of
several unit cells (Moire effect) to provide the epitaxial
cues. It is thought that a restructuring of the substrate
lattice takes place at the interface transition, which may
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extend over a region of thickness greater than 1 um [207].
The defects in the transition layer influence the electridal
properties of these films and might introduce substantial
optical losses. A variety of other crystals of unrelated
structure have been grown on sapphire, quartz, rock salt,
and other readily available crystal substrates.

2) (NH) K1-H:POs on KH:PO.: KDP (KH,PO.)
and ADP (NH.H.PO,) are well-known water-soluble
electrooptic erystals having tetragonal symmetry. Epitax-
ial films of (NHy) oK1 H:POs4), 5-75 pm thick, were grown
from water solution on {100} planes of a 1.5-cm-long KDP
seed [217]). With o = 0.07, the film index for both ordinary
and extraordinary light is 10~2 larger than the substrate
index. The lattice mismatches between pure ADP and
KDP are 0.05 & and 0.57 A for a and ¢ directions, respec-
tively. With « = 0.07, the difference is correspondingly
reduced. The films are of excellent quality and the losses
too small to observe or measure (<1 dB/cm). Unfortu-
nately, the {100} orientation of the film, which has the
¢ axis in the plane, is not suited to modulator applications
in crystals of KDP symmetry. Growth on other planes
vield undesired {100} and {011} facets.

8) Zn0 or AIN on Sapphire: Both ZnO and AIN crys-
tallize in the hexagonal wurtzite structure and are suitable
for electooptic or acoustooptic devices.

Hexagonal ZnO layers, 4-10 um thick, were grown on
(0112) sapphire (Al,03) by CVD [22]. The (1120) plane
and [0001] direction of ZnO are parallel to (0112) and
[01117 of AlL,O; so that the ¢ axis of ZnO is in the layer
plane, which for ZnO symmetry does allow some modulator
applications. However, the resistivity was only 1-10 2 em,
making it difficult to apply an electric field to the film.

It was necessary to polish the surface in order to reduce
the roughness in the as-grown film. These thick films
support many modes and the low-order modes, which are
far from cutoff, experience loss mainly from the interior
of the films while the higher order modes are sensitive to
surface roughness. At 0.63 um, the loss ranges from 5-40
dB/cm as the mode order increases. The low-order mode
loss increases as A, indicating that Rayleigh scattering
from the interior of the film (rather than resonance absorp-
tion) is at fault. The restructured transition region may
well be the source of layer scattering centers. Somewhat
improved characteristics were reported recently [237].

Single-erystal AIN layers, 0.8-4 um thick, have been
grown on l-cm-square sapphire substrates by reactive
RF sputtering of Al in an NH, atmosphere [247]. Films
sputtered on (0001) sapphire grow with (0001) planes
parallel to the surface while films sputtered on (0112)
sapphire grow with (1120) parallel to the surface and the
¢ axis along the [0111] axis of sapphire. Optical guiding
has not been demonstrated.

4) AlGay.As and Al,Gar-oP Epilayers and p-n Hetero-
Junctions: Heteroepitaxial films in the GaAs—Al,Gai.As
system have been grown by LPE for use in double hetero-
junction diode lasers [257. Epilayers for long-lived diode
lasers are very sensitive to lattice mismatch. The lattice
constants of GaAs and AlAs are nearly identical. Thus the

61

Fig. 6. GaAs-AlG,a,_,As double heterostructure suitable for p-n
junction modulator.

lattice match is nearly perfect for « = 0.3. The index of
GaAs exceeds that of Al,Ga—_,As by about 0.45a. A GaAs
waveguide layer on Aly;GagsAs will have an index dif-
ference of 0.14 and must be extremely thin for single-modc
operation. As a — 1, the bandgap meves from the infrared
toward the red (~0.6 um).

Planar waveguides can be fabricated on a GaAs sub-
substrate by first growing a layer of Al,Gai_.As and then
a layer of GaAs. Compensated layers with high resistivity
have not been reported so that these layers are not imme-
diately suited to simple electrooptic application. However,
beam deflection and intensity modulation at 10.6 um have
been achieved by exciting photocarriers with a UV pump
so as to alter the local plasma frequency [26]. A single
layer Al,Ga;_.As guide on GaAs has also been fabricated
by LPE by taking advantage of the natural tendency, due
to Al segregation, of a to decrease as the layer thickness
grows [277].

However, in order to circumvent the low resistivity of
these uncompensated semiconductors, it has been neces-
sary to employ the double heterostructure p-n junction
used in laser diodes. Here the GaAs guide layer is sand-
wiched symmetrically between Aly:GaosAs layers. By
suitably doping these lavers, a p-n junction can be pro-
duced within or at an edge of the guide, so that the deple-
tion region in a back-biased diode overlaps the guided
beam. The double heterojunction (DH) structure is illus-
trated in Fig. 6.

Efficient DH modulators have been demonstrated [28],
[297 at A ~ 1 pum where a l-mm-long device requires
about 0.1 mW/NMHz(rad)? with a potential bandwidth of
4 GHz. The thickness of the guiding layer is 0.4-0.9 pym
and its effective width (limited by proton-bombardment)
is 50 um. The device is diffraction limited in the plane.
Astigmatic lenses are required to couple a circular Gaus-
sian beam into the guide. The coupling introduces sub-
stantial insertion loss (~3 dB). The actual waveguide
loss at present is about 8-40 dB/cm, which may not be
objectionable for a typical length of 1 mm.

The waveguide supports both TE and TM modes but
they are nondegenerate. With suitable erystal orientation
the modulator can be made to produce phase modulation
of TE and/or TM modes. Amplitude modulation can be
achieved in the usual way by exciting both polarizations
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(TE and TM) and then recombining them in an external
polarizer set at 45° to the junction plane. Since no method
is known for introducing a 45° polarizer into the guide, a
completely internal amplitude modulator is not feasible.
If the TE and TM modes had identical phase velocities,
then a crystal orientation could be used such that the
principal axes were at +45° to the plane and a known
type TM mode absorber [307] might serve as analyzer.

Quasi-degeneracy can be achieved by reducing the
fractional dielectric constant step to ~0.01 [29]. Extinc-
tion ratios in excess of 20 dB and characteristic powers
near 0.2 mW/MHz for 90-percent intensity modulation
should be feasible with E {| (110) and { ~ 1 mm.

Internal amplitude modulation can be achieved by
means of the electroabsorption or Franz-Keldysh effect.
It is known that strong electric fields shift the band edge
in a semiconductor. Thus the transmission of the wave-
guide for radiation near the band edge will be modulated
by the junction field. A performance of 0.1 mW/MHz for
90-percent intensity modulation has been achieved at
A~ 0.9 um [297]. The effect is large at wavelengths where
the quiescent absorption is also large so that efficient
electroabsorption devices are intrinsically lossy. However,
at 0.9 pm the quiescent absorption can be made almost
negligible [ 297 with very clean material; o &~ 13 dB/cm.

Multiple layer DH modulators, grown by LPE, have
also been demonstrated in the GaP-Al,Ga;_.P system
[817], which is transparent at 0.633 pm. The index of GaP
exceeds that of the Al,Ga;_.P by 0.45«, much as in the
Al,Gay_.As case.

5) LiNbO3 on LiTa0,: Lithium niobate is an excellent
electrooptic and acoustooptic modulator material. Lithium
tantalate, which is an excellent electrooptic but rather
poor acoustooptic matérial, has the same triagonal-crystal
structure and similar physical properties as LiNDbOs;.
. However, there are several fortuitous differences between
their properties: LiNbO; melts at about 1250°C which is
300°C below the melting point of LiTaO;; the refractive
indices, no~2.29, n,~ 221, of LiNbO; at 0.633 um
exceed those of LiTa0;, no = n., = 2.18; the lattice con~
stant mismatch at room temperature is 0.08 percent and
0.57 percent for a and ¢, respectively. The last point implies
that a good match will occur on a (001) interface at room
temperature (but not necessarily at elevated tempera-
tures).

A recrystallized LiNbOj; layer, 6 um thick, was grown
on a (001) LiTaO surface, 10 mm X 15 mm, by spreading
alayer of LINbO; powder on the surface, heating to 1300°C
and cooling slowly [327]. The resultant surface was rough
and had to be polished before demonstrating light guiding.
Epilayers were also grown on (010) surfaces although
some of these tended to crack on the (102) cleavage planes
of LiNbO;. Since the Curie temperature of LiTaO; is
600°C, the substrate and film must be poled for modulator
applications. A 3-um thick (010) film guided 1 TE and
3 TM modes at 0.63 um with losses of ~3 dB/cm [32a) ].
Phase modulation was demonstrated using planar elec-
trodes.

A similar method has been used to produce LiNbO; films
on LiTaO; which are found to have a gradient in composi-
tion at the interface [33]. These films are grown on cleav-
age planes of LiTaOs, which means that the ¢ axis makes
an angle of 33° with the plane.

Sputtering has also been used to produce single-crystal
layers of LiNbO; on LiNbO; or sapphire substrates [34 ]
and LiNbO; and LiTaQ; layers on LiNbQO;, LiTaO; and
fused quartz [35a) ]. Waveguiding at 0.63 um was observed
in a LiNbO; on sapphire crystal with a loss of 9 dB/em
[35b) 1.

6) Bi12Ga0sq or BisT104 on BinGeOg: Bismuth german-
ate (BGO) and related compounds, obtained by substi-
tuting for Ge, form the sillenite family. The crystals belong
to the 23-point group which allows optical activity as well
as piezoelectricity and a linear electrooptic effect. BGO is
a well-known acoustooptic material.

Several members of the family have a larger refractive
index and a lower melting point than BGO and give a
good lattice match. Films of BinGaOy or BinTiOy that
guide TE and TM modes were obtained by dipping a
BGO substrate into a supercooled melt and then lightly
polishing the surface [36].

7) Magnetooptic Garnet Films: Yttrium iron garnet
(YIG), Y:Fe;Ou, is centrosymmetric, cubie, and ferri-
magnetic. Yttrium can be replaced in the lattice by any
of the rare earths and by a few other ions such as bismuth,
lanthanum, or scandium. The iron can be replaced by
gallium or aluminum, in which cases the garnet is no
longer ferrimagnetic; yttrium aluminum garnet (YAG)
is a well-known laser host. The magnetic garnets exhibit
the magnetooptic or Faraday effect whereby the polariza-
tion of an optical beam is rotated through an angle 6 that
is proportional to the product of the optical path length
projected onto the magnetization vector M and the Fara-
day coefficient p in degrees/centimeter. A range of 6 of
+45°, as the z component of M is switched between the
=z directions, is required for a magnetooptic switch [37].

The technique of growing epitaxial garnet films by LPE
has been developed for magnetic bubble memories. By
making complete or partial substitutions on the Y and
Fe sites, it is possible to achieve both a good lattice match
(0.01 A) and a higher index waveguide layer on a garnet
substrate [37]. The coeflicient p is large near the absorp-
tion edge of the rotation-producing Fe** ions at about
1 pm but, or course, the optical loss is also large in this
region. Impurities also contribute to the absorption. A
physical property of practical interest is the rotation per
decibel of attenuation at the operating wavelength; for
certain special compositions this quantity may be as low
as 20°/dB at 1.06 um according to calculation [387]. The
performance of a magnetooptic device is very sensitive
to wavelength and, for the iron garnets, the wavelength
range is restricted to A z 1 pm. In a magnetic garnet film
of excellent quality on a nonmagnetic substrate the loss,
due mainly to absorption, was 8 dB/em at 1.152 um [37].

An efficient 1.152-um thin-film magnetooptic modulator
was built by pressing a flat, serpentine modulating elec-
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trode against the magnetie film of such a waveguide [39].
The high permeability of the film confines the magnetic
field produced by the current through the electrode. As
the current is varied, the direction of M is altered so as to
vary the coupling between TE and TM modes in the
guide via the Faraday effect. The two modes can be dis-
criminated by their polarization or by the angle at which
they are coupled from the surface of the film by a prism
coupler. Since the TE and TM modes are not synchronous,
the pitch of the serpentine electrode is used to make up
the phase difference (see Section II-C4). Experimentally,
the inductance of the electrode and leads is 0.1 uH and
the de current required to give 52-percent TE~TM con-
version is 0.5 A [397]. If 0.1 uH were placed in series with
50 Q, the bandwidth would be 160 MHz and the modulat-
ing power 39 mW/MHz for 52-percent conversion. How-
ever, better materials and circuit design could improve
the performance appreciably [387]. The actual operation
of the thin-film magnetooptic device is analyzed in detail
elsewhere [407].

D. Diffused Optical Waveguiding Layers

1) Solid State Diffusion: Diffusion tends to smear a
sharp boundary between two media. The thickness of this
diffuse region is proportional to (Dt)¥? where D is the
diffusion constant and ¢ the diffusion time [417]. The dif-
fusion constant is a strong function of temperature 7',

D = Doexp (—@Qpn/RT), (11)
with @p the activation energy and
R = 1.99 cal-mol~-K~! = 8.31 J-mol*- K.

Thus a vapor or an evaporated layer of a substance in
contact with the surface of a crystal will diffuse into the
‘erystal to a depth of a few micrometers in a few hours at
about 700°C and more quickly at higher 7. The diffusing
atoms may fill vacancies, or replace atoms, or take up
interstitial positions in the crystal [42]. The functional
form of the concentration profile after time ¢ depends
upon the boundary condition at the surface. For example,
if the concentration at the surface is constant with ¢, then
the concentration c¢(a,t) at depth z is given by the error
function complement [41] '

e(z,t) = ¢(0,0) erfe [x/2(Df)17] (12)

if the flux, de¢/dx, at the surface is constant, then ¢(z,t) is
given by the integral of the error function complement
[41]

c(ax,t) = c(0,0)xV2ierfe [x/2(DE)V2] (13)

and, if a limited amount of diffusant is available as a thin
surface film, the distribution is Gaussian [42],
c(a,t) =

exp (—x?/4D1), (14)

QT
(wDit)1e
where « is the density and 7 the thickness of the film
initially deposited on the surface.
~ The impurity atoms may increase the refractive index
of the crystal by increasing the polarizability of a unit
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cell and/or by reducing the volume of the cell. The change
in index may be anisotropic, affecting n, and n, differently,
depending upon the perturbed configurations of electron
bonds formed in the crystal. For the small concentration
variations normally encountered, the change in index
An(z) is proportional to ¢(x). Strains due to changes in
lattice parameter will also be small and proportional to
c(x). For profiles (12), (13), and (14), respectively, we
can take the maximum index changes to be as, ¢z, and ay,
and the characteristic depths 2(Dt)"2 to be by, bs, and by
as suggested by (4). Then for these cases,

An(r) = azerfec (x/bs) (15)
An(z) = azmV?ierfe (r/by) (16)
An(xr) = asexp (—r2/bs?). (17)

The exponential function (6) intersects the functions
(15) and (16) at An = a;, a,/2 and 0(j = 2,3) and
approximates them elsewhere when

ay = (s = Qs, b1 = 069b2 = 051b3 (18)

With these substitutions, the exponential guide charac-
teristics of Section II-A may be used to estimate those of
actual guides. The exponential does not provide a very
good approximation to the Gaussian profile.

In addition to diffusion of atoms into a solid, one may
also diffuse atoms out of a multicomponent solid by a
process of “out-diffusion” or “effusion.” In this process,
the sample is heated in a nonreactive atmosphere and one
component evaporates froni the surface more readily than
the rest [437]. At the same time more of this component
diffuses toward the surface in order to reduce the concen-
tration gradient. To good approximation the vaporization
flux at the surface is independent of ¢ and (16) holds. The
surface layer contains vacancies, which by rearrangement
of bonds and/or compression of the unit cell can yield an
increased refractive index.

The graded profiles produced by diffusion eliminate
much of the scattering due to imperfections and strains at
the film substrate boundary in epilayer guides. In addition,
the surface quality is often unaffected by the treatment so
that repolishing is not required. On the other hand, whereas
the index difference A and film thickness B can be con-
trolled independently in epitaxial films, the corresponding
a; and b; parameters for diffusion are interrelated in some
cases and therefore the mode width and mode number
cannot be determined separately. An important advantage
of in-diffusion is that strip guides can be formed by suitably
masking the surface of the crystal during diffusion [44 7.

2) Diffused Cd(S,Se); Zn(S,Se); (Zn,Cd)Se; and
(Zn,Cd) S Layers: The series of 2-6 semiconductors ZnS,
ZnSe, ZnTe, CdS, CdSe, CdTe are transparent in the
visible, with band edges ranging from about 0.4 um for
Zn$S t0 0.9 um for CdTe. The C'd compounds crystallize in
the hexagonal wurtzite structure and the Zn compounds
often crystallize in the cubic zinc blende structure. These
crystals are suitable for electrooptic and acoustooptic
applications in the visible and infrared. However, the



64 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, JANUARY 1975

materials often have low resistivity and substantial photo-
conductivity, which leads to space-charge effects that
imit their utility in electrooptic applications [45].

In their transparent regions, the refractive indices of
the various compounds range between 2.3 and 2.9. Optical
waveguiding layers have been produced on a substrate of
a low-index crystal by vapor diffusion of either a column
2 or column 6 element. For example, Se has been diffused
into CdS to form a guiding layer of CdSe,S1—. with dif-
fusion depth ~3 ym and maximum index change ~0.08.
Losses at 0.63 ym were about 10-15 dB/cm [46]. Similar
guides transparent at 0.63 ym were obtained by diffusing
Cd or Se into ZnS, and Cd into ZnSe. Strip guides were
produced in Cd-diffused ZnSe by SiO masking to allow
the Cd to enter the ZnSe only in a narrow strip, A guide
10 ym deep by 5-mm-long guide had a loss of ~3 dB/em
[447. Strip guides, in both ZnSe and CdS, were used to
demonstrate light modulation on a pulsed basis [47].
Coplanar electrodes on the surface alongside the guide, or
parallel electrodes above and below the guide provided
the fields.

The profile for Cd diffused into ZnSe was measured by
observing the photoluminescence spectrum as portions of
the surface wave successively etched away [48a)].
Refractive index profiles were measured with a reflection
interference microscope [48b)7]. The erfe function (15)
gave a good representation of the measured profile, and
the calculated diffusion constants (11), for 700 < T <
950°C, were found to be Dy = 6.39 X 10~ cm?-s57,
(Qp/R) = 2.17 X 10*K.

3) Out-Diffusion of LiNbO; and LiTa0;: Both LiNbO;
and LiTaOs; can exist with the stoichiometric lattice
structure even with up to 4 percent of the ILi sites
vacant. As the Li deficiency increases, the extraordinary
index increases proportionately but the ordinary index is
unaffected. The miceroscopic origin of this behavior is not
understood.

Low-loss waveguides (<1 dB/ecm) were made in
LiNbO; or LiTaO; by heating the crystals above 900°C
in vacuum so as to out-diffuse Li,O [437], [49]. The surface
quality is unimpaired by the process. However, LiTaOs;,
with a Curie temperature of 600°C, becomes depoled while
LiNbO;, with a Curie temperature of 1150°C, remains
poled. The refractive index profiles for samples treated
over a wide range of times and temperatures were meas-
ured by observing fringe displacements in an interference
microscope. It was found [497 that the ierfc function (16)
gave a good representation of the measured profile, and the
calculated diffusion constant, which is anisotropic, is
given by Dy =32X10¥ and 2.8 X 1072 em?-s7,
(Qp/R) = 3.4 X 10* and 2.5 X 10* K, for LiNbO; and
LiTa0;, respectively, for diffusion normal to the ¢ axis.
These studies show that «; and s both vary as {2 and
that as/bs is a very weak function of 7. The implications
are that a; and b; cannot be controlled independently by
t and T, and that the fundamental mode cannot be con-
fined more closely to the surface than about 12 um in

LiNbO;. This restriction limits applications involving
surface interaction and/or surface coupling but may be
advantageous in some cases, e.g., the ridge-guide modu-
lator of Section ITI-F.

Other experiments [50] have shown that similar out-
diffusion effects occur in flowing O, as well as vacuum;
and also that the starting stoichiometry of the substrate
has a measurable effect on D. Thus out-diffusion should
also work in flowing air, allowing for a very simple out-
diffusion apparatus.

Efficient optical phase modulation was demonstrated at
0.63 um in a planar out-diffused LiNbO; guide with co-
planar electrodes evaporated on the surface [517]. The
electrodes were 6 mm long and spaced by 50 ym as required
to accommodate diffraction of the beam in the plane. The
peak voltage required for l-rad phase shift is 8 V, the
bandwidth is 1.6 GHz, and the modulating power 0.4
mW/MHz(rad)2.

A surface wave acoustooptic diffraction modulator
requiring 250 mW of acoustic power for 100-percent modu-
lation of the zero-order beam was demonstrated at an
acoustic frequency of 78 MHz [52a) ]. The frequency is
limited by the requirement that the optical mode depth,
~12 pm, not exceed the acoustic wavelength. A broad-
band electrooptic Bragg modulator, fabricated in out-
diffused LiNbQOs;, required only 1.6 mW/MHz for 60-
percent modulation over a 900-MHz bandwidth [52b) ].

The diffraction limitation of the planar electrooptic
phase modulator was eliminated in a 1l-cm-long ridge
waveguide modulator with a dramatic improvement in
performance [87]. (See Section ITI-F.)

4) LiNbaTaio0s Guide: It has been found that a
metallic layer of Nb (~3500 A thick) will completely
diffuse into a LiTaO; substrate when heated in an argon
atmosphere at 1200°C [53a)]. Since the Curie tempera-
ture is 600°C, the crystal must be repoled after treatment.
The surface is thought to consist of LiNb.7'a1-,0s with «
a diffusion function of depth. Single and multimode guides
were employed to make an electrooptic Bragg deflection
modulator requiring 8-V dc to extinguish the zero-order
beam at 0.63 um. Low-loss single-mode strip guides were
made by evaporating Nb through an electron resist mask
[53b)]. Guide losses decreased faster than A=%, approaching
~1dB/cm at 0.63 um.

5) Metal-Diffused Guides: A wide variety of other
metals may be deposited onto LiNbO; and diffused into
the surface at temperatures well below the Curie tempera-
ture to produce optical waveguiding layers [53¢) ]. Typical
examples are Ti, V, and Ni. The diffusion profiles are
reasonably well described by the Gaugsian functions
(14) and (16). By adjusting 7, {, and 7', one can inde-
pendently control the number of modes and the effective
thickness of the modes. For the Ti-diffused guides with
=500 A, t=6h, and T = 950°C, by~ 1 um and
as = 0.04 for extraordinary and 0.01 for ordinary waves.
An electrodiffusion technique for producing Cu-doped
guides in LiTaO; was also demonstrated recently [53d)7].
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Single-mode guides prepared by this in-diffusion process
have a significantly smaller diffusion depth than the out-
diffused LiNbO; and LiTaO; guides. Thus they are better
suited to efficient surface interactions. A Ti-diffused
LiNbO; guide was used to make an acoustooptic Bragg
deflector with center frequency 175 MHz and bandwidth
30 MHz that requires only 50 mW at electrical and 8 mW
of acoustic power for 70-percent deflection [53e) .

III. MODULATOR AND DEFLECTOR DESIGN

A. Conventional Intensily Modulators

The electrooptic, acoustooptic, and magnetooptic effects
produce refractive index variations that cause phase
changes in the optical wave. Most applications require a
form of intensity modulation or beam deflection rather
than phase modulation. Interference, diffraction, and
mode-conversion configurations must be used to adapt
the phase modulations for these purposes.

In the usual bulk electrooptic intensity modulator
[17}]3], the incident beam is divided into two orthogonal
modes polarized along the principal axes of the modulator
crystal. (See Fig. 1.) The applied modulating field does
not mix these modes; it merely changes the relative veloci-
ties of the modes inducing a phase difference, or retarda-
tion, I' between the modes at the output. When the modes
are recombined in a polarizer at =445° to the principal
axes the output intensity is given by

I =1I5c082T/2 (19)

for the output polarizer parallel to the incident polarizer
and by

I = I,sin? /2 (20)

for the polarizers crossed. If the crystal has natural bire-
fringence, which introduces a fixed I'p, a compensator may
be employed to cancel it out [6].

The normal modes of a thin-film waveguide are the TE
and TM waves, polarized parallel and perpendicular,
respectively, to the plane of the film. As a rule, the TE and
TM mode velocities differ, even if the film is isotropie,
giving rise to an effective T'z. At present, we have no
polarizer that can be set at 45° to the film plane, although
a polarizer set at 0° so as to absorb the TM mode has been
demonstrated [30]. Thus a conventional intensity modu-
lator is not now feasible in film form if we insist that all
components be integral to the thin-film structure. Of
course, there is no problem if conventional compensators
and polarizers can be located externally. A different
approach is to employ an electrooptic thin-film prism to
deflect the beam away from the detector. This method
has been demonstrated by passing a 10.6-um laser beam
along the fringing field of the electrode on the surface of
an epitaxial GaAs waveguide [17a) .

The conventional acoustooptic modulator [47, [5] is
based on diffraction or deflection of the optical beam by a
bulk acoustic wave. In the thin-film case, it is necessary

65

\_/D__ [_ij/'\

|
3dB ¢
COUPLER
(a)
2 r
J 3
I
1 o
b ™
4

()

(a) Balanced bridge modulator/switch. (b) Directional
coupler modulator.

Fig. 7.

to employ a surface acoustic wave being certain that the
acoustic wave, which is confined within an acoustic wave-
length of the surface, closely overlaps the guided optie
wave.

The normal modes of a bulk magnetooptic modulator
[3] are positively and negatively circularly polarized
waves, which unless the TE and TM modes are synchron-
ous, are not normal modes of a film. Thus phase matching
must be achieved by introducing a fixed periodicity into
the guide. (See Section I1I-D.)

A few of the techniques for interference, deflection, dif-
fraction, and mode conversion that may be emploved in
optical waveguides are outlined in the following sections.

B. Balanced Bridge Modulator/ Swilch

A standard optical means for converting phase change
to intensity change is the Mach—Zehnder interferometer;
the standard microwave analog is the balanced bridge.
The integrated optical circuit adaptation of the miecro-
wave bridge is illustrated in Fig. 7(a). Light entering
port 1 through a strip guide is equally divided by the
3-dB coupler into the two arms of the balanced bridge.
Equal and opposite phase shifts -=¢ are introduced
electrooptically to produce a retardation I' = 2¢ at the
output coupler. Then, as in the bulk electrooptic modu-
lator, the outputs at ports 3 and 4 are given by (19) and
(20), respectively. The device acts as a reciprocal switch
in which energy incident at port 1 may be completely or
partially switched between ports 3 and 4 and so on.

Such a device has not yet been demonstrated in optical
waveguide form for lack of 2 3-dB coupler compatible
with strip guide phase modulators. However, the idea has
been illustrated with external beam splitters and two
planar modulators connected in parallel on the surface
of a LiNbO; crvstal with a.sputtered polycrystalline
niobium oxide guide [547].

C. Directional Coupler Modulator

It is well known from microwave theory that power
transfers back and forth periodically between two lossless,
coupled waveguides. If 8, and 8, are the propagation con-
stants of the guides and « is the coupling coefficient, and
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if the intensities in guides r and s at z = 0 are [, and 0,
respectively, then [55]

I(2)/Iy =1 — (v 4+ 1)7tsin® (42 + 1)V%z  (21)
L(2) /Iy = (v + D7'sin? (y? + 1) "2z, (22)
where
v=08/2¢, AB=8 —§ (23)
and the length for maximum power transfer is
Lo : (24)

T (O

For the phase-matclied condition, y = 0, the maximum
power transfer is unity and L, = 7/2«. For a large mis-
mateh, ¥2>> 1, the maximum power transfer is small and
Ly is also small.

Directional coupler modulators that depend upon
electrooptic variation of « or v have been proposed [55a) J;
[567]. One approach is to apply a field to the coupling
region II in Fig. 7(b) in order to change x and Lg. Thus
power can be switched completely between ports 3 and 4
if AB = 0 and if the transfer lengths with and without
field, Ly(E ). and Ly(0), are related by

Lo(E) n/Le(0) = 2m(m — 1), m = 1,23. (25)
Alternatively, equal and opposite fields may be applied to
the waveguide regions I and III in order to vary Ag and
L, so as to switeh power between ports 3 and 4.
Demonstration of these devices awaits the development
of a suitable coupler fabrication method. Since the coupler
modulator includes both coupling and modulation in one
element it may require much tighter tolerances than the
bridge modulator in which thie coupler and modulator can

be optimized separately.

D. Collinear Mode-Conversion Modulalors

The modes of a waveguide are oithogonal, i.e., un-
coupled, and in general have propagation constants §;°
that differ for each 7 and polarization p (x or y for TE or
TM, respectively). A peridic electrooptic; acoustooptic,
or magnetooptic perturbation that introduces an off-
diagonal element An,,, p # o; into the refractive index
tensor can couple TE and TM modes propagating in the
z direction by destroying the orthogonality. Similarly, the
diagonal elements An,, can couple either TM or TE modes
of different order. Two conditions must be satisfied for
power to be transferred between the modes.

1) The spatial variation of An,, along the z direction
must contain a Fourier component with period A and the
temporal variation must contain an angular frequency
component Q such that

(26a)
(26b)

K =27/A = AB = 5, — B’
Q= Aw = w,” — w’

where A8 and Aw are the differences in propagation con-
stant and angular frequency, respectively, for the two

modes. For effective conversion the mismatch Ag must be
less than w/L, where L is the interaction length.

2) The transverse variation of An,(r,y) must give a
nonvanishing overlap integral [9]

G = [ Anpleg) B (ep) Bir(eg) dd (20)

A

where the integration is over the waveguide cross section
containing An,,(r,y) and the transverse mode fields I,?
and &3°. The distribution of An,,(2,5) must be sufficiently
nonuniform to destroy the orthogonality of the normal
modes for nonvanishing G. The coupling coefficient « is
proportional to ¢. Since the fields are strongest inside the
guide, (7 is larger when the induced index change occurs in
the guide rather than in the substrate, Nevertheless, mode
conversion can be achieved by modulation of the sub-
strate [57].

Energy must be conserved between the two modes. If
they are both guided modes traveling in the same direc-
tion, energy is transferred back and forth sinusoidally as
in (21) and (22). If A is sufficiently small, then energy in
a forwdrd traveling wave r may be coupled into a back-
ward wave s according to

I, = Iycosh? (I, — 2)/cosh? kL
I, = Iysinh? x(L — 2)/cosh? kL,

when (26) is satisfied.

The periodic grating rhay also be employed to couple a
guided mode into a mode radiating into the substrate or
superstrate at an angle 8 from the surface hormal. In this
case the phase-matching condition (26) holds with §,°
replaced by the 2 component of the radiating wave 7.k sin 6
with n, the index of the substrate or superstrate. The
energy radiated appears as an attenuation to the guided
mode so that [97]

I, = Ipexp (—al).

(29)
(30)

(31)

Direct comparisons of the efficiency of guided—guided with
guided-radiating mode coupling is not, straightforward
[9]. However, for given perturbation An and coupling
length L, the guided-guided interaction is usually stronger
because the reduction in I, is proportional to L? rather
than L.

A number of periodic mode-coupling modulators in
which the coupling can be controlled electrically have
been demonstrated. In the magnetooptic modulator [ 397,
the Faraday effect provides TE-TNL coupling and the
serpentine electrode provides the periodieity (A ~ 2 mm).
In another experiment, 55-percent conversion between
TE; and TE; waveguide modes was accomplished by
means of an acoustic surface wave [587].

Since AG for two forward-traveling guided waves is
usually small, the periodicity A is génerally large and casy
to realize. However, forward-to-backward wave coupling
requires that A~ 28 and A ~ \/2n. A proposed [59]
electrooptic grating modulator may be fabricated by
etching or otherwise producing in an electrooptic erystal
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a grating tuned to the optical wavelength. Then a modu-
lating electric field-E,. applied to the grating can induce
an index change An causing mismatch

A8~ 28An/n, (32)

such that Ag > 2#/L, where 2x/L is the approximate
grating bandwidth; then the device will serve as a voltage-
controlled shutter that reflects the optical wave for £ = 0
and transmits it for ¥ = K,, (or vice versa). The device
behaves like the Fabry-Perot modulator [1], particularly
with respeet to bandwidth lmitations. . ‘

Coupling from a guided to a radiating mode has been
proposed [60] and demonstrated [617] acoustooptically.
A surface acoustic wave with wavenumber K travels
collinearly with a guided optical wave with wavenumber
8. Energy is scattered into the substrate with index n. at
an angle § with respect, to the normal such that

knasind = 8 — K. (33)

By varying the acoustic frequency Q over the transducer
bandwidth AL,  may be scanned through AQL/2xV
resolvable spots, with V the acoustic velocity. The early
experiment with a polystyrene film on quartz substrate
waveguide gave a weak acoustooptic coupling [61]. Ti-
diffused LiNbO; has also been used as the acoustooptic
medium [62a)7]. For a 50-MHz bandwidth at 200 MHz,
over 100 resolvable spots can be obtained. For a 1-cm
interaction length, the access time is L/V =& 1.5 us. The
chief problem, however, is that experimentally [62a)]
and theoretically [62b)] the fraction of guided power
coupled out is only ~107% for 200 mW of acoustie power.
The coupling coefficient (27) can be improved somewhat
by employing a TE~TM, conversion, which reduces the
orthogonality of E» and E¢ over that for TE~TE; or
TM~TM; conversion.

A phase grating for collinear interactions may also be
produced electrooptically by means of an interdigital
electrode of period A and length L. However, care must
be taken to insure that scattering from the electrode fingers
does not produce mode conversion in the absence of the
modulating voltage [637]. If the waveguide is sufficiently
far from cutoff the optical field at the interdigital elec-
trodes will be small. Alternatively, if, instead of the inter-
digital electrode, the electrode fingers of opposite polarity
lie opposite one another with the optical beam between
them, then the optical beam need not pass under the
electrodes [64].

Whether a surface acoustooptic or electrooptic grating
is used, the modulating fields penetrate less than the
period A below the surface. The optical mode must then
be confined to within the surface by a similar depth for
efficient interaction.

E. Bragg and Raman—Nath D:, ﬁmction Devices

In the preceding section, the. grating vector K was
collinear with the incident and scattered wave vectors B,
and B;. Now we consider cases in which K is nearly normal
to B. and B.. In these cases, the width L of the grating is
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(a) Raman—Nath. (b) Bragg deflection by thin, @ < 1,
and thick, @ > 10, gratings, respectively.

Fig. 8.

measured normal to K. For normal incidence on a thin
grating, part of the beam is transmitted as the zero order
and the remainder is diffracted symmetrically into higher
order beams at angles 6,, [see Fig. 8(a) ] given by

ni)xa = Aginf,, ~m=0,+1,+2--- (34)
with guide wavelength
A = 27"/67

where we assume 3, = 8, = 8 for simplicity. The relative
energy in the mth order for a sinusoidal grating is

[m/IO = Jm2(77)

(35)

(36)

where J,,(n) is the Bessel function and the peak phase
shift is
n = 2xLAn/\ (37)
with An the peak index change.
The grating is ‘“thin,” L is small, when the quantity
Q is less than unity; where [65 ] ’

Q = 2xL\/nA2, (38)

and the diffraction is said to be in the Raman—Nath regime.
In this case, a first-order diffracted ray passing through
the grating width L is displaced by less than A in the K
direction and therefore is not reflected by the grating
planes.

When Q is large, say @ > 10, the diffraction is said to
be in the Bragg regime and the diffracted rays experience
multiple reflections from many grating periods. In this

case, only one diffraction order survives and then only

when the Bragg condition
X, = 2A sin g (39)

is satisfied [see Fig. 8(b) ]: The Bragg angle 6z is the angle
between the incident beam and the normal to K and is
twice the angle between the undiffracted and diffracted
beams. The intensities in the two beams are, respectively,

I, = Iycos? (n/2) (40)
I, = Iysin? (n/2). (41)
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A unified approach to scattering by a phase grating,
including the transition region, 1 < @ < 10, is given in
[65].- Cases in which Bragg diffraction is accompanied
by mode conversion, such that 8, # 8., can also be treated
in a straightforward manner [66a) ] and have been demon-
strated for acoustooptic TE~TM, diffraction [66b) ].

As in the previous section, the phase grating may be
produced either acoustooptically or electrooptically. The
Raman—Nath device may be used to modulate the inten-
sity of the zero-order beam. The Bragg device may serve
in addition as a switch and, in the acoustic case with
variable frequency, as a scanner. The width L is often
limited to approximately 1 em for compactness and the
requirement ¢ > 10 then leads to A < 55 um for n = 2,
A = 1 ym. In order to insure effective interaction with the
fringing field from an interdigital electrode [67] or with
a surface acoustic wave, the-energy in the optical mode
should be-within ~A/4 of the surface. Thus close con-
finement planar waveguides are required for Bragg devices.

Acoustooptic diffraction has been demonstrated in
various waveguide systems: Bragg deflection in glass film
sputtered on quartz [687], amorphous AsS; sputtered on
LiNDbO; [66], amorphous ZnS sputtered on LiNbO; [69]
and Ti-diffused LiNbO; [53e)], and Raman—Nath dif-
fraction in out-diffused LiNbO; [52a)]. It is difficult to
compare the performance of these devices since various
criteria such as operating wavelength, optical loss, modu-
lation efficiency, and bandwidth must be considered. How-
ever, the Ti-diffused LiNbO; Bragg deflector [53e) ] re-

quired only 50 mW of electrical drive power to produce

70-percent deflection at 0.63 um over a bandwidth of
30 MHz at 175 MHz.

Electrooptic diffraction has also been demonstrated in
several systems: Raman—Nath diffraction in a thin slab
of LiNbO; [70], and Bragg deflection in epitaxial ZnO
on sapphire [237, Nb-diffused LiTaO; [534) 7, and out-
diffused LiNbO; [52b) ]. The latter device [52b)] em-
ployed a low-capacitance electrode configuration, required
about 17 V for 65-percent modulation at 900 MHz and
0.63 um and required 1.6 mW/MHz of bandwidth. A
‘method for producing a single diffracted beam from a series
of Raman~Nath gratings with harmonically related periods
has also been demonstrated [717:

F. Strip Waveguide Modulators

The devices described so far have operated in planar
waveguides. The minimum optical interaction volume is
defined by interaction length L in the z direction, the
waveguide mode height H in the z direction and the dif-
fraction-limited width W in the y direction. If the modu-
lating field—acoustic, electric, or magnetic—can be con-
fined to the same volume, the interaction will be more
efficient than a bulk interaction because L/H can then be
increased without a diffraction limit. [See (2)]. A further
improvement can be realized in most of the devices, except
for the planar Bragg deflector, by introducing guidance in
the y direction as well.

LiNbOy
crystai

Fig. 9. LiNDbO; ridge waveguide modulator.

Two methods have been demonstrated for producing
strip guides in modulating materials: diffusion through a
mask and etching away part of a guiding layer to form a
ridge guide. In the former experiments [477], Se or Cd
were diffused into CdS or ZnSe, respectively, through a
8i0; mask with a 19-um-wide aperture. Coplanar elec-
trodes were applied on the surface of the crystal alongside
the guide. The fringing field penetrated to a depth about
equal to the electrode spacing, ~19 um, but the waveguide
was only 2 ym thick. Therefore the interaction was not as
efficient as it might have been had the waveguide cross
section been more nearly square, H ~ W. A half-wave
voltage of 72 V with a rise time less than 5 ns was achieved -
in one such modulator, on a pulsed basis.

A ridge-guide modulator was produced by ion-beam
etching an out-diffused LiNDbO; layer as illustrated in
Fig. 9. The ridge was 19 ym wide, 8 gm high, and 11 mm
long. Metal electrodes were evaporated alongside and on
the walls of the ridge. A 0.63-uym laser beam was injected
into the end of the ridge. The guided mode was about
19 pm wide by 9 ym high and was confined within the
ridge so that the overlap with the modulating field was
excellent. A modulating power of only 20 yW/MHz and
a voltage of 1.2 V produced a phase modulation index of
1 rad with a potential bandwidth of 640 MHz.

IV. CONCLUSIONS

The modulators described in Section III represent a

‘considerable advance over the state-of-the-art of four

years ago [3]; yet a number of problems remain: If wave-
guide modulators are to be employed instead of bulk
devices because of their efficiency and ease of fabrication,
then convenient and efficient coupling methods must be
developed. With respect to the various phenomena: The
magnetooptic devices only operate in a narrow range of
wavelengths near 1 um; the acoustooptic devices require
a high-frequency carrier and have a bandwidth limited
by the transducer to about 25 percent of the carrier fre-
quency; the electrooptic device is basically a phase
modulator and requires a diffraction or interference con-
figuration to produce intensity modulation. The potential
user must examine the known methods and choose the
one best suited to his needs given the requirements of
wavelength, loss, bandwidth, and power consumption.
Semiconductor laser diodes, because of their short elec-
tron and photon lifetimes, can be directly current modu-
lated at bandwidths of a few hundred megahertz [72],
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[737. Although direct modulation is in the early stages of
exploration and some difficulties may yet become apparent,
it is quite possible that direct modulation of laser and
LED diodes will be preferred over external modulation
for some moderate bandwidth optical communication
applications. However, broadband modulation at wave-
lengths and power levels not provided by diode lasers still
require external modulators. The optical devices discussed
here also face strong competition in the switching and
display fields from semiconductor and electron beam
devices. Thus areas of application of optical waveguide
devices depend upon the progress to be realized from the
current activity in this new field.
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Nonreciprocal Magnetooptic W aveguides

JOHN WARNER

Abstract~—The longitudinal magnetooptic effect can be used in a
unique way to mix TE and TM modes of a planar dielectric wave-
guide where the strength of mixing is dependent upon propagation
direction (forwards or reverse). A detailed study of Faraday effect
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circulators in optical dielectric waveguides is presented and accurate
design data for a practical version are offered. At this writing, ex-
perimental confirmation has been hampered by lack of success in
optically contacting two dissimilar materials.

I. INTRODUCTION

HE development of integrated optics is still at the
stage where experiments on components for detection,
modulation, and switching are being reported. We would
like to add to these reports with our detailed study of how



