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An Introduction to Integrated Optics

HERWIG KOGELNIK,’ FELLOW, IEEE

Absfract—An introduction is given to the principles of integrated

optics and optical guided-wave devices. The characteristics of di-

electric waveguides are summarized and methods fortheir fabrica-

tion are described. An illustration is given of recent work on devices

including directional couplers, filters, modulators, light deflectors,

and lasers.

I. INTRODUCTION

I
T ISnowfive years since thename’’integrated optics”

was coined [1], and there are now research activities

in this field in anincreasing number of industrial, govern-

mental, and university laboratories. For the interested

reader there is already available a good collection of survey

articles [2]–[5] which review both the history and the

fundamentals of this new discipline. The purpose of this

paper is to give the reader an introduction to integrated

optics and an illustration of present day activities. While

no attempt is made to present a complete survey, we will

try to collect the major thoughts and arguments which

have motivated and stimulated work in this field.

Clearly, one impetus stems from the promise of optical-

fiber transmission systems [6] which is rooted in the recent

achievement of low transmission losses in optical fibers.

Integrated optics may one day provide circuits and devices

for the repeaters of these systems, in particular, when

higher transmission speeds are envisaged, or it may offer

possibilities for wavelength multiplexing or switching of

optical signals. The spectral range of interest is, therefore,

in the visible and near infrared where fiber losses are low.

There is also activity at 10.6 pm, the wavelength of the

COZ laser where device improvements are needed for

communications and the processing of laser radar signals.

The area defined by the name “integrated optics” has

expanded gradually, and it now includes all exploration

towards the use of guided-wave techniques to fabricate new

or improved optical devices. With this, one associates

compact and miniaturized devices, and hopes that small

size will lead to better reliability, better mechanical and

thermal stability, and to lower power consumption and

drive voltages in active devices. Of course, there is also

the promise of integration, i.e., that one will be able to

combine several guided-wave devices and form more com-

plicated circuits on a common substrate or chip. However,

some of the new guided-wave devices, lasers or modulators

for example, may well be able to compete on their indi-

vidual merits with their bulk-optical counterparts.

The waveguides used in integrated optics are dielectric

waveguides, usually in the form of a planar film or strip
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with a refractive index higher than that of the substrate.

The guiding mechanism is total internal reflection. Typical

refractive index differences are 10-3–10-2, and guide losses

of less than 1 dB/tim are desirable.

The fabrication techniques are reminiscent of the tech-

nology of electronic integrated circuits. Planar structures

predominate and photolithographic techniques are em-

ployed. Naturally there are new requirements, a particu-

larly stringent one being the need for an edge roughness

smaller than 500 ~ to keep light scattering losses to a

tolerable level.

The devices we talk about are the counterparts of

familiar microwave and optical devices. They are couplers,

junctions, directional couplers, filters, wavelength multi-

plexer, and active devices such as modulators, switches,

light deflectors, and lasers. Later sections will illustrate

some of the recent device work in more detail, but first we

will give a brief survey of the characteristics of dielectric

waveguides.

II. DIELECTRIC WAVEGUIDES

The properties of dielectric waveguides are discussed

in great detail in the cited review articles [2]–[5] as well

as in recent textbooks on this subject [7]–[9]. The planar

slab waveguide is one of the simplest waveguide structures

and it is also one of the most commonly used in integrated

optics. We shall use it in the following to illuminate the

principal characteristics of dielectric guides.

A. The Asymmetric Slab Waveywide

The planar asymmetric slab guide structure is illus-

trated in Fig. 1. We have a film of thickness ~ (usually a

fraction of a micrometer) and of refractive index nf, and

a cover and substrate material of lower index n, and n,

respectively, so that

nf > n, > nC, (1)

The structure is called asymmetric when n, # nc and

symmetric when n, = n..

In dielectric guides, we distinguish between two types of

electromagnetic modes, guided modes and radiation modes.

Following Tien [4] we can use ray arguments to distin-

guish between these types. Thk is illustrated in Fig. 2,

where we have shown light rays incident on the structure

with increasing angles of incidence. In Fig. 2(a) the inci-

dent ray penetrates through the structure. On its passage

it is refracted according to Snell’s law:

nf sin ef = n, sin (3, = n. sin e,. (~)

The light escapes again from the structure in this situation
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Fig. 1. Schematic of asymmetric dielectric slab waveguide.

(a)

(b)

(c)

Fig. 2. Ray pictures illustrating radiation modes (a), substrate
modes (b), and guided modes (c) in a dielectric slab waveguide.

which we associate with a radiation mode. This is also the

case for the situation depicted in Fig. 2(b) where the

light is incident at a somewhat larger angle 9.. We have,

still, refraction at the substrate–film interface, but at the

film--cover interface we surpass the critical angle and the

light is totally reflected and escapes through the substrate.

In Fig. 2(c) the angle e = Of is still larger, surpassing the

critical angle both at the film-substrate and film-cover

interfaces resulting in total internal reflection at both

locations. The light is trapped in the film which corre-

sponds to a guided mode of the structure.

According to this zigzag model a guided mode is repre-

sented by plane waves traveling in a zigzag path through

the film. The modal fields propagate like exp ( –j@z) in

the z direction with a propagation constant f? related to

the zigzag angle 0 by

@ = lcnf sin 0 (3)

where h = 2n/h = u/c, h is the free-space wavelength, w

the angular frequency of the light, and c the velocity of

light. Equation (3) and the critical angle produce bounds

for @which are

Fig. 3. Typical u–~ diagram for dielectric slab waveguides. Three
discrete guided modes are shown.

The lower bound is reached at cutoff, i.e., at the critical

angle and the upper bound is approached for glancing

angles of incidence 0. Fig. 3 shows a typical @ diagram

for the first three modes (labeled O, 1, and 2) which indi-

cates the variation of 13 with frequency u (or relative

film thickness). Typically, we have a discrete spectrum

of guided modes and a continuous spectrum of radiation

modes.

In discussing dielectric waveguides it is often convenient

to define an effective guide index N which is related to the

propagation constant O by

N = 13/k = nf sine. (5)

Its values are bounded by the substrate and film indices

n,< N<nf. (6)

We will mention one use of this effective index later in con-

nection with strip guides,

While the field of a guided mode can be viewed as a

zigzagging plane wave in the film, we ha,ve evanescent

fields in the substrate and the cover which decay as

exp ( —WZ), The expressions for the decay constants y,

and ~. follow from Maxwell’s equations as

y,2 = 1C2(N2 – n,z)

yc2 = l+ (N2 – nOz) (7)

where the subscripts s and c refer to substrate and cover,

respectively.

We can use the zigzag model to determine the propaga-

tion constant of a guided mode if we bear in mind the

phase shift that occurs on total reflection of plane waves.

For phase shifts 24, and 2& at the film-substrate and

film-cover interfaces we have the formulas [4]

tan2 & = (N2 – nj) / (nf2 – N’)

tanz O. = (N2 — nc2)/(nf2 — N2) (8)

for waves with TE polarization, i.e., for electric fields

perpendicular to the plane of incidence.

I?ig. 4 shows the zigzag model and our choice of the

coordinate system. To obtain the self-consistent solution

corresponding to a waveguide mode we require that the

phase shifts accumulated during one complete zigzag add

up to a multiple of 27. The phase shift corresponding to

a single transversal of the film (in the z direction) is

Authorized licensed use limited to: IEEE Xplore. Downloaded on April 2, 2009 at 10:13 from IEEE Xplore.  Restrictions apply.



4 IEEE TRANSACTIONS ON MICROWAVE THEORY AND T~CHNIQmW JANUARY 1975

Fig.4. Zigzag wave picture forslabwaveguidw.

TABLE I

ASYMMETRY MEASURES FORTE MODES (aE)ANDTMMoDEs (a~)

Waveguide
n~

‘f ‘c aE aM

GaAIAs, double 3.55 3.6 3.55 0 0

het em St ruct ure

Sputtered glass 1.515 1.62 1 3.9 27.1

Outdiffused LiNbO
3

2,214 2.215 1 881 21,206

knJcos O. Foracomplete zigzag we have

2hmfj cos 0 – 24J8– 24. = 2mx. (9)

This is the dispersion relation which determines B (co).

Approximate solutions for this are available [10], but for

the general case, we have to resort to a numerical evalua-

tion. To make the numerical results broadly applicable

it is useful to introduce a series of normalizations for the

guide parameters. The first is the normalized film thick-

ness V defined as

v = k.f. (nf’ – %’)’/’ (lo)

and the second is a measure of the asymmetry of the

structure [11 ] given by

a = (n.’ — n.z) / (njz — %2). (11)

This measure applies to the TE modes and ranges in value

from zero for perfect symmetry (n. = n.) to infinity for

strong asymmetry (ns # n. and ns ~ nJ). As an illustra-

tion we list in Table I the refractive indices of some prac-

tical guide structures together with the asymmetry meas-

ure (a~), The third is the definition of a “normalized

guide index” b related to the effective index N by

b = (Nz – n8z)/(nf2 – n,’) (12)

which takes on zero value at cutoff and has a maximum

value of unity. Fig, 5 shows a plot of the index b as a

function of the normalized film thickness V (which is also

proportional to u) for various degrees of asymmetry in

the guide structure. Values for the first three TE modes

are plotted, This plot is a close relative of the w–~ diagram,

in particular as we have a simple linear relation

N= n.+ b(nf – n.) (13)

when the difference between the film and substrate indices

is small (nf = n,). In this latter case the chart of Fig. 5

can also be applied to TM modes as long as we define

the asymmetry measure a in a somewhat different manner,

namely by [11]

nf4 n.2 — nC2
a=—. (14)

nC4 nf2 — n.’”

I

9

.6

.7

.6

a .5

.4

,3

.2

I

o 2468 /0 12 14 [6

V = kf (nf2-n.2)Z

Fig. 5. Guide index b as a function of normalized frequeocy V for

slab waveguides with various degrees of asymmetry. (From [11].)

Table I includes values for this measure under a~,

Fig. 5 reflects the fact that the fundamental mode of a

symmetric guide has no cutoff. The cutoff value V. for

the fundamental mode of an asymmetric guide is obtained

from the dispersion equation as

VO = tan–l a112. (15)

We can write this in terms of film thickness and wave-

length in the form

(.f/A)o = 1 tan-l a112.
~~(~f’ — ~.z) 1’2

(16)

In an oversized waveguide many modes are allowed to

propagate, with the number m of allowed guided modes

given by

2,,
m = — (nfz — n82) 1/2

A
(17)

which is independent of the degree of asymmetry.

B. E@ective Guide Thiclcness

In Fig. 4 we have associated the drawn arrows with the

wave normals of zigzagging plane waves. When we investi-

gate phenomena in the waveguide which involve the

exchange or flow of energy we have to go one step further

and consider the behavior of wave packets or rays. These

are indicated in Fig. 6. Burke [12] has pointed out that

this ray picture should include the Goos-Haenchen shifts

which occur on total reflection from the film-substrate

and film-cover boundaries. These ray shifts of 2z, and

2ZCare included in the figure. One can show [13.] that this

shift of the reflected wave packet is related to a derivative

of the phase shifts & and &:

8, = c14Jdfi = 2 tan 6
‘Y8

ZC= d4Jdf? = i tan e
7.

(1s)
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Fig. 6. Zigzag wave picture for slab waveguides with
Haenchen shifts included.

where the expressions given on the right-hand side

Goos-

apply

to the TE modes. This-is the spatial analog of the clw/d8

relation for the group velocity which follows from con-

sideration of timelike wave packets, As a consequence of

this shift the ray appears to penetrate into substrate and

cover as indicated in the figure. We calculate the apparent

penetration depths z, and z. from (18) as

z. = I/-yc. (19)

As the appearance of the decay constants -y suggests, there

is a close relation between this ray penetration and the

existence of evanescent fields in substrate and cover.

As a consequence of the ray penetration the waveguide

appears to possess an effective thickness w

w = f + 1/7$ + l/-y’c (20)

which is larger than its actual thickness j and which

always turns up as a characteristic parameter when ques-

tions of energy exchange are involved.

Fig. 7 gives a plot for the normalized guide thickness

w = Icw(?zfa– 7’282)1/2 (21)

for the TEO modes of asymmetric slab guides for various

degrees of asymmetry [11]. This figure also gives an idea

of the degree of light confmment that we can achieve with

a dielectric waveguide. On the chart we observe a broad

V = kf (nf2- n.2)+

Fig. 7. Normalized effective guide thickness W’ as a function of
normalized frequency V for slab guides with various degrees of

asymmetry. (From [1 l].)

.5

minimum of W’ = 4.4 at V = 2.55 occurring for a = w.

This implies a minimum achievable effective width wllli. of

‘W~i~/k = 0.7- (nj2 — ‘?1s2)-1/2 (22)

which is a function of the film-substrate index difference.

For n. = 1.5 and nf = 1.6 we get w.,,. z 1.3x.

C. Strip Guides

A planar slab guide provides no confinement of the light

in the film plane. For some devices this confinement is not

necessary, and for others it is not even desired. Examples

for the latter are planar devices such as the acoustooptic

light deflectors in thin-film form [14], and the planar film

lenses and prisms proposed for optical data processing

[15], [16]. Strip guides provide confinement in the film

plane. In some active devices such as lasers and modu-

lators this additional confinement is very desirable as it

can lead to a reduction in drive voltage and power con-

sumption. A considerable number of devices can, and

some have been, made in both the planar and the strip

version. An example are directional couplers which one

can make by fabricating two strip guides with a close

spacing, or by separating two planar slab guides by a thin

layer of lower index material [17]. Generally, it appears

that the planar device versions are easier to fabricate,

while the strip-guide versions provide more compactness

and flexibility.

Strip guides can be made in a variety of ways. Fig. 8

shows four examples of possible strip-guide ( z–y) cross

sections which have a typical width of a few micrometers.

Fig. 8(a) shows a raised strip guide, which can be fabri-

cated from a slab guide by masking the strip and removing

the surrounding film by reverse sputtering, ion-beam

etching, or chemical etching. The imbedded strip in Fig.

8(b) can be made by ion implantation through a mask.

The ridge guide of Fig. 8(c) is fabricated by the same

process as the raised strip but with incomplete removal

of the surrounding film. The strip-loaded guide of Fig.

8(d) is formed by depositing a strip of material with

lower index n. < nf onto a slab guide. For reasons of

simplicity the sketches of the figure show abrupt changes

of refractive index or film thickness. However,

fabrication methods, such as diffusion through a

lead to guides with graded transitions.

(a) (b)

(c) (d)

some

mask

Fig. 8. Cross sections of various strip guide coldiguratims. (a)
Raised strip. (b) Embedded strip. (c) Ridge guide. (d) Strip-
loaded g~lide.
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Fig.9. Schematic illustrating theapplicatiol] of the effective index

method to a ridge guide.

The ridge guide is, of course, a close relative of the

recently reported single material fiber [18]. Both the

ridge (or “rib”) guide [19], [20] and the strip-loaded

guide [21], [22] have been proposed because of their

promise in relaxing the stringent fabrication requirements

for resolution and edge smoothness. Both use a propagating

surround, i.e., a surrounding slab guide allowing at least one

guided mode.

No exact analytic solutions for the modes of strip guides

are available. Numerical calculations have been made for

rectangular dielectric guides embedded in a uniform sur-

round [23], [24], and Marcatili [10], [25] has given

approximate solutions applicable to a large class of strip

guides operating sufficiently away from cutoff.

The effective index method is another simple way to get

some fairly good predictions for the behavior of strip

guides such as the ridge and the strip-loaded guides. It

has been applied to predict the characteristics of thin-film

prisms and lenses [15], [16] and strip-loaded guides [22],

giving good agreement with experimental results. In Fig. 9

we have sketched this method for the ridge guides. Corre-

sponding to the ridge region on the one hand and the

surround on the other we consider two unbounded slab

guides of thickness t and ~ and normalized thickness VZ

and Vf, respectively. lVe use these parameters to deter-

mine the corresponding guide indices bl and bf and the

effective indices iVz and Nf, for example, via Fig. 5. To

predict the guide characteristics in the y direction we con-

sider a symmetric slab guide with a thickness equal to the

ridge width a, and with substrate index Nf and film index

NZ as indicated in the figure. To thifi “equivalent” dab

guide we can apply all the results available for slab guides

and arrive at estimates for quantities of experimental

interest; e.g., we can determine the number of guided

modes m. allowed in the y dimension from (17), which

becomes

– ; (N12 – Nf’) ‘/’ = : [(nj’ – n,’) (b, – bf) ]’1’mu —

(23)

or we can use (21) in combination with Fig. 7 to determine

the minimum effective width WUzninin the y direction from

WV mi. = kWV min(Nt2 – Nf2) 1/2

= kWv ~i. [(nf’ – n:) (b, – bf) ]’12 x .5. (24)

III. THE USE OF COUPLED WAVES AND

PERIODIC STRUCTURES

Many phenomena in physics and engineering can be

viewed as coupled-wave phenomena. To these belong the

diffraction of X-rays in crystals [26], the scattering of

light by acoustic waves [27] or by hologram gratings [28],

the directional coupling of microwaves [29], [30], and the

energy exchange between electron beams and slow-wave

structures in microwave tubes [30], [31]. In integrated

optics we encounter a great variety of coupled-wave

phenomena, and Yariv [32] has recently given a summary

of these. They include the conversion of TE to TM modes

in anisotropic waveguides [33], [34] or in magnetooptic

modulators [35], or the backward scattering in distributed

feedback structures of lasers [36].

Dealing with coupled-wave phenomena we usually con-

sider two waves or modes (R and S) of a guiding structure

which propagate freely and uncoupled as long as the

structure is not perturbed. A perturbation of the original

structure, e.g., an induced change of the refractive index

of a film guide, will lead to a coupling of the two waves

and an exchange of energy between them. As the inter-

action over distances of a wavelength is usually weak, we

tall< of a slow exchange of energy and a slow change of the

complex amplitudes R(z) and S(z) of the coupled waves.

Typical interaction lengths useful for integrated optics

devices are between 100 pm and 1 cm. An important

requirement for a significant interaction is the synchronism

or “phase matching” between the two coupled waves,

which, in the simplest case, is the requirement for the

equality

6R = @S (25)

of the propagation constants ~R and B,s of the two waves.

In the following discussion we will distinguish between

the coupling of two guided modes and the coupling to

radiation modes. Another distinction is between waves

with codirectional and waves with contradirectional flow

of energy.

A. Codirectional Coupling of (Aded Modes

When the group velocities of R and S point in the same

direction, we talk of codirectional coupling or forward

scattering (or the Laue case). This is indicated in Fig.

10(a) where we have sketched the change in wave ampli-

tudes. The usual boundary condition in this case is

R(o) = RO

s(o) = o (26)

i.e., a reference wave R with an incident amplitude R. and

a scattered wave S starting with zero amplitude. For

Authorized licensed use limited to: IEEE Xplore. Downloaded on April 2, 2009 at 10:13 from IEEE Xplore.  Restrictions apply.



KOGELNIK: INTRODUCTION TO INTEGRATED OPTICS

3 i=
+C q_._-_+

o Lz o LZ

(a) (b)

Fig. 10. Variation of coupled wave amplitudes with distance, (a)
Forward scattering. (b) Backward scattering.

synchronism one gets a periodic interchange of energy

described by amplitudes [26]-[32]

8(L) = –jR, sin (K~)

R(L) = ROcos (KL) (27)

where K is called the coupling constant and L k the inter-

action length. For this case we can get a complete transfer

of power from R to S if we choose an interaction length of

T/2K.

The coupling coefficients depend on the particular device

structure. Snyder [37] and Marcuse [9] have applied a

coupled mode theory to perturbed dielectric waveguides

and found that K is proportional to an over’ap integral

containing the (normalized) electric field distributions

EE(z,u) and Es(z,u) of the two coupled modes. For TE

modes this is of the form

KK
1/

dx dy (nz – noz)E~ .E~* (28)

where no (x,y) is the index profile of the unperturbed

waveguide and n (x,y,z) is the index profile of the per-

turbed structure. Reference [32] gives the coefficients

for nonlinear interactions and for electrooptic, magneto-

optic, and photoelastic modulation in dielectric wave-

guides.
,,

B. Contradirectional Coupling of Guided Modes

Contradirectional coupling or backward scattering

occurs when the group velocities of R and S point in

opposite directions as indicated in Fig.- 10 (b). This is also

referred to as the Bragg case. Here the usual boundary

conditions are

R(o) = RO

S(L) = O (29)

with the scattered wave S starting with zero amplitude at

the end of the interaction region. The resulting energy

interchange at synchronism is described by amplitudes

[26]-[28], [31], [32]

S(o) = jRO tanh (KL)

R (L) = R,/cosh ( KL) , (30)

M

SUB

Fig. 11. Sketch of thin-film waveguide with a surface corrugation.

4

K

K = 27r/A

(b)

Fig. 12. Wave vector diagrams. (a) For mode matching forward

scattering. (b) Backward Bragg scattering of guided modes (s)
by a periodic structure (K).

The scattered wave appears on reflection from the struc-

ture.

C. Periodic Structures

Periodic structures are used in integrated optics in

several forms, including films with surface corrugations

and index perturbations produced by an acoustic wave

[14], and for several diflerent purposes, including light

deflection [14], filtering [32], [38], [39], and ~r ~he

spectral narrowing of laser output [36]. Fig. 11 shows the

example of a film with a surface corrugation. The scatter-

ing of light by a periodic structure can be viewed as a

coupled wave process. We can associate a gmting vector K

K = 2~/A (31)

with the structure which is related to its period A. The

periodicity establishes synchronism between two modes

with different propagation constants ~1 and & if

,B2=B1+K.
(32)

This leads to forward scattering as sketched in Fig. 12(a).

The magnel;ooptic modulators of [35] and the mode con-

version by means of acoustic waves [40] are two experi-

ments where this method was used. The structures here

can be relatively coarse with periods A of many microm-

eters

Fig. 12(b) shows the case of backward scattering where

a mode of propagation constant @ is coupled to a mode

traveling in the opposite direction with – (3. This inter-

action is strongest if

K = 2/3. (33)
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Fig. 13. Normalized coupling constant as a function of waveguide

thickness fern. = 3.4I4, nj = 3.59, n. = 1 (solicf curves), ancl

n. = 3294 (dashed curves), andk = 0.83 Mm. (From [44].)

Thk implies the need for very small periods A of the order

of 1000–2000 ~. These have been used for filters [38] and

distributed feedback lasers [41]-[44].

A derivation of the coupling coefficient K for the corru-

gated film structure of Fig. 11 is given in [9]. For back-

ward scattering of TE modes it can be written in the form

[42]

dz (nfz — N2)
~=—

A 2wN
(34)

which is accurate to first order in the corrugation height h.

N and w are the effective index and the effective guide

thickness defined earlier. The dependence of K on the film

thickness ~ is shown in Fig. 13, which is taken from [44]

and applies to a GaAIAs waveguide at i = 8300 ~ with

nf = 3.59, and n. = 3.414. The scale of the normalized

quantity z = M/rh is used for the ordinate. Results are

shown for the three lowest order modes (m = O,1,2). The

solid lines refer to a cover index of nc = 1 (air) and the

dashed curves refer to an n. = 3.294 (Al,., Ga,.,As). We

note that the maximum value for K occurs fairly close to

cutoff, and that a change in the value of nc has relatively

little influence on this value.

D. Coupling to Radiation Modes

When we choose a grating vector K for a periodic wave-

guide such that

/?= K+n&sin61 (35)

then we couple a guided mode to a radiation mode. This

results in light leaking from the guide into the substrate

at an angle 0 with respect to the film normal. We have

drawn the wave vector diagram for this case in Fig. 14,

where the circle is the locus of all wave vectors allowed

in the substrate. Due to the leakage the guided wave

amplitude R decreases exponentially with distance

R(z) = R, exp ( –z/l) (36)

‘s=2?’-F2f%
-+-K-.&

Fig. 14. Wave vector diagram indicating the grating coupling of a
guided mode (~) to a radiation mode by a periodicity in the wave-

guide (K).

where 1 is called the leakage length. Coupling to radiation

modes is the mechanism b y which waveguide inhomogenei-

ties can cause scattering losses [8], [9], and it is also the

basis for the grating couplers [45], [46] which can feed

laser beams into guided film modes.

IV. FABRICATION TECHNIQUES

The past few years have seen the exploration of a great

variety of techniques for the fabrication of guiding films

with low loss, the precise delineation of circuit and device

patterns, and for the machining of these patterns with

high resolution. The following examples were selected to

illustrate this variety.

A. Film Fabrication

To form a planar slab guide we need to fabricate a uni-

form layer of higher index on a planar substrate. One of

the earlier methods to achieve this employed ion exchange

in glass [47]. A recent workhorse for the fabrication of

devices has been a film of Corning 7059 glass produced by

RF sputtering on microscope slides [48]. This technique

yields single mode guides with losses below 1 dB/cm and

indices of about nj = 1.62 and n, = 1.52. The use of ion

implantation is in its early stages of exploration. Wave-

guides have been made by implanting Li in fused silica

[49] and protons in Gal? [50] and GaAs [.51] substrates.

Solid-state diffusion is another promising technique

which can also be used to form waveguides in crystal

substrates. Naturally the result is a guide with a graded

refractive index profile. Waveguides have been made by

diffusion of Se into CdS crystals [.52], of Cd and Se into

ZnS [53], and of Cd into ZnSe [53] substrates. Outdif-

fusion [54] of Li has been used to produce waveguides

in LiIVb03 and LlTa03, both modulator materials of great

interest. The confinement obtainable with these guides is

limited to about 12 ~m. Recently, two promising tech-

niques have been reported which can produce low-loss

single-mode waveguide layers as thin as 1 ~m. These

employ the diffusion of Nb into LiTa08 [55], and the

diffusion of Ti into LiNbO, [56]. Interesting because of

their high index are films of TazOa prepared by oxidizing

a sputtered Ta film [.57].

The epitaxial growth of single-crystal films has become

a key element in the production of electrooptic, magneto-

optic, or laser-active guiding layers. To achieve the re-

quired higher index these layers are usually of a different

material composition than the substrate and the matching

of lattice constants becomes an important consideration.

The epitaxial GaAISs heterostructure layers made for
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Fig. 15. Typical sequency for fabricating strip guide patterns.

(From [72].)

junction lasers [58]–[60] area prime example for the use

of this method. Other examples are the electrooptic

epitaxial ZnO layers on sapphire [61], the epitaxial

ADP-KDP mixed-crystal films on KDP substrates [62],

and the epitaxial layers of LiNbO~ grown on LiTa08 sub-

strates [63], [64]. Epitaxial magnetooptic waveguides

have been prepared in a variety of garnets [65] which are

relatives of the magnetic bubble materials.

The exploration of organic films as waveguides has

included the use of epoxy films [66], [67], of organosilicon

films [68] showing extremely low losses, and of layers of

photoresist [69], [70] or electron resist [71].

B. Circuit Patterns by Scanning Electron Microscopy

Strip guides and more complicated integrated optics

circuit and device structures are made by a planar tech-

nology which is very similar to the electronic integrated

circuit technology and to that used for surface acoustic

wave devices. Fig. 15 illustrates a typical fabrication

sequence [72] for a strip guide. In the first step (a) one

starts with a planar slab guide (glass) on which one spin-

coats a suitable photoresist or electronresist layer (poly-

methyl methacrylate). The resist is exposed to an image

of the device pattern which is produced optically or by a

scanning electron beam. After development, the resist

masks the film areas to be etched later (b). In the third

step one deposits a metal layer (Mn) over mask and film

(c). Subsequently, the resist is removed (with acetone),

and one is left with a metal strip masking the film (d).

Now the surrounding film material is etched away, e.g.,

by RF back sputtering, leaving the structure shown in

(e). After removal of the metal (with hydrochloric acid),

the desired strip guide pattern is obtained.

For integrated optics work we usually require patterns

with a high resolution (guide separation of 1 pm are t ypi-

cal) and waveguides with an edge roughness better than

500 i!. Conventional photolithographic techniques are not

good enough for this job. Satisfactory results are expected

from scanning electron beam techniques. These are being

explored by several groups and some devices have already

been fabricated that way [71 ]-[74].

When we think about the economics of scanning electron

beam techniques we should recall that high-resolution

pattern replication techniques are under development for

the mass fabrication of electronic integrated circuits. In

one example [75], soft X-rays are employed to reuse a

mask with submicrometer resolution many times. In

another technique [76] a master mask is used which,

upon exposure to UT, emits electrons in the desired

pattern. These techniques are also of interest for inte-

grated optics.

C. Grating Patterns by Laser Interference

The masks for periodic structures of high resolution can

be written by a technique borrowed from holography. Here

a photoresist layer (e.g., Shippley AZ 1350) is exposed to

the interference pattern produced by two coherent laser

beams incident at an angle to each other [42], [77], [78].

The angle of incidence and the wavelength of the laser

light control the fringe spacing. To achieve ultr:fine

grating periods (L % 1000 ~) the IJV line at 3250 A of

the CW helium–cadmium laser has been used.

It appears that the laser-interference technique is more

naturally suited to the production of high-resolution

gratings than the scanning electron-beam techniques,

yielding good uniformity of the grating, period with

greater ease.

D. High-Resolution Etching Techniques

The previously mentioned sputter etching technique

[72] is not the only way to produce strip guides or more

complicated patterns. Strip guides have also been made by

masked diffusion [.52], [53] and by ion implantation

through a mask [79], [80]. Other techniques under

exploration are the embossing [S1 ] and the photolocking

[82] of strip guide patterns written directly with a laser

beam. A technique capable of very high resolution is ion-

beam etching using photoresist as a mask material [42],

[77], [78]. Typically, the etching is done with a beam of

argon ions at a few kilovolts, and the substrate remains

relatively cool during the process. Fig. 16 shows a surface

corrugation on a glass waveguide etched that way to malie

a filter device [38]. The period shown there is 1900 ~, but

the technique is capable of producing corrugations with

periods as small as 1000 ~, and corrugation depths of

about 500 ~ [78], [43].
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(a)

(b)

fig. 16. Ion beam etched gratings. Scanning electron micrographs

of corrugation etched into a glass waveguide. (a) Top view. (b)

End view.

V. DEVICES

In the past few years a great variety of devices have

been explored experimentally, including directional cou-

piers, filters, modulators, light deflectors, andtheapplica-

tion of guided-wave techniques to lasers. In this section

wewilltry toillustrate this work. Because of space limita-

tions, this illustration has to remain quite selective. For

more complete and up-to-date reviews the reader should

consult the articles in this issue by Karninow [83] on

modulators, and by Panish [84] on GaAs injection lasers.

A. Beam to Film Couple~s

Beam-to-film couplers are devices that allow us to feed

the light from a laser beam into a film waveguide. Fig. 17

shows two coupler types used in the laboratory, the prism

coupler [85], [86] and the grating coupler [45], [46], In

the first method [Fig. 17(a) ] a prism of high index n,

np k nf (37)

is brought close enough to the film guide (typically 1000 ~)

so that it can interact with the evanescent field of a guided

mode. This makes the structure leaky and coupling is

,possible. In order to achieve coupling we also have to

INCIDENT

WAVE

A

<,-L,

M::../GDEDEDy’””.——>“
SUBSTRATE

(a)

INCIDENT

WAVE GRATING

‘i
1 I

(b)

Fig. 17. (a) Schematic of prism coupler. (b) Schematic of grating

coupler. (From [5].)

provide synchronism (phase matching) and satisfy

/3 = Amp sin t3P (38)

by choosing the correct injection angle 9P in the prism

relative to the film normal.

To make a grating coupler [Fig. 17(b)] we introduce a

periodicity into the guide, e.g., by depositing a photo-

resist grating. This will lead to coupling of a guided mode

to radiation modes as discussed earlier in Section III.

The overall behavior of prism and grating couplers is

rather similar. For uniform coupling, i.e., uniform prism

film gaps or uniform grating strength, the theoretically

predicted maximum coupling efficiency is about 81 percent

for both uniform or Gaussian beam cross section [85]-

[89]. This is achieved when the width of w. of the incident

laser beam matches the leakage length 1 of the coupler

[see (36) ], i.e., if

To approach this value with grating couplers, care must be

taken that unwanted grating orders are suppressed. This

was done in a recently reported coupler [87] using a photo-

resist grating, reverse coupling [46], and light incident

through the substrate. Efficiencies exceeding 70 percent

were obtained.

The theoretical coupler efficiencies can approach 100

percent when the coupling is tapered to match the input

beam to the leakage field of the guide [88], [s9].

A third coupler type is described in [90]. Here the film

thickness is tapered down at the edge of the guide resulting

in coupling of light into the substrate.

B. Directional Couplers

The directional coupler is a familiar microwave device.

The strip-guide version of its integrated optics analogue.is

shown in Fig. 18, where we have two strip guides approach-

ing each other, running close and parallel over the inter-

action distance, and then separating again. When the

propagation constants of the two guides are matched we
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t

Pol

Fig. 18. Sketch of a strip-guide configuration forming an optical

directional coupler.

Fig. 19. Scanning electron micrograph of the interaction region of

a directional coupler formed by two strip guides. (From [72].)

can get codirectional coupling and exchange of power

between the guides. The coupling constant K (and coupling

length) between the parallel guides is determined by their

separation c and the decay constant YV in the film plane

K ~ f3Xp ( — yvC) (40)

where the exponential dependence indicates a great sensi-

tivity of the coupling length to variations in the gap

spacing.

In the first experimental work on directional couplers,

the exchange and complete transfer of power [see (27)]

between parallel strip guides in GaAs has been observed

[19], and couplers of the geometry shown in Fig. 18

have been made by scanning electron beam techniques

[72], [74]. Fig. 19 shows the smooth edges of the glass

guides in the interaction region of the coupler of [72],

where the guide spacing c was about 1 pm.

C. Filters

The filter characteristics of periodic waveguides have

also been seen experimentally [38], [39]. A periodic guide

20

10

i

4 2 0 2 4

WAVELENGTH (i)

Fig. 20. Frequency response of a corrugated waveguide filter.

,The dashed curve shows the theoretical prediction. (From [38].)

of length L provides a band rejection

tional bandwidth of approximately

AA/A % A/L

centered at the Bragg wavelength 2NA——

filter with a frac-

(41)

[see (33) ].

Fig. 20 shows the filter response of a corrugated glass

waveguide at 0.57 ~m reported in [38]. The filter was

fabricated by means of UV laser 6xposure and ion-beam

etching. It was L = 0.57 mm long, and had corrugations

with a period of about A = 2000 A and a depth of 460 ~.

The response was measured with a tunable dye laser

showing a bandwidth of 4 ~ and good agreement with the

theory of contradirectional coupling.

In recent experiments [91] filter bandwidths as low as

0.1 ~ were obtained. This requires longer filter lengths and

careful attention to tolerances imposed on the film thick-

ness. The achieved bandwidth indicates that the fabricated

grating period A had deviations from uniformity smaller

than 10–5 over the length of the filter.

D. Moclulators

Guided-wave modulators are, perhaps, the integrated

optics devices which have developed most rapidly in the

recent past. Here, apart from compactness and stability,

the guided-wave approach promises low drive po~vers and

low drive voltages. The reason for this is that no diffrac-

tion spreading occurs and the light can be contained within

long structures having small cross sections with diameters

of the order of a wavelength. However, when onc con-

templates the use of these modulators as separate devices,

one should bear in mind two potential drawbacks. One is

the need for coupling to such a device, and the other is a

possible limitation in the guided optical power to prevent

damage of breakdown due to the high power densities

associated with small guide cross sections.

Several modulation effects and device structures have

been explored and [83] gives a detailed review. We will
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mention here electrooptic, magnetooptic, and electro-

absorption modulators. An important measure of device

performance is the drive power dissipated per unit band-

width of the si@al for a given modulation index. Others are

the drive voltage, the speed, and the optical insertion loss.

If the light is confined in a strip guide with an effective

guide cross section wZ. w. and length L then we have a

drive power P per bandwidth Av which is proportional to

(42)

Here we have assumed that the applied modulating field is

confined to the same volume as that occupied by the light.

This means that an electrode configuration is required

that matches the applied field distribution to that of the

guided light.

Electrooptic modulators use materials in which a change

of the refractive index can be induced by an applied

electric field. This results in a phase modulation of the

light passing through. Promising electrooptic materials

are LiNbOt and LiTaOt which are transparent for wave-

lengths from 0.4 to 4 pm. Outdiflused waveguides in

LiNbOs have been used to make high-speed guided-wave

phase modulators [92], [93]. Fig. 21 shows a sketch of a

recent device [93] where a ridge guide is employed to

confine the light within the film plane as well. The elec-

trodes were etiaporated along the ridge which is about

20 pm wide. This modulator requires a drive voltage of

1.2 V to produce a phase modulation of 1 rad and uses a

power of 20 pW/MHz of bandwidth. The method of dif-

fraction by electrooptically induced gratings has been

proposed to obtain amplitude modulation of the light [94]

and modulators in ZnO waveguides have been constructed

that way [95]. Fig. 22 shows the electrode structure used

to induce “such a grating in a thin LiNbOt crystal [96].

Grating modulation has also been reported with the new

N’b-undiffused waveguides in LiTaOt [55]. Amplitude

modulation can also be achieved with only two electrodes

if one uses the induced prism effect due to the inhomogene-

ity of the applied field. This was demonstrated in work on

Scliottky-barrier GaAs modulators operating at 10.6 pm

[97].

Electrooptic effects are also obtained in the depletion

layer of reverse-biased semiconductor diodes which can

also serve as a waveguide, Such guided-wave modulators

have been made using the p-n junctions in GaP [98] and

Schottky barriers in GaAs [99]. Recently, a GaAIAs

double heterostructure was used to construct a modulator

requiring 10 V and 0.1 mW/MHz of bandwidth for phase

modulation of 1 rad at 1.15 pm [100]. This device has a

potential bandwidth of 4 GHz.

In magnetooptic modulators one uses the Faraday

rotation to achieve mode conversion and, thereby, ampli-

tude modulation. Guided-wave modulators of this type

have been built with epitaxial films of iron garnets [35].

They have operated at frequencies up to 80 MHz at a

wavelength of 1.15 pm. These devices are very sensitive

and require applied magnetic fields of only 1/100 Oe to

switch the output light on or off.

Fig. 21. Sketch of LiNbO~ phase modulator with a ridge g~lide On

an outdiffused waveguide layer. (From [93].)

ELECTROCPTIC WST&

+

~ ---=-is

Fig.

mmzi~)ss

22. Iuterdigital electrode structure used to induce an electro-

optic grating. (From [96].)

Electroabsorption, or the Franz–Keldysh effect, is

another way to achieve direct amplitude modulation.

These devices use an electric-field induced shift of the

band edge (and, therefore, operate nea~ the band edge).

An electroabsorption modulator operating at 0.9 pm was

reported in [101]. It uses GaAIAs waveguides and requires

0.2 mW/MHz for an amplitude modulation of 90 percent.

E. Light Defectors

The technology of bulk acoustooptic devices for the

deflection and modulation of light is already fairly well

developed. In the integrated optics analogues of these

devices guided optical waves are scattered from surface

acoustic waves [14]. This approach allows a close con-

finement and overlap of the optical and acoustical fields

resulting in a reduction of the required acoustic drive

power. The surface acoustooptic interaction is similar to

the scattering of light sketched in Fig. 22 ~vith the dif-

ference that the gratings are induced acoustooptically.

The figure shows Raman–Nath scattering with several

diffracted orders as it may be used for modulators. For

deflectors one uses a codirectional coupled wave interaction

with light incident at the Bragg angle and only one signifi-

cant diffracted order.

In order to launch the surface waves we need surface-

acoustic transducers. Comparing these to bulk trans-

ducers we find that, at present, it is more difficult to

obtain good efficiencies over large bandwidth, but there

are also advantages: surface-wave transducers can be

fabricated with a planar technology, and complicated

electrode patterns for steering the acoustic column can be

made with relative ease [102]. Such a pattern is sketched

in Fig. 23(b) while Fig. 23 (a) shows the hard-to-fabricate
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‘Fig, 23. Sketch of phased arrays of acousticbldk (a) and surface-

wave (b) transducers.
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Fig. 24. Deflected (IJ and transmitted (10) light intensity as a

function of acoustic diive power for a thin-film light deflector

using titanium-diffused waveguides on LiNbO,. (From [105].)

stepped surface required for a comparable transducer

array for bulk waves.

Recently, optical guides have been fabricated on mate-

rials such as LiIVbOs which have a better acoustooptic

figure of merit than the materials used for earlier devices

(e.g., quartz). Experiments with light deflectors have

been made with As,SeS guides [103] on LiNb08, with out-

diffused LiNb03 guides [104] and with titanium-diffused

guides [105] on LiNbO~. Fig. 24 shows the results achieved

with the recent titanium-diffused waveguides at an

acoustic frequency of 170 MHz ~10.5]. The Bragg dif-

fracted light intensity II is shown as a function of acoustic

power; about 8 mW are needed to diffract 7’0 percent of the

incident light over a bandwidth of 30 MHz of the acoustic

frequency. Note also that the measured data agree well

with the coupled-wave behavior predicted by (27). We

should recall here that LihTb03 is not the ultimate in

acoustooptics and still better materials exist. An example

is paratellurite (TeOz) which has been used for high-

performance light deflectors in bulk form [106], hTo optical

waveguides on these materials are available as yet. Experi-

mental studies were made of a variety of other acousto-

optic interaction geometries different from those described

above. These include the inducing of a grating by launch-

ing acoustic shear waves normal to the fiimguide [107],

and the scattering of light from the guide into the sub-

13

strate induced b y a surface-acoustic wave [108] which acts

like a grating coupler.

F. Lasers

Along wit h the promise of small size, compactness, and

compatibility with other waveguide devices, the applica-

tion of guided-wave techniques to laserfi promises stability

of output, low threshold, low power consumption, and low

heat dissipation. The techniques under exploration include

the confinement of the light to a thin filmj the use of

structures such as stripe contacts or ridge guides for con-

finement in the film plane and for transverse mode control,

and the use of periodic structures to provide (distributed)

feedback, control of the longitudinal modes, and a nariow

output spectrum. Guided-wave techniques are in various

phases of their development for semiconductor lasers,

solid-state lasers, gas lasers, and organic dye lasers. While

the use of guiding films in semiconductor lasers is almost

as old as the semiconductor laser itself, the use of wave-

guides in dye lasers has, so far, been confined to the

laboratory for the purpose of exploring new guided-wave

structures. For thin-film solid-state lasers, optical pump-

ing with light-emitting diodes or other lasers has been

considered [:109]. Here problems of pump inefficiencies

and the associated lower overall efficiency have to be

overcome, The present standard of comparison for these

devices are the electrically pumped semiconductor lasers

which can offer relatively high efficiencies.

Recently, A1.Gal–zAs heteiostructure junction lasers

have become available which are capable of long-lived

CW operation at room temperature, These devices are

of great int crest for optical communications. For a de-

tailed review of these lasers we refer the reader to [84],

[110], [111], or [112]. The refractive index Of the

AIZGal_ZAs material decreases with the Al concentration

z following very nearly the rtile

n(z) = ?2(0) — 0.4!5Z. (43)

A heterostructure waveguide can thus be formed by

sandwiching an epitaxial layer of GaAs witli lower, index

AlzGal_.As material. A typical concentration value is

x = 0.3. While heteroepitaxy is now the standard for

junction lasers, the exploration of other fabrication tech-

niques is being continued, An example is the recent produc-

tion of junction lasers formed by implantation of Zn+ ions

in n-type GaAs doped with tellurium [113]. Pulsed lasers

operation of these devices was observed at low tempera-

tures (77K).

For the optically pumped thin-film solid-state lasers a

high concentration of active ions is preferred. Concentra-

tion quenching of the fluorescence, however, calls for

compromise solutions C109]. Initial atterripts, with thin-

film solid-state lasers have already shown some success.

Lasers with Ho’+ doped aluminum garnet films [114] have

operated at 2.1 pm, and lasers with similar films doped

with Nd3+ have operated at 1.06 pm [115]. Both film t ypes

were epitaxially growh on YAG substrates. Relatively

large index differences were achieved with Nd?+ doped
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(b)

Fig. 25. Sketch (a) and scanning electron micrograph (b) of a

GaAs ridge guide, (From [118].)

epitaxial films of YAG (nj = 1.818) and CaWOq (nf =

1.89) grown on sapphire (n, = 1.77) substrates [116].

Thin-film lasers have also been made of CdS1-&lex layers

grown on CdS substrates [117].

GaAs junction lasers with a stripe geometry have been

developed to provide lasers operating in a stable and pure

transverse mode [112]. Stripe contacts and mesa stripes

are two key examples for stripe-geometry structures.

These structures usually confine both the light and the

charge carriers. In principle, separated optical confine-

ment can be achieved by the use of strip waveguides such

as those discussed in Section II-C. Recently, ridge wave-

guides have been investigated for this purpose [118], and

confinement of light and pure modes were observed in

passive structures, The ridges were formed by anodization

etching of GaAs films on Al,Gal–zAs substrates. Fig. 25

shows such a ridge guide with a width of approximately

10 pm and a film thickness of about 0.8 vm.

Distributed feedback structures promise to provide com-

pact low-loss optical cavities for thin-film lasers which

allow longitudinal mode control and frequency selection.

Essentially, these are periodic waveguide structures super-

imposed on the gain medium. The feedback mechanism

is backward Bragg scattering. While the first studies of

the distributed feedback mechanism were done with dye

lasers, the recent work has focused on the materials and

fabrication problems of providing distributed feedback

for AlGaAs lasers [43], [44], [119], [120]. Here the

structures of interest take the form of a surface corruga-

tion of the GaAs layer, as indicated in Fig. 26. Problems

under study include the fabrication of the ultrafine grating-

like structure where periods of about 1000 ~ are needed,

and the regrowing of AlGaAs crystal layers upon the

corrugated GaAs [44], [119], [120]. Fig. 26 shows the

narrowing of the Iinewidth achieved with the periodic

heterostructure lasers of [44], where the corrugation was

fabricated by UV-laser exposure and ion-beam etching

techniques and regrowth was accomplished with a dummy-

GaAs
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Fig. 26. output spectra of optically ptlmped AlGaAs lasers with

periodic heterostmctnres. In case (a) the cover material was air,

and in case (b) regrown AlGaAs. (Fr6m [44].)

seed-crystal technique preventing back-dissolving of the

corrugation. These lasers were pumped optically with a

pulsed dye laser and output spectra less than 1 ~ in

width were observed at 771{. Very recently [120], dis-

tributed feedbacli operation was demonstrated in elec-

trically pumped single-heterojunction GaAs lasers at low

temperatures (77 K). Here corrugations were used which

were etched 1300 ~ deep and had a period of 3500 ~

designed to utilize third-order scattering.

VI. CONCLUSIONS

We have tried to collect here the chief principles, under-

lying thoughts and promises of the field of integrated

optics, and to illustrate recent experimental work on

guided-wave devices. Whereas the field is still in its infancy

it has attracted considerable interest and stimulated an

extensive exploratory effort. This is reflected in the over

100 references we have cited, and these are only a fraction

of the literature that is already available. Indeed, since

this paper was written there have appeared two additional

papers reviewing integrated optics [121], [122]. Inte-

grated optics has drawn on many other disciplines includ-

ing microwave theory and techniques, integrated circuit

technology, solid-state physics, and optics and new devices,

materials, and fabrication techniques have emerged. The

field is now in a state of great flux and there are still many

problems awaiting a solution, a main problem being the

lack of a simple and efficient method of coupling optical

fibers to thin-film or strip-guide devices.
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The Progress of Integrated Optics in Japan

YASUHARU SUEMATSU, MEMBER, IEEE

(lntnlecl paper)

Abstract—Recent progress in the field of integrated optics in Japan

is reviewed. The research effort on planar guides, active integrated

optics, and microoptics is outlined and pertinent references are

given.

I. INTRODUCTION

I N JAPAN, research in integrated optics appears to be

accelerated by the rapid development of reliable opti-

cal components for optical communications and the expec-

tation of wider application of optoelectronics in the future.

This paper is restricted to a summary of research activi-

ties in integrated optics in Japan. It is limited only to

research but the scarcity of information given here is

augmented by many references.

‘II. OPTICAL PLANAR GUIDES

A. Geometries and Materials

Optical planar waveguides and the question of maxi-

mum-gain conditions in a semiconductor junction laser

were investigated, taking the different plasma frequencies

inside and outside of the active layers into account [1].
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The transverse-mode confinement in asymmetric thin-

film dielectric guides with inhomogeneous refractive-index

distributions was discussed [2], [3]. To build active de-

vices with the help of optical dielectric waveguides, a

tunable parametric oscillator was proposed. Phase match-

ing was accomplished with the help of the mode-dependent

dsipersion characteristic of the slab guide [4].

More recently, scattering caused by random imperfec-

tions in dielectric-slab waveguides was discussed in detail

[5], and the modes of metal-clad dielectric guides [6] and

anisotropic and gyrotropic guides [7] were investigated.

A method of parameter measurements using two guided

modes was applied to thin-film glass guides prepared by an

RF sputtering process [8].

Ion-exchange and ion-migration methods were applied

with excellent success to form guiding cores in glass plates

[9], [10]. Thallium ions were diffused from the surface

of the glass through a mask. Losses of these two-dimen-

sional multimode guides were reported to be less than

0.01 dB/cm at a wavelength of 0.63 pm. Direct connection

between these guides or between the guides and optical

fibers was achieved with losses of less than 10 percent,.

Axial changes in the depth of the guiding core beneath the

surface were achieved by using a spatially varying elec-

tric field to produce ion migration [11]. Diffusion of lead

ions was also used to form glass guides, and focusing prop-

erties were demonstrated [12]. Many other materials
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