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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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for thin-film guides were discussed, for example, tantalum

pentaoxide [13], coloring of RF sputtered glass films

[14], and ion implantation of thallium into fused quartz

which wasreportedto havelowloss [15].

Single-crystal thin-film LiNbOS for light guides was

formed by epitaxial growth methods [16], and by RF

sputtering [17], [s4]. Optical waveguides made of

GaAsl_zP. prepared by plasma oxidation [18], and wave-

guides made of As–S–Ge glass [19], were reported. Organic

films were also considered as waveguides [20]-[23].

iNarrow dielectric strips on top of the cladding on a thin

film were used to form a two-dimensional guide called

“optical strip line” [24]. GaAs thin film was also used for

that purpose [31]. In these structures, bends of a few

millimeters of curvature were possible without causing

high losses. It is reported that this technique can be used

to form a two-dimensional guide on the surface of a bulk

crystal. Formation of this kind of guide by a planar metal

cladding was also demonstrated [26].

A thin-film Ienslike light guide with parabolic distri-

bution of the film thickness was formed by RF sputtering

of the glass [25]. Focusing lengths of a few millimeters to

a few centimeters were reported which were strongly

dependent on the transverse mode. The distribution of the

thickness could be controlled with the help of a back-sput-

tering process. One-dimensional Fourier transforms could

be observed in this guide and one-dimensional image proc-

essing was also considered.

B. Measurement of Guide Parameters

Surface irregularities of 70 ~ with a correlation length

of 1 pm were measured in RF-sputtered glass films by the

observation of the scattering patterns of the guided waves

[27], and also by using a probe needle [28] and an electron

microscope [29]. The film thickness and the refractive

index of the core were measured with accuracies of 0.3

and 0.1 percent, respectively, using two propagating modes

[8]. The anisotropic properties of the guide were also

determined by this method. In a guide formed by the

diffusion of ions, these techniques were applied to de-

termine the depth of the diffusion. The diffusion constants

D, thus determined, were 1 X 10-” and 2 X 10-” [m’/s]

for Ag ions in silica and Vycor, respectively, at 470”C, and

1 X 10–16 for T1 ion in Vycor at the same temperature.

C. Couplers and Filters

A directional coupler in a multilayer thin-film wave-

guide was demonstrated [30] and planar coupling was

studied [31], [33]. Branching of a dielectric guide to a

multilayer dielectric waveguide was also achieved [32].

Grating couplers were studied by an equivalent-circuit

consideration [34] and the coupling efiicieney was investi-
gated with photoresist gratings [35]. Optical coupling

from the tapered end of a thin-film guide to an optical

fiber was demonstrated [36], [37].

A TEO-mode filter was formed by sputtering a metal film

on a thin glass-film guide [3 S]. Mode-dependent filter

actions of metal-clad guides are described in detail in [6]

and [39]. A TF.-mode filter in a multilayer dielectric

guide was studied [40].

Nonreciprocal devices in optical circuits are discussed

theoretically in [41].

III. ACTIVE INTEGRATED 01’TICS

A. Integrated Lasers

Semiconductor injection lasers consist of the integration

of the mirrors, the pumping mechanism, the active wave-

guides, and the modulation mechanism. Laser lifetimes

were extensively studied and room-temperature CW

operation up to several thousands of hours were confirmed

with double-heterojunction (DH) injection lasers [42].

Oscillations in a single axial and transverse mode of GaAs

DH lasers were experimentally achieved by several authors

and analyzed theoretically [43]–[47], [59]. Laser oper-

ation in the visible spectrum by optical pumping was

reported [51], and heating effects were studied [52].

Recent developments in this field in Japan were already

reported in [48].

The problem of efficient connection between injection

lasers and external circuits is not yet fully solved. To

realize a monolithic integrated optical circuit, basic re-

search on distributed feedback ( DFB) lasers was done. A

DH structure with a grating was made by growing an

epitaxial layer of AlGaAs on a corrugated surface of a

thin GaAs layer. .I+eliminary reports indicate that the

current and voltage characteristics of these lasers are the

same as those of normal DH structures [49]. Experiments

on Dl~B dye lasers were performed [50]. A laser was also

proposed consisting of a ring resonator that is connected

to the external circuits with a directional coupler.
Amplification at 1.06-pm wavelength using an A’d:

glass film was reported with a gain of several tens of

percent [.53].

B. Modulation

If the integrated optic lasers were of the injection type,

direct modulation through the pump current might be

effective. Modulation in the millimeter-wave region was

already reported [54]. However, there is a limit to the

maximum modulation frequency because of the finite

carrier lifetime [55]. This effect limits the upper nlodu-

lation frequency to several gigahertz in GaAs lasers. A

resonancelike phenomenon has been observed at certain

modulation frequencies where the eficiency becomes high

and a sinusoidal modulation of the pump current produces

optical pulses [56]. External modulation by means of

gain modulation of a laser amplifier was proposed. 200-

Mbit pulse modulation of DH–GaAIAs lasers has been

reported for PCNI modulation [57], and analytical sinlu-

lations have been studied [5S].

With regard to external modulators, the phase modu-

lation in an LiNb08 thin film was reported [60]. The

change of coupling in a directional coupler ~~as proposed

as a mechanism for intensity modulation [61]. Waveguide
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action in an LiNbOs crystal due to an applied voltage [62],

modulation phenomena at the surface of such a crystal

[63], and modulation due to UV light excitation [64]

were investigated.

Mode concession between TE and TM modes was

achieved in a thin film of amorphous tellurium di-

oxide [65].

C. Parametric Guides

A tunable parametric oscillator consisting of a GaAs

film was proposed operating on the principle of changing

the refractive index of the cladding [4]. Phase-matched

second-harmonic generation was obtained in quartz

covered with a glass film at a wavelength of 0.53 pm with

an output power of 70 mW [66], [67]. Another crystal

of CUC1 was theoretically studied [68], Second- and thlrd-

harmonic generation in a monooriented ZnS film was also

achieved at the phase-matched condition [69].

D. Dej?ectors

Effective thin-film acoustooptical light deflectors have

been considered. A deflection efficiency of 90 percent at

130 MHz due to monolithically integrated ZnO film was

obtained [70], [71 ]. Similar results were reported with

an AsAS film on an LiNb08 substrate at 200-MHz modu-

lation [72].

IV. MICROOPTICS

Compact integration of miniaturized conventional

optical elements is attractive for practical use [74].

A miniaturized light modulator was realized with

tandem connection of four optoelectric crystals using

focusing fiber lenses (SELI’OC) to avoid beam divergence.

The half-wave voltage was reported to be 17 V, and the

bandwidth was from de to 1,6 GHz [73]. A modulator of

the Fabry-Perot type was also realized with the help of

the fiber lenses [74]. A combination of one- and two-di-

mensional fiber lenses was applied to launch a mode from

a DH laser into an optical fiber [74]. The theoretical

background for the propagation of waves and mode trans-

formations was given in [76]-[81].

The miniaturization of light modulators was achieved

using slab plates of crystals. Intensity modulation of a

0.63 pm wave by an LiTaOs single crystal of 40-pm thick-
ness cladded with a Ce–02 film was performed at a half-wave

voltage of 13 V [%!]. GaAs slab plates were used to modul-
ate light at 10.6-pm wavelength [83].
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Injection

MORTON B. PANISH

(Invited Paper)

, Absfracf—The utilization of the nearly ideal heterojunction that
can be achieved between GaAs and AL Gal..As to confine both light
and electrical carriers has lead to the evolution of several new classes
as injection lasers with very low room-temperature current-density
thresholds for lasing (S 1000 A/cm~), and structures whose opera-

tion can be more readily understood than the earlier homostructure
lasers. These are as follows: the single-heterostructure (SH) laser
which utilizes one heterojunction to confine light and carriers on one

side of the structure; the double-heterostructure (DH) laser in which
both carriers and light are confined to the same region; and the
separate-confinement-heterostructure (SCH) laser in which the
carriers are separately coniined to a narrow region within the optical
cavity. A state-of-the-art description of these lasers and some of
the mode structures encountered in their operation is presented.
Recent wor$ is described which permits the growth of low-strain
heterostructures with heterojunctions between GSASand Al. Gal_z–
ASI-VP. strain reduction from mismatch and bonding of contacts has
resulted in lasers which, while maintaining very low room-tempera-

ture current thresholds, also have very long lifetimes (> 10s h) for

continuous operation.

INTRODUCTION

ONE of the important candidates being considered

as the signal generator for optical-communications

systems is the heterostructure’ injection laser. Lasing

action by the stimulated recombination of carriers injected

across a p-n junction was predicted [1], [2] in 1961 and

was achieved 13]–[6] in 1962. These early injection

lasers were generally rectangular chips of GaAs containing

a p-n junction perpendicular to two polished or cleaved

ends of the chip. The structure is illustrated in Fig. 1. The

polished or cleaved ends are partial mirrors. Light is
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Fig. 1. A homostructure p-n junction laser in the form of a Fabry-
Perot cavity. After Panish and Hayashl [21].

generated by the injection of electrons into the p region

with subsequent radiative recombination of holes and

electrons. This recombination occurs in a volume adjacent

to the p-n juncticm and between the two mirrors. The
active region between the mirrors is then an optical cavity.

Structures such as that illustrated in Fig. 1 are now gen-

erally referred to as homostructure lasers because they

are made of a single material such as GaAs, and thus

contain no heterojunctions. These types of injection

lasers typically have very high room-temperat.ure-thres-

hold current densities (x50 000 A/cm’), because little

or no control over the thickness. of the recombination

region can be achieved as the result of unrestricted diffu-

sion of injected carriers and because that region con-

stitutes a very poor waveguide. The band-edge potential

diagram, the refractive index, and the optical-field dis-


