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Abstract—The emergence of a monolithic optical circuit technology
depends on the availability of materials capable of performing
complex electrooptic functions and on the development of new
fabrication techniques. The work done on GaAs and its related alloys
is reviewed and summarized, and their feasibility for integrated
optical circuits is examined,

I. INTRODUCTION AND CHRONOLOGICAL

REVIEW

THE FIELD of integrated optics has as its professed

goal the eventual fabrication of complex optical cir-

cuits in small solid configurations. Such circuits will be-

come necessary if the many hopes for optical communica-

tion and optical computers are ever to come true.

The main motivation for this work derives from the

spectacular success of integrated electronics where a single

“mother” material—silicon—is used to fabricate extremely

complex circuits.

Although the nature of optical interactions is such that

we are not likely to approach the component density of

integrated electronics, the inherent simplicity and re-

liability of single crystal circuits is reason enough to strive

for optical monolithic circuits.

In this paper we will review a series of experimental

and theoretical developments which took place during the

period 1966–1974. These experiments have to do mostly

with establishing the feasibility of performing some key
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optical functions in GaAs and

The interest in GaAs as a

GaAIAs crystal

basic material

systems.

for optical

integrated circuits (C~IC ) has been stimulated by the fact

that this material has a high degree of versatility in terms

of its electrical and optical properties and is potentially

suitable for fabrication of a variety of necessary optical

circuit components. This is especially true if one con-

siders the possibility of alloying GaAs with Al producing

a ternary compound of the form Gal_zAl=As. Because the

optical transmission characteristics of Gal_cAlzAs are

strongly dependent on z, this material is easily tailored

to allow waveguiding of various near IR wavelengths.

For example, by varying x between zero and 0.3, the

band edge of the compound is shifted from 9000 to 7000 ~.

This will be discussed in more detail in Section II. GaAs

also has Klgh electroo,ptic, acoustooptic, and optical non-

linear coefficients, making it potentially applicable to

a variety, of switching, modulation, and frequency con-

version devices. Finally, it is compatible with a number of

fabrication techniques such as ion implantation, epitaxial

growth, and electron beam and ion micromachining. Light-

emitting diodes ( LED’s), lasers, modulators, switches,

and detectors can be fabricated using this material. The

most important prope~ties of G,aAs and Gal_,Al~As are

summarized in Table I.

GaAs and GaAIAs possess most of the properties needed

to perform complex optical functions and thus hold promise

for the development of monolithic optical circuits in which

all the components are fabricated using basically the same
material on a single chip substrate. However, the com-

ponents being developed at this time in various labora-

tories are not tied exclusively to the monolithic circuit

approach and are compatible with the “hybrid” approach

where cliff erent materials are used to perform cliff erent
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TABLE I

PROPERTIES OF GAAS, CIAALAS, AND RELATED ALLOYS

Transparency 0.7 um - 12 um

Interfacing with Ohmic Contacts, Doping, and Junction
Electronic Circuits Technology Highly Developed

Light Generation Used In p-n Junction Lasers

ft:~~~ion to Switching Among the largest electro-optic and
acousto-optic flqures og ~rit

n~r41 = 6x1O’11 ;, “,% x 10-13

s

Thin Films Fabrication Epitaxy, doping, ion implantation
Techniques

Appl?cabllity to Nonlinear One of the best nonlinear optical
Oevices materials

d,L .10 ‘2’(MKS)

functions. This approach may become necessary if it is

shown that transmission losses in Gal–~AlzAs cannot be

reduced below afewdecibels per centimeter. The question

of the magnitude of the propagation loss in Gal–,ALAs

optical waveguides at various wavelengths is still an un-

answered question. It is discussed in somewhat more de-

tail in the next section.

The most likely operating wavelengths for OIC’S appear

to be in the near IR (0.7–1. 1 pm) because of the good

transmitting characteristics of glass optical fibers in this

wavelength region, the promise of practical easily inte-

grated semiconductor sources, and the availability of high

quantum efficiency room temperature detectors. However,

the existence of high-power tunable capillary CO~ laser

sources [1] makes it important to consider the 10.6-pnl

wavelength as well. Thus several workers are now investi-

gating GaAs and Gal+4.lzAs specifically from the point

of view of 10-~m applications.

The interest in GaAs as an optical material can be

traced to 1962 when the second named author and R. Leite,

then at the Bell Laboratories, were trying to understand

the reason for the observed low loss of the newly discovered

GaAs junction lasers ~2], [3]. The observed output beam-

width of a few microns would have, in an ordinary laser,

caused extremely large diffraction losses, of the order of

a ~ 1000 cm-l. The measured threshold indicated losses,
at least an order of magnitude smaller. In a jam session

involving R. Kompfner it was decided, for lack of better

alternatives! to invoke the mechanism of dielectric wave-

guiding. This guiding, which takes place when a dielectric

layer is sandwiched between media of lower index of

refraction, was assumed to overcome the effect o~ dif-

fraction thus keeping the losses to the observed low values.

An analytic check of this hypothesis [4] showed that the

amount of index discontinuity An necessary to support

the lowest mode is given by

(1)

where t is the guide height. Since the wavelength XO in

GaAs is wO.85 pm, n ~ 3.5, and the thickness t was a few-

microns, (1) predicts that a minute difference of An = 10–3

is enough to explain the observed guiding. It was felt that

it was not unreasonable to assume that a small index cur-

vature of the right sign could accompany the strong chen~-

ical transition from p to n doping and give rise to guiding.

To check thk hypothesis an attempt to look for guiding

in nonlasing p-n C~aAs diodes was made and, indeed, in

an experiment together with Bond and C’ohen, such guid-

ing was observed [.5].

The next advance in this field came when h’elson and

Reinhart used a reverse biased pn junction in GaJ? both

as a waveguide and a modulator [6]. ‘1’aking advantage

of’ the large electric field in the depletion region of the j unc-

tion and of the electrooptic properties of GaI’, they demon-

strated modulation of light guided in the junction plane.

As in the earlier [4], [.5] work, the exact nature of the

physical mechanism responsible for the index profile \vas

not clearly established. Although the experiment was per-

formed in Ga,P and in a naturally occurring waveguide,

it established the feasibility of combining two functions-

guiding and modulation in a single crystal.

Since the optical confinement in the GaAs laser diodes

was shown to lead t o a reduction in the threshold, it, seemed

logical that a deliberate control of the index profile should

lead to better confinement and hm-er thresholds. The first

successful realization of this scheme was that of Alferov

and his coworkers in I,eningrad [8].

By growing heterojunctions of GaAIAs-GaAs-GaAIAs

and taking advantage of the lower index of rcfractifm of

GaAIAs compared to GaAs they were able to c(mfine the

laser mode to the active (amplifying) GaAs inner layer.

Refinements of these ideas [9], [10] led eventually to

CW junction lasers operating at room temperature.

These early experiments demonstrated the ability of

semiconductor p-n junctions to generate, guide, and

modulate light. It also became clear that guiding and

control of IIight can occur not only in buried waveguides

but in guides fabricated on the surface of the semicon-

ductor.

In 1966, Hall, then a first year graduate student at

Caltech, started lookin~ for guiding in a surface layer of

GaAs. Three years later, using an epitaxial film of lightly

doped GaAs on a heavily doped substrate he observed the

guiding and demonstrated electrooptic modulation in GaAs

films [11], [12].

The collective efforts of many investigators m-ho were

trying to guide and manipulate light in thin films was

given in 1969 the name integrated optics by lliller [13].

In lIarch ]1971 this new field was given its official kickoff

by the first (one day) conference on “ Cuiding and Proc-

essing of Optical Waves in Thin l’ilms. ” Describing the

recent Caltech results in GaAs, Yariv suggested that this

material could form the basis of a monolithic approach to

fabricating integrated optical circuits.
The initial success of guiding and modul sting in Cia:\~

led to a joint Caltecl~–Hughes Laboratories research effort

in which additional optical functions including detection,

directional coupling, and distributed feedback lasers in

GaAs were explored. A review of this work constitutes the

major part of the following report.
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Fig. 1. Schematic representation of a three layer slab dielectric
wavegnide.

II. GaAs AND GaAIAs OPTICAL WAVEGUIDES

To fabricate a planar optical waveguideit is necessary

to produce a thin layer which has a higher index of refrac-

tion than the surrounding media. Thus a typical planar

thin film waveguide configuration is as shown in Fig. 1.

In the figure, KI Kz, and K3 are the relative dielectric

constants (i.e., K = n2 with n being the complex index’ of

refraction). The fact that the media are in general 10SSY

is accounted for by taking the K’s as complex numbers

as shown in the figure. Most commonly the top layer is

omitted and the waveguide layer–air interface forms

the upper boundary of the guide. In this case Kl, = O and

Kl, = 1. Under these circumstances the condition for

propagation of the first m modes in a waveguide of height

t is [14]

()mAo 2
2n(n2 – 723) > ~ , m = 1,3,,5, . . . . (2)

The mode designation m = 1,3,5,... k inherited from

that of a symmetric waveguide. The mode m = 1 is the

lowest order propagating mode in the waveguide of Fig. 1

with air as the top layer while m = 3 is the next higher

mode. The even modes m = O and m = 2, etc., which

exist in a symmetric guide do not exist in this guide. From

the preceding formula it can be seen that for t= Xo,

An w 10–2 is required for guiding.

There are several methods which can be used to fabri-

cate planar waveguides in GaAs and Gal_zAl&. The most

important ones are epitaxial growth of impurity doped

layers with different impurity concentrations (and there-

fore different indices of refraction), heteroepitaxial growth

of Gal_zAlzAs layers of varying Al concentration, and re-

duction of carrier concentration in the guiding layer pro-

duced by ion implantation, proton bombardment, or

diffusion doping. The last two methods (heteroepitaxy

and carrier concentration reduction) have so far been the

most commonly employed methods for producing planar
waveguides.

The carrier concentration reduction method for wave-

guiding [11] is based on the fact that the presence of free

carriers in semiconductors causes a decrease of the refrac-

tive index. The index change is related to the number of

free carriers by the following relation:

– ANe2
2n(An) = —

eom*W2
(3)

where co is the permittivity of free space. AN is the free

carrier concentration difference between layers, m* is the

carrier effective mass (assumed the same in both layers),

w is the optical frequency, and e is the electronic charge.

With m* = 0.068m for GaAs (m is the free electron mass)

AN = 1018 cm–3 gives an index difference of about

1.7 X 10–3 for optical wavelengths of about 1 pm.

A. Proton Implanted Waveguides

The use of proton implantation for the formation of

planar optical waveguides in GaAs has been demonstrated

by Garmire et al. [15]. In their experiments they started

with a relatively heavily doped n-type GaAs substrate

material and then formed a compensated layer (=3 pm

thick) of low carrier concentration by proton bonlbard-

ment which creates deep carrier-trapping levels (see

Fig. 2). Resistivity in the compensated layer was N107

Q. cm, corresponding to a carrier concentration of -lOs

cm–3 immediately following implantation (increasing after

annealing). The thickness of the layer depends on the

proton energy and is roughly 1 ~m for each 100 keV of

proton energy [16]. Proton dose is typically ~lOls/cmz.

Waveguides formed by proton bombardment of GaAs

have the disadvantage that there is considerable optical

absorption at wavelengths longer than the bandgap \vave-

length due to excitation of carriers out of the traps. This

absorption can be reduced to acceptable levels (a = 1

cm- 1, by annealing at temperatures in the range 2.5(P

600”C to reduce the number of traps to the absolute nlini-

mum required to produce the compensated layer.

The optical mode shape and the attenuation loss for

1. 15-~m wavelength light in planar waveguides as func-

tions of proton dose, and of anneal temperature and dura-

tion were measured by Garmire et al. [1.5] who found the

lowest value of loss to be 2 cm–l. The least attenuation

observed subsequently is approximately 3.7 dB/cm

(a = 0.8 cm-l), in a sample with substrate concentration

N = 1.9 X 1018/cm3 which was implanted with a 300-keV

proton dose of 2 X 10’5 cmz and annealed for 1 h at

500”C [11]. There is evidence to suggest that at least

part of the observed attenuation results from free carrier

absorption of photons in the “tail” of the mode which

extends into the substrate. The optical mode shape has

been found to depend on substrate carrier concentration,

proton dose, and anneal conditions. In samples with very

large substrate carrier concentrations (N, >6 X 10’8/cm3)

both TEO and TEI mode propagation was observed, while

in samples with N. < 6 X 10ls/cms only the TEO mode is
supported (see Fig. 3). These observations are in agree-

ment with calculations based on (2) and (3. The shape of

the optical mode has been observed to broaden after an-

nealing, because of changes in the carrier concentration

profile [1S] (see Fig. 4).

The role of postimplantation annealing in reducing the

propagation losses (at LO = 1.16 pm) is illustrated by

Fig. 5.

Fabrication of waveguides by diffusion of impurities is,

in principle, similar to the proton bombardment tech-

nique. However, the bombardment technique generally

yields a more sharply defined guide boundary.
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Fig. 2. Winning electron micrograph of au ion implanted dielectric waveguide in (laAs.

Fig. 3. Intensity mode profile of the TEO and TEI mode
waveguide shown in Fig. 2. After [15].
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Fig. 5. The dependence of optical losses at XO = 1.15 Mm of an
implanted (%As waveguide on annealing temper-at[we. After [15].

B. Heteroepitaxial Wavegdes

l~ormatiorr of waveguidw by the hcteroepitaxial gro~vth

of Gal_.AlzAs 1aycrs is based on the dependence of the
de due refractive index of the material on the Al concentration x.

This dependence is shown in E’ig. 6. (The lat cst, measure-

ments of this dependence were rcport,wi by Casey et al.
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[19].) Inaddition, thepresence of Alin GaAsshifts the

absorption bind edge, thus enabling one to prodtice wave-

guides with short w~velength transmis~ion cutoff varying

between ~0.&9500A and’hOh 6500A. The dependence

of the band gap energy on the Al concentration (x) in

Gaw~AlcAs determinedly the luminescence wavelength is
shown in Fig. 7[20_J, [21].

One of the key issues in GaAs and Gal_.AIZAs w:ave-

guides is the nature of the loss mechanisms which will at-

tenuate the propagating mode. Relating these mechanisms

to material parameters and incorporating guide propa-

gation considerations alloti one to develop guidelines for

waveguide fabrication. The most important sources of
loss &e: 1) band-to-band transitions, and 2) free carrier

absorption. Loss caused by the first mechanism can be

minimized by a proper choice of the energy gap relative to

the operating wavelength. Free carrier loss will be present,

however, since the impurity concentration, although kept

to a minimum, is always finite.

The allowable impurity concentrations can be estimated

by solving for the optical losses of the propagating modes

as a function of the carrier concentrations in the substrate

and the guiding layer. Consider a thin film waveguide

such as illustrated in Fig. 1. We may assume conserva-

tively, that the loss constant for the guide a, is equal to

the largest of the loss ~onstants corresponding to the

various layers, i.e.,

/%0Irri K
ag =

(Re K) ‘/2
(4)

where ko = 2r/AO. with ko being the propagating wave-

length and where the ima(lnary part of K (Im K) is taken

as the largest of Im Kl, Im K2 and Im K3.

An expression for Im K can be derived from a simple

treatment of the carrier polarization in the presence of

collisions of lifetime r. This gives

Ne2/ (m*toWT)
ImK=–

@z+ l/T2

(5)

where m* is the effective mass, COis the dielectric constant

of vacuum in NtKS units, and N is the carrier density.

In GaAs using a mobility p = 8.5 X 10$ cm’/V. s we

have at LO = 1 @z, , = m*~/e = 3.4 x 10–’3s, co = 2@s

1.88 x 10’5, and .n = 3.51. From (4) and (5) we obtain

in the limit cc>> l/~

()/Jo
1/2 Ne2

~g=— —

e
~1*ti2T

(6)

where POis the peirneability of free space and c is the di-

electric constant of the material. With the preceding data

for GaAs we obtain

(7)a = 3.6 X 10–19N(cm–1)

where N is in cm–s.

In OIC’S with typical dimensions of a few millimeters

we should be able to tolerate N < 1019 cm–3 at which

point the loss in 1 mm should be 1 – e~o 36M 0.30. Because

the experimental absorption [22] invariably runs higher
than theoretical estimates the value N s 1017 cm–3 is

generally adopted as a design parameter for the maximum
carrier concentration in the substrate or the guiding layer.

We now turn to the question of the aluminum concent-

ration difference between the guiding layer and the sul5-

strate required for single mode propagation. This can be

determined in a straightforward but somewhat approxi-

mate fashion by ignoring the slight nonlinearity in the

dependence of the refractive index on Al concentration.

We may thus assume the following relationship between

layer–substrate index difference, (nz – n~) and Al con-

centration difference. Ax: nz — ns * 0.4Az, where nz and

n J are the guiding layer and the substrate indices of re-

fraction, respectively.

Using the condition for propagation (2) and relating

()?! – n,) to Al concentration difference Ax yields the
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Fig. 9. The spectral dependence of the absorption in Ga,_zA1.As
for z = O, 0.1, 0.2.

TABLE II

REFRACTIVE INDEX OF GA1-.ALZAS

Materl al

GaAs

%-X*lXAS

A B c D
I

I I I

● MOSS eHAWKINS, iNFRAREO
PHY$ L Ill (1961)

AMD sTuRGE, PHYs REV IZ7,768 (1962)
“HIGH’p GoAs”

10 —

r

10.906 l“’””’ b“’” 10002’6’ I

Note:n’ = A + (B/kf – C) -DAO’.

condition for lowest order (m = 1) mode propagation 7“
E
“

u-

1,01
J 172 dB/cm

12,9

86)’“5..
SPECIMEN I

()11.25 hI z

()

1.25 A“ 2—— >Ax>— –
7L 4t ?L 4t

(8)

where n = ( 1/2) (nz + n3). This relation can be used to

plot the curves of Fig. 8, which give the ranges of guiding

film thickness and aluminum concentration difference

allowed for single mode propagation. Typically, for film

‘ thicknesses ranging between 1.2.5 and 2.5 pm the allow:

able Ax is approximately in the “range of 1.5–3.5 percent.

A more accurate calculation (23) of the relationship

between the film thickness and the Al concentration differ-

ence can be obtained by using the Sellmeir equation [24]

to estimate the refractive indices of Gal–ZAIZAs for dif-

ferent values of z:

O/,,o,x=o

I I I I
12 I!

1
10

.,0,
09

I I I * X=02

+“ 1’ ‘0 l“,
0,9

I J ,:o~
10 0-9 08

A,pm

Fig. 10. Absorption near the bandgap of Ga,_c.41t.4s for .r = O,
0.1, 0.2, 0.3.

B
n(x) = A + – D(x)ho’

Ao’ – c(z)

where the coefficients ~, B, C, and D are given in Table II.

The absolute level of Al concentration in the guiding

layer can be estimated by considering the spectral location

and shape of the Gal_cAl$As absorption edge as a function
of Al concentration and assuming a value for ma~imum

allowable absorption coefficient due to interband transi-

tions. Curves of Fig. 9 were plotted using available data

for GaAs. The absorption edges shown for increasing Al

concentrations were obtained by calculating the bandgap

using the expression [21] E,(z) = 1.439 + 1.042z +

0.468x2 and then shifting the band edge of GaAs to cor-

respond to the computed value ,?30(z). More detailed plot

of the long wavelength tail of the band edge [2,5] with
different abscissas corresponding to different .41 concen-

trations is shown in Fig. 10. The required Al concen~ration

was determined from these curves using an allowable value

of absorption coefficient a = 2 cm-l (S.6 dB/clll) akd
~ = f).7 cm–l (3 dB/cm) and various possible source wave-

lengths which might potentially be used in OIC’S. Thc
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TABLE III

lhMJUIREMENTS ON ABSOLUTE AL. CONCENIWATION

Swrce Wavelength Req. Al Concentration in the Guide

-1 -1..2cm * . 0,7 cm

(8.6 db/cm) (3 db/cm)

0.85 pm GaAIAs 17% 407”

0.9 urn GaAs 7%
32%

0.95 - 1.OWI Si:GaAs CM
Zw

——

Note: Substrate coILcentration N3 percent higher. Material be-
comesindirect sLt 40-percent Al.

results are shown in Table III. It is seen that Al conccn-

traticms up to 40 pcr-cent maybe required in extreme casts.

In most cases lower Al concentration should be allow-able.

Thcsercsults must be wnsidercdto be approximate since

no accurate measurements of the actual loss coefhcient in

Gal_zAlzAs waveguides as opposed to bulk material arc

available.

At the present time several workms arc engaged in

hctcrocpitaxial growth of GaAs and Gal_zAlzAs. Several

methods of growth are being pursued il~cluding vapor

phase epitaxy, slide-bar limited melt, and vertical dipping

“infinite” melt liquid phase epitaxy. Stal~clard techniques

am generally used to evaluate the thin film electrical,

chemical, and crystalline properties. These techniqws

include microprobe, photolurninescen ce, and x-ray analy-

sisj Hall e ff cct and C– V measurements, al~d scanning elec-

tron microscope examinations.

Some examples of the more recent w-ork on the epitaxial

growth of GaAIAs and Gal_zAlzAs for int,egratcd optics

applications can be found in papers by Ch-aforcl and C~roves

[26], Garmire [27], and I{amath [.%] as well as workws

in the 10-km field [29]–[38]. Ckaford and Groves investi-

gated the vapor phase cpitaxial growth of III--V com-

pounds primarily for IJ3D applications. G armirc’s and

Kamath’s work is aimed more directly at producing optical

~vavcguides for near 11? applications. C~arnlire used liquid

phase epitaxy to obtain low-loss Gal_zAIA wawguides

on GaAs substrat cm. The guiding actually occurred near

the top (air interface) of the (lal_zAlzAs layer in the rcgiorr

of Al concentration gradient (i.e., lower Al concentration

near the surface). Such gradients arc produced by using

thin melts for the liquid phase epitaxy. Imssw in these

w-we measured to be <1 cm-l. An example of a composite

GaAs--GaAlAs waveguidc is shown in lJig. 11.

In his work I{amath used a variety of epitaxial tech-

niques. He has grown layers of C&zAlzAs with values of

z ranging betwwn zero and 0.7. He found that the com-

monly used Iinlited melt or slide bar technique, ~vhilc

suitable for the growth of several layers in succession, has

inhment Iirnit,atiorls due to mixing problems and due to the

high segregation coefficient of Al. These problcrns cause

complications when thick large area layers are required.

EIc has, therefore, pursued an “infinite” melt, liquid

cpitaxy method to produce large area layers ( 1 inz ) with

controlled thickness varying from 5 to 75 ~ln.

The ;vork on GaAs w-aveguidw at 10 ym has been di-

rected primarily at developing structures for active de-

vices such as modulators. These structurw pose special

problclus because of the n]etallie electrodes which they

require. The presence of the electrodes may introduce high

attxmuation in the guides due to the rrwtal–dielectric

boundary. Structures aimed at overcoming these problems

have been analyzed by Chang and Imh [29], who have

also developed some desigl 1 guidelines for t hcsc structures.

Experimental work on such structures has been reported

Fig. 11. A mull,ilayer (-+a,ls--GaAlAs dielectric wavegllide.
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by Changet al. [30]. Electrooptic modulation of 10.6-~m

in epitaxially grown waveguides has been demonstrated

by Cheo [31]–[33]. Theoptical waveguide work relevant

to Cheo’s modulators has been described by Cheo et al.

[34] and Black et al. [35]. The latter work was concerned

primarily with the growth and characterization of chro-

mium-doped n-t ype on n+-t ype GaAs thin films. Black

et al. have grown planar structures with a surface area of

8–10 cm’ and film thicknesses ranging between 10 and 20

pm with free carrier concentrations in the guiding films

reduced to S 1012cm–3, Their substrates had free carrier

concentrations in the range from 1 X 1017to 2 X 1018cm–s.

Work on beam deflection and modulation of l-pm light

in thin film GaAs– ( GaAl) As heterostructure waveguides

has been reported by McFee et al. [36]. The planar hetero-

structure waveguide itself has been described by McFee

et al. [37]. In this work substrate epitaxial layers with Al

concentrations x ranging between 0.2 and 0.3 were used.

The waveguide GaAs layers were 10-20pm thick and had

carrier concentrations of =1016 cm–3. Transmission losses

of N2 dB/cm (minimum) were measured.

Since waveguides for 10-pm applications must be rela-

tively thick (i.e., ~10 pm or over in thickness) it is pos-

sible to fabricate them from bulk material by grinding,

lapping, and polishing. Lotspeich [38] has reported work

on 10.6-pm modulators constructed by such techniques.

He has fabricated and tested waveguide crystal films

ranging in thickness from 8 to 67pm and observed a propa-

gation loss as low as 0.7 dB/cm for TE polarization.

C. Ion Etched WaveguicZes

In addition to planar waveguides three dimensional

channel shaped waveguides can also be produced in GaAs.

The techniques of proton bombardment and ion implanta-

tion discussed earlier are particularly suitable for produc-

ing channel waveguides since implantation can be done

through a mask formed on the surfac$ of the semiconduc-

tor. Evaporated gold films (=2000 A thick), photoresist

masked and ion beam etched to the desired configuration

are often used as implantation masks [39].

Alternatively channel guides can be fabricated by

direct ion or electron beam etching of thin film planar

guides. Such techniques have been employed for fabrica-

tion of various configurations of coupled channel guides

[40] which can serve as directional couplers. These tech-

niques are quite versatile and can be used to fabricate

other integrated optics components such as gratings [41]

[42]. The range of their applicability has not yet been

fully explored. An example of a channel waveguide ion

etched in GaAs is shown in l’ig. 12.

Three dimensional guides have also been fabricated by

molecular-beam epit?xy (MBE ) method [4:3], [44]. This

method can produce an index-of-refraction nl region com-

pletely surrounded by a medium of index nt with nl > nz.

The MBE method employs GaAs and Al molecular beams

to deposit la~yers of GaAs or ( GaAl) As in ultrahigh vacu-

um. Masking wires or photolithographically generated

masks appropriately placed in the modecular beam path

can be used to fabricate desired waveguide configurations.

Fig. 12. Scanning electron micrograph of an ion etched channel in GaAs.
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III. DIRECTIONAL COUPLING

The principle of directional coupling is well known and

directional couplers are an indispensable part of any

microwave circuit. These couplers are used in dividing,

multiplexing, mixing, and sampling of signals. These de-

vices will play similar roles in the optical circuits of the

future.

Directional coupling takes place when two dielectric

waveguides, designated as a and b, are in close proximity

so that considerable overlap of the mode fields exists.

Under these conditions power fed into guide a may be

transferred completely or partially into guide b and vice

versa [45].

The coupling is described by means of equations of the

type

dA
— = KabB (?Xp [– ‘i(@b — 8.) z]

CL?

dB

z=
– Kab* exp [~(~b – /%) z]

where A and B are the normal mode amplitudes, Pa, and

pb arc the respective propagation constants, while K is

the coupling coefficient.

The coupling coefficient depends on mode overlap and

is given by [46]

iom
/~ _m[n)($) –Kab=— — naz(x)]$v[a)(z)~v[b)(x) dx. ( 10)

m

(9)

Fig. 13. Directional coupling in a multichannel GaAs waveguide
system. After [48].

Here we assume” a slab geometry with d/~y = O. n3 (x)

is the actual index (squared) profile of the two-guide

system. n~z is the index profile (squared) of guide a alone.

.%(”)(z), .$gf~j(z) are the normal field distributions of modes
a and b.

The solution of (47) for the case of an input at mode

B alone, i.e., A (0) = O, B(O) = Bo, is

2Kab ()iAz .
A (z) = B, .—

(4.’ + ,A2) 1/2 ‘XP ~ Sm [~(hK2 + A2)’/’z]

( ){

iAz
B(e) = BO exp ~ COS [; (4K2 + A2) 112Z]

– 2 (4K2 +. AA2)l/2
sin [~ (AK2 + A2) 1/2.z]

}
[11]

where K = I Kab I , A = f% ‘– & Under phase-matched

condition, A = O, a complete spatially periodic power

transfer between modes a and b takes place with a period

Az = T/K:

A (.z) = BO $ sin (KZ)

B(z) = Bo COSKZ (12)

Fig. 14. Directional coupling in isolated pairs of GaAs channel
waveguides. After [49].

The first demonstration of directional coupling in

channel waveguides took place in a multiwave@ide

system [48] such as shown in Fig. 13.

The waveguides were produced by ion implantation

through a mask into a heavily doped GaAs crystal as

described in Section II. In this multiwaveguide case the

coupling is expressed by an infinite set of equations

dAG—=
dz

—iKA n_l — iKA fi+l (13)

where n refers to the guide number. If we excite one guide,

say n = O, at z = O so that Ao(0) = 1 and A+o(0) = O,

the solution of (13) is

Am(z) = (–i)”J.(2Kz)

where J. is the Bessel function of order n. The experi-

mental demonstration of such multimode coupling is

shown in I?ig. 13. Isolated pairs of channel optical wave-
guides in GaAs have been produced by Somekh et al.

[49] by both proton implantation and by ion etching. An

example of complete power exchange in a two-guide system

in a distance of 2.1 mm is shown in ~ig. 14 [49].
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IV. ELECTROOPTIC MODULATION

Two approaches to modulation in GaAs waveguides have

been demonstrated. The first, due to Hall et al. [11], [12]

utilized an epitaxial surface waveguidc layer as in Fig. 15.

A reverse-biased Schottky barrier due to an evaporated

metal electrode provides a high electrical field in the de-

pletion layer which is also the guiding layer. The elec-

trically induced birefringence can then be used for con-

ventional electrooptic amplitude or phase modulation or
TE ~ TM mode conversion [47].

The second approach demonstrated by Reinhart and

Miller [50] involves guiding of light in a heterojunction

GaAIAs-GaAs-GaAIAs structure. An applied field will

then cause modulation as in the surface waveguide con-

sidered earlier.

The main advantage of waveguide modulators compared

to bulk modulators is the potentially vastly lower modula-

tion power requirements.

A conventional transverse electrooptic modulator re-

quires a modulation power of [.51]

Cmeolos
P.,* = —

~7r2
m2B (14)

where em is the dielectric constant of the modulation

frequencies, X. the optical vacuum wavelength, n the index

of refraction, r the effective electrooptic coefficient, m the

modulation index, and B the information bandwidth.
The fact that P~i. is independent of the modulator

length is due to the fact that because of diffraction con-

siderations, lengthening of the crystal must be accom-

panied under optimal focusing conditions by an increase

of the beam diameter.

A guided wave modulator, on the other hand, is free of

diffraction since the beam is continuously refocused by

total internal reflection. The result is that the minimum

modulation power is given by

(15)

TABLE IV

A COMPARISON OF BULK AND WAVEGDIDE MODULATION
CH.4R.4cT~~1sT1cs

Modulator Type Gal-xA’xAs
LiTa03

Thin Film Bulk Modulator

t--th~ ckness 1 pm 0.25 mm

w--width 10 u“ 0.25 mm

L--length 1 cm 1 cm

cm--dielectric constant 11 43

A--optical wavelength 8500 i 632B ~

B.-bandwidth 100 MHz 100 MHz

V--modulator voltage 0.1 v
f6r m . 40%

9V

P--power for 40% AM 0.02 nlw 60 MN

where w, t are the transverse dimensions of the channel

guide whose length is 1.

A comparison of the modulation power requirements of

a typical bulk and a waveguide modulator are shown in

Table IV.

It is clear that one may expect 2–3 orders of magnitude

reduction in the modulation power requirement in opti-

mally designed waveguide modulators.

Before closing this section w-e should mention the ex-

tensive work of Cheo and coworkers on 10.6-Pm modula-

tion in GaAs epitaxial waveguides [31]-[35].

V. INTEGRATED DETECTORS

Bombardment of GaAs with high energy protons can

be used advantageously in the fabrication of optical de-

tectors. Proton bombardment causes an absorption edge

shift to energy low enough to permit detection of photons

which can be guided with little absorption in waveguides

formed in the GaAs by any of the usual methods.

This technique for fabricating optical waveguide de-

tectors in GaAs has been reported by Stoll et at. [sz]. In

their work they used a configuration shown in Fig. 16.

A small volume of epitaxial GaAs waveguide was im-

planted with protons. Structural disorder created by the

implantation process causes the previously low-loss wave-

guide to become highly lossy for radiation around 1 pm.

One of the mechanisms responsible for this absorption is

the liberation of free carriers which had become trapped at

defect centers. A photodetector results when these carriers

X(um)

5jj:e*~,,,oNb. VOLUME
~ CAUSED DAMAGE

I SUBSTRATE
“ .,25 ~ ,018,cm3 I

x

P“‘“”“A’’””””’”’“’”Jz OHMIC
CONTACT

Y

Fig. 16. The proton implanted GaAs wavegLlide detector. After [52].
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are swept through the depletion layer generated by a re-

verse-biased Schottky barrier which has been deposited

over the implanted region as shown in Fig. 16. The de-

tectors were found to be sensitive to light of wavelengths

>0.9 ~m, a wavelength which can be transmitted nearly

unattenuated by the GaAs guides used. The optical

waveguide structure consisted of a 3.5-pm-thick n-type

(S-doped, n R 10’8/cm3) epitaxial film grown on a de-

generate n-t ype substrate (n R 1.25 X 1018/cm3). Prior to

proton implantation optical attenuation at 1.15 pm was

measured to be 1.3 cm–l. The detector volume was proton

bombarded to form the waveguide detector, 300-keV pro-

tons were used, the total integrated flux of which was

2 X, 1015/cm2. The damage layer which resulted was ap-

proximately 3 pm thick with a damage peak occurring

about 2.5 pm below the surface. The implanted wave-

guide was then annealed at 500°C for 30 min in order to

allow some optical transmission through the damaged

region. Finally, 1l-milsz Al Schottky barriers were evapo-

rated in a waffle pattern over the implanted area.

Upon the application of a sufficient reverse bias to the

Schottky barrier, a depletion layer is produced which

extends across the high-resistivity waveguiding layer to

the lower resistivity substrate. Any dipole transitions

made possible by radiation-produced defect levels generate

free carriers which are swept out of the depletion layer,

thereby causing current to flow through an external cir-

cuit. Measurements of the photosensitivity of both un-
implanted and implanted annealed samples are shown in

Fig. 17. Transparent Au barriers, sputter deposited on

the surface, were used to measure sensitivity as a function

of wavelength. The curve for the irradiated sample reveals

a defect associated energy level distribution within the

band gap, as well as a shift of the effective absorption edge

to lower energies. Stoll et al. [52] report that substantially

all of the implantation-induced optical attenuation in the

l-pm wavelength region can be attributed to absorption

as opposed to diffuse scattering.

The response time of the proton implanted detector was

determined to be shorter than 200 ns, the measurement

being limited by the duration of the Nd: YAG Q-switched

pulses used in the measurement.

Fabrication of a proton implanted detector integrally

within a GaAIAs waveguide can be accomplished by

using the same techniques that have been applied success-

fully to GaAs. Probably the most useful integral wave-

guide/detector combination would be one that could func-

tion satisfactorily at a wavelength of 0.9 pm, and, hence

could be used with a GaAs LED or laser source. .4 more

detailed study of proton implanted GaAs detectors and

the physical mechanisms involved has been performed

by Stoll et al. [53].

A different approach to integrated waveguide detec-

tors has been taken by Stillman et al. [54]. They have

fabricated InzGal_~s avalanche photodiodes and inte-

grated them into high-purity epitaxial GaAs waveguides

which were l&20 Pm thick and were grown on n+ GaAs

substrates.

InzGal_zAs was grown epitaxially on the n+ substrates

through holes etched in the high-purity GaAs epitaxial

layer. The grown areas in In~Gal_~As were about 5 roils

in diameter and were polished flush with the surface of

the GaAs waveguide. In concentration was x = 0.20 so

that the devices would be suitable for the detection of

1.06-pm guided radiation.

Stillman et al. reported a 60-percent quantum efficiency

for the In= Gal_.As detectors. In the discrete version of

these detectors avalanche gains as high as 250 were meas-

ure with rise times of 170 ps. By adjusting the composi-

tion of the ternary alloy peak response of the diodes could

be varied between 0.S5 and 3..5 pm. The main limitation

of InzGal_.zAs as a material for other integrated optics ap-

plication is the lattice mismatch between GaAs and the

alloy, which becomes 7.2 percent for 100 percent InAs.

This degrades the crystalline quality of the material. How-

ever, epitaxial growth techniques to minimize this problem

are being pursued [.55].

VI. LASER SOURCES

The CW GaAs-GaAIAs heterojunction lasers [8]-[10]

seem ideally suited to act as sources for integrated optics.

The epitaxial technology used to fabricate them is similar

to that used to make most of the other components de-

scribed earlier. The intense effort to develop and extend

the lifetime of these lasers is taking place independently

of the research in integrated optics and is described ade-

quately elsewhere [56], [57].

GOAS ep!loxka layer

Gao,7Alo3As ep!taxm layer

GOAS substrate

Fig. 18. A GaAs–GaAIAs epitaxial laser with corrugation feedback.
After [59].
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Fig. 19. An"eplt?xial film'of Ga,.xl,.~s grown o~~topof acorrllgated GaAssubstrate." Period =0.347 wn. ”After [&21.

The corrugated GaAs laser [58], [59] possesses some

unique properties which lend themselves to integrated

optics applications. The need for endrefkwtors, which are

difficult to fabricate on a monolithic single cry@al chip, is

obviated by incorporating a corrugation on one of the

interfaces adjacent to the active (amplifying) medium.

The period Aofthe corrugation is chosen to satisfy

:=b> m = 1,2,3 . . . (16)

i.e., A is equal to an integer times a half guide wavelength.

The theory and first demonstration of such lasers (in or-

ganic dyes) is due to Kogelnik and Shank [60].

In the case of GaAs lasers a convenient technique for

producing this feedback is by corrugating an interface of

the dielectric laser waveguide as in Fig. 18.

The corrugation period for fundamental feedback

(m = 1) in GaAs is A ~ 1100 ~. Such corrugations have

been produced by ion etching the surface through a photo-

resist mask [40]. The mask is made by exposure to the

interference pattern of two oppositely traveling beams split

off from the same He-Cd laser [61].

More recent work demonstrated [62] that it is possible

to grow high quality GaAs or GaAIAs on corrugated

surfaces as shown in Fig. 19. This led to electrical double

heterostructure injection lasers with internal corrugation

feedback [63].

one of the main advantages from corrugation feedback

GaAs lasers is the prospect of both longitudinal [60] and

transverse mode control which it affords. The oscilla-

tion frequency is determined by the corrugation period

through relation (16). This is illustrated by the experi-

mental data of l’ig. 20 obtained from an optically pumped

laser as shown in Fig. 1S.

Another potential solution to the fabrication of laser

sources on integrated optics chips is the mesa surface
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Fig. 20. ‘1’he dependence of the oscillation wavelength of a GaAs
corrugated laser on the corrugation period. After [59].

laser described recently by Scott et al. [64]. They suc-

ceeded in growing a mesa with parallel sets of { 111) planes

which possess a high degree of surface flatness.

In more recent still unpublished w<wk the same authors

and l’. Blum succeeded in operating the mesa as an in-

j ecti~n laser.

Another important development in this area is the

demonstration by Barnoski et al, [65] of laser action in

GaAs in which one of the dopants is introduced by ion

implantation. Ion impla~tation through masks similar

to those used for ion etching of corrugated lasers can lead

to a new family of injection modulated lasers.

VII, APPROACHES TO CIRCUIT INTTEGRATION
AhTIl POTENTIAL AI’I’LICATIONS

The purpose of an OIC is to perform functions with

light that the present systems perform electrically, while

still retaining the reliability, lo~v cost, and small size and

weight of an electrical integrated circuit. Thus it is de-
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sirable inthelong run to achieve as high a degree of inte-

gration of the various components as possible,

There are, at present, two approaches one can take in

order to achieve-this goal. (he is the monolithic circuit

approach in which all the components are fabricated

using basically the same material (such as Gal_xAIZAs

with varying values of z) on a single chip substrate. This

approach is very attractive in the long run but is somewhat

ambitious for the present state of development of inte-

grated optics technology. As we have already seen, many

of the individual devices which could serve as components

in a monolithic integrated circuit have been fabricated

and demonstrated in the laboratory. However, the several

elements have not yet been integrated onto a single chip

to produce an operational OIC.

The other approach to OIC development consists of

fabricating individual integrated circuit components using

materials best suited for a given device as known at this

time, and integrating these into a circuit using materials

not necessarily similar to the ones used for the components.

This approach complicates the problem of coupling be-

tween various components and guides but is probably

more practically realizable in the short term. Many of the

components now being developed are compatible with

either of the two preceding approaches. For the mono-

lithic circuit approach the GaAs/Gal–zAl~As system seems

to be the Most promising since it offers the possibility of

wavelength compatibility.

In either case one of the long term objectives is the

development of technologies and components, eventual

integration of these components into optical circuits, and

coupling of these circuits with low-loss single mode fibers.

The resulting communication ‘systems can in principle

provide length–bandwidth (bit rate) products in the

gigabit-kilorni%er range. Low-loss single mode glass fiber

waveguides are currently available at the research level

[663. Applications other than communication systems may

also be ultimately possible. It is anticipated that O IC’S

will be tiseful in systems such as optical radars, signal

processors, multiplexer, and optical data-links.
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Waveguide Modulators

IVAA~ P. IiAlIINOW, ~ELLOw, nmm

(Invited Paper)

AfMract-A tutorial survey of recent work on optical waveguide

modulators in electrooptic, acoustooptic, and magneto”optic mate-

rials is presented. Methods for realizing waveguiding layers in

modulating materials and various modulator configurations are

considered.

1. IX”TROD7JC’TION

H
IGH-speed light modulators and beam deflectors

that make usc of t~w electrooptic, acoustooptic,

magnet oopt ic, and electroabsorption effeets in bulk mate-

rials have been described in several reviews [1 ]--~5]. The
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first three effects produce refractive index changes in

response to the appropriate modulating electric, 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 te~ms of y, the electrical modulating povwr P required

to produce a given degree of modulation over a bandwidth

Aj. ‘I’he performance depends upon optical wavelength 1,

the properties of the modulating material, and the dwice

geometry. One of the chief pdvant ages an optical wave-

guide modulator has over the conventional bulk modulator,

is the substantial improvement in the geometrical factor

allowed by tlie confinement of the optical beam to a small

cross section over an extended length.


