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Ab.s~rac&--While the major objective of integrated optics at the

visible-light and near-infrared wavelength is to provide tldn-film
components to obtain switching, modulation, source, detection, etc.,
for fiber-optics communication, the immediate objective of integrated
optics at the 10.6-~m wavelength is to improve the operational char-

acteristics of conventional bulk comp~nents via guided.wave tech-

nology. This paper will discuss the properties of the waveguides, the

modulators, the passive components, and the waveguide laser that

have been made to date. The most significant advancement is

probably guided-wave modulation, Both the analysis and the initial

experimental measurements indicate that ~-phase or 100-percent

amplitude UHF-VHF modulation could be obtained with only a
few hundred watts of modulation drive power. Microwave modula-
tion has also been experimentally demonstrated. Naturally, this is
only an interim report. Many exciting developments will be obtained
in the future.

I. INTRODUCTION

THERE are no fibers that can be used effectively to

transmit optical signals over kilometers of distance at

the far infrared. On the other hand, conventional active

components ~uch as electrooptical modulators function

very poorly at the long wavelength; the need exists for two

to three orders of magnitude improvement in the efficiency

of these active device~. Thus the primary objective of the

present integrated-optics research at the 10.6-pm wave-

length is to utilize the guided-wave technique to achieve

more efficient and wide-band modulation, switching, and

multiplexing of COz-laser radiation. These components

may be used to perform a single system function such as

modulation. Several integrated optical components may

also be used together as a subsystem in a given communica-

tions system. Their ultimate success will be determined by

their operating characteristics as compared to their coun-

terparts presently being developed in the bulk form. For

example, tunable wide-band ( > 1-GHz) COZ waveguide

laser sources are being developed at NASA, Hughes, and

United Aircraft Laboratories [1]-[2]. One could also

compare the modulation that can be achieved through an

intracavit y coupling modulator [3]–[5] with those achie-

vable with the thin-film waveguicle techniques discussed
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later in this paper. Thin-film HgCdTe–CdTe heterodyne

detectors are currently being investigated at Lincoln

Laboratories [6], A by-product of the research is the

demonstration of integrated optical components without

the extreme accuracy required for the fabrication proc-

esses at the shorter visible-light wavelength.

This paper will discuss the various waveguides that have

been reported, the characteristics of the devices that have

been fabricated, and the extent to which these may be

predicted from theoretical calculations.

H. THIN-FILM WAVEGUIDES

Very few materials are transparent at the 10.6-~m

wavelength. Almost any material that contains light

elements such as oxygen, hydrogen, or nitrogen will

absorb at the far infrared. Consequently, low-loss optical

materials at the 10.6-pm wavelength are limited to rock

salts such as NaCl, the semiconductor element Ge, III–V

semiconductors such as GaAs, II–VI semiconductors such

as CdTe, and the infrared Kodak IRTRAN and Texas

Instruments glasses [7], [8].

In principle, any high-index material can be sputtered

or deposited onto a lower index substrate to form a wave-

guide. Ge on IRTRAhT II was reported as a waveguide

in 1971 [93. But a passive waveguide is useful only to

interconnect active components; it cannot be used as a

modu~ator or a switch, Hence recent interests have been

concentrated cm III–V and II–VI semiconductor thin-film

waveguides,

Waveguiding in GaAs epitaxial film grown by the vapor

phase-epitaxy technique on an n+GaAs substrate was first

reported by Hall et al. at the 1.15-pm wavelength [10].

Subsequently, Cheo et al. reported properties of GaAs

epitaxial thin-film waveguide grown on an n+ GaAs sub-

strate at 10.6-~m [11]. Finn et al. reported properties of

GaAs epitaxial thin-film waveguide on an GaAsP sub-

strate in 1973 [12]. Recently, MeFee reported GaAs

waveguide grown on an GaAIAs substrate [13].

A. GaAs/n+GaAs Waveguide

Whenever free carriers are present in GaAs, they will

affect both the refractive index and the absorption coef-
ficient of the material. The absorption coefficient of GaAs

at the 10.6-pm wavelength can be written approximately as

a = 8. 10–17N cm–l (1)

w-hen N is the free-carrier concentration in carriers per

cubic centimeters.
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Fig. 1. Propagation wavenumberof TE~modes in GaAsepitaxial waveguides.
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a larger N. will alsoThe refractive index n is affected both by absorption

thrcmgh the extinction coefficient

K. = ak/4~ (2)

and by the electric susceptibility of the free carriers

X. = Ne~/~m* (3)

where a = 27rf is the optical angular frequency; e is the

e~ectric charge of an electron; m* is the effective mass;

and k is the free-space wavelength:

~z = em — a~X~ + K.2.

For the 10.6-#m wavelength

n $% (10.7 — 1,530 10–ISN) l/2. (4)

From the preceding relationship between n and N, the

waveguiding properties of the intrinsic GaAs film (Nf <

1015) on an n+ substrate having a given carrier concentra-

tion N, can be calculated by the usual equations for T“E

and TM modes [14], [1.5]. Figs. 1 and 2 show the propaga-

tion wavenumber 13of the TE and TM modes in epitaxial

waveguide for various values of An and thickness d. Here,

An is the difference of the refractive index between the

film (nf ) and the substrate (n.). Clearly, a larger Ns will

yield both a larger An and a shorter evanescent tail of the

electric field in the substrate; but

yield a larger absorption coefilcient

the calculated attenuation rate of

a. Figs. 3 and 4 show

GaAs/n+GaAs wave-

guides as a function of the substrate carrier concentration.

Fig. 5 shows the experimentally measured attenuation

rate of the TEO mode as a function of the film thickness

for a variety of the substrates. Clearly, the GaAs/nrGaAs

waveguides will have low loss for thick films on high

carrier-concentration substrates and high loss for thin

films.

In practice, large-area (with sample length up to 6 cm)

and good-quality film (with surface irregularity less than

0.1 Mm) has been grown on the (100) surface of n+GaAs

by the vapor phase-epitaxy technique. For undoped

GaAs films, the chloride-vapor phase-epitaxy technique

gives a better carrier concentration (Nf ~ 10’2). The

vapor phase-epitaxy technique using the Group-V hydride

feed system gives Nf in the order of 1013.

B. GaAs/GaAsP and GaA.s/GaA lA.s Waveguides

In order to provide low-attenuation waveguides at a

film thickness not very far from the cutoff of the lowest

order modes, e.g., less than 10 pm thick, one must reduce

N. but maintain the An. This can be achieved if the sub-

strate is made from either GaAsl_ZPZ or Gal_ ~AIUAs. The
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Fig.2. Propagation wavenGmberof TMnmodes in GaAsepitaxial wavegt~ides.

refractive index of GaAsl-zPz and Gal- VAIVAs is lower more easily by the va~or ~hase-epitaxy technique, But

than the refractive index of GaAs by “An-= 0.4x and

An = 0.43Y.

In principle, the GaAs/GaAsP and the GaAs/GaAIAs

waveguides should have identical characteristics as long

as they have the same An value. For a given An, the P

values of the various modes were given in Figs. 1 ahd 2.
But in practice GaAsP is grown by the vapor phase-

epitaxy technique from a base sample of GaAs using the

Group-V hydride feed system and the HC1 tramport of

the gallium. GaAIAs is grown by the liquid phase-epitaxy

technique. The quality of the film, the carrier concentra-

tion, the control of the film uniformity and thickness, and

the sample size that can be obtained by the two techniques

are quite different. So far, the GaAs/GaAsP waveguide

up to 5 cm in length has been reported by the Monsanto–

Washngton University group [12] and a GaAs/GaAIAs

waveguide 1–2 cm in size has been reported by Bell
Laboratories [13]. Large-area GaAIAs epitaxial layer

(without the GaAs waveguiding film), has been reported

by Hughes Research Laboratory [16]. Past experience at

the Monsanto Company seems to indicate that low carrier

concentrations, fine thickness and composition ccmtrol

(including the possibility of a graded-index waveguide),

and large sample size (5 cm or larger) may be achieved

. .
unlike the GaAs film with Nf !% 10r~ grown by the usual

chloride-vapor phase-epitaxy technique, the carrier con-

centration Nf is slightly higher for the hydride-vapor

phase-epitaxial film N ~ 1013. The carrier concentrations

that can be obtained in the liquid phase-epitaxy technique

was reported by McFee et al. to be approximately 1016.

In short, no definitive conclusions can yet be drawn about

the relative merits of the two material-growth processes

for the fabrication of far-infrared waveguides.

Experimentally measured attenuation rate at 1–2 dB/cm

for the TEO mode has been achieved both in GaAs/GaAsP

and in Ga-4s/GaAIAs waveguides [6], ~7]. Note the

experimental data of the GaAs/GaAsP waveguide shown

in Fig. 5, The data clearly demonstrated the advantage

of GaAs/GaAsP and GaAs/GaAIAs waveguides at small

thicknesses. However, attenuation in intrinsic bulk GaAs

has been measured to be 0.05 dB/cm [17]. The residual
discrepancy in the attenuation rate between bulk GaAs

and thin-film GaAs is not well understood. As it is in the

GaAs/n+GaAs waveguidw, free-carrier concentration in

the GaAsP or in the GaAIAs substrate will cause waveguide

attenuation Fig. 6 shows the calculated attenuation rate

as a function of film thickness for various A?t values

where Ns is 1016.Clearly, the waveguide attenuation caused
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Fig.3. Attenuation rate of GaAs/n+GaAs waveguides.

by substrate free-carrier absorption will be less than

1 dB/cm for N, s 10le unless the mode is very close to

cutoff.

C. Waveguides in Other tSerniconductors

Since II–VI semiconductors are, transparent at the

10.6-pm wavelength and have a high electrooptical coef-

ficient, they are good materials for making active wave-

guides. Diffused waveguides of (Zri,Cd)Se, (Zn,Cd)S,

Zn(S,Se), and Cd(S,Se) were reported for propagation

at the 0.6328-pm wavelength [18]. Waveguides of PbTe

grown epitaxially on BaF2 were reported by Weber and

Yeung for 6.5-~m wavelength propagation [19].

Very recently, low-loss waveguides in CdTe produced

by high-energy proton bombardment were reported by

Spears et al. [20]. They start with a CdTe substrate with

carrier concentrations in the 1017–10%arriers/cm3 range.
Proton bombardment removed most of the free carriers

and produced a waveguide 30-50 pm thick. Waveguide

attenuations were measured experimentally to be in the

range of 1 cm–l (i.e., 4 dB/cm).

D. Two-Dimensional Waveyuides

A two-dimensional waveguide was chemically etched

from the uniform thin-film waveguide of GaAs/n+GaAs

[21]. An SiO, mask was first made by the usual photo-

lithography technique on a GaAs/n+GaAs sample 5 X 2 x

0.025 cm in size with a 25-pm-thick GaAs film. Following

that the GaAs is etched about 25 pm deep by H$30~:

H,O, :H,O (3: 1:1) at 45”C. The SiOz mask is finally
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removed by HF. The edge irregularities caused by the

chemical etching process are much less than 1 pm. The

waveguides have tapered transitions at both ends so that

prism couplers could be used to excite and to couple out

from the one-dimensional waveguide modes in the usual

manner; the tapered transition then converts the one-

dimensional mode into a two-dimensional mode, By ad-

justing the angle of incidence of the laser beam with

respect to the film surface one selects the order p of the

E,,” and E,.z modes for excitation. By adjusting the

orientation of the prism with respect to the axis of the

waveguide, one selects the order q. At large waveguide

width such as 50 pm it is difficult to excite just one order

of q.

No measurable increase in attenuation was observed

for the 50-pm-wide two-dimensional waveguide modes,

E,,v and E,*o (at low orders of g), as compared to the

TEO and TE, one-dimensional waveguide modes. When

a 2.5-pm-wide two-dimensional waveguide is measured,

the EIQ” modes have 1 dB/cm more attenuation than the

TEO modes; the E,,v modes have 6 dB/cm more attenua-

tion than the TEI modes.

III. MODULATION

A. Electrooptical Phase Modulation

When an electric field is applied to the electrooptical

thin-film waveguide, it will cause a change in phase A+

of the specific mode propagation in the waveguide. Phase

modulation was achieved in this manner by Cheo, as
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shown in Fig. 7, in a GaAs/n+GaAs waveguide [22]. At

a film thickness of d = 17.3pm he obtained A@ $% ~ radiant

at V = 80 V of modulation voltage over an electrode

1 = 1 cm long.

If one approximates the lowest order mode in a thick

waveguide by a plane wave propagating in the thin film

with constant electric-field strength within the film and

zero electric field outside, then

Here the applied modulation electric field is along the

100 direction perpendicular to the film. The n+ substrate

is assumed to have much lower electrical resistivity than

the film. Consequently, the modulation electric-field

strength in the film is E~~d z V/d. The guided wave is

assumed to be polarized along the film so that An is

nf3rhlE~od/2. rhl is the electrooptical coefficient of GaAs

(r,, e 1.2 X 10-’2 m/V). kOis the free-space propagating

wavenumber, k. = %r/k, where k = 10.6 pm. Based upon
this approximate result we see that the voltage needed for

r radiant phase modulation is

hd
v. = —’-

nf3r41 1 ‘
(6)

For Cheo’s modulator we can estimate that V= ~ 500 V

for 1 = 1 cm or Vm & 100 V for 1 = 5 cm. In order to limit

the dissipation of modulation power, Cheo made the top

electrode into a reserve-biased Schottky barrier.

It is interesting to note that avalanche breakdown in

GaAs would limit the highest E~o~ that can be applied.

Hence one would more likely need V < 100 V and several
centimeters long modulators for T-phase modulation. Ac-

cording to (6), one would deduce that the thinner the

waveguide is, the smaller would be the voltage (or the

length) needed for T-phase shift.

A perturbation analysis has been carried out at Wash-

ington University of phase modulation of the TE~ mode

in the configuration shown in Fig, 7 [23]. The result gives

A$ = C..V1 (7)

[Jko2nf4r41 & d
c——mm=

2b~d 2w40 o
Em(x) Em” (X) dz1 (8)

v. = 7r/cmml. (9)

Here Dm is the propagation wavenumber of the TE~
mode; En is the transverse electric-field variation of TEti

mode given in [14j, and [15]; the quantity in the bracket

is the normalized overlap integral expressing the percent-

age of the power of the TE~ mode being transmitted

inside the film. The overlap integral is present because

there is no An in the regions of the evanescent tails of the

TE~ mode. When the film is thick, the overlap integral
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.is approximately one and pm% lconf; (7) is identical to

(5). But, if one wishes to optimize the modulator per-

formance, (8) predicts that there is an optimum d value

that will yield the largest C~~ coefficient. When d is too

small (i.e., very near the cutoff of the TE~ mode), Ad is

smaller again because the decrease in the overlap integral

will more than offset the advantage obtained through the

decrease in the value of d.

B, Electrooptical Amplitude Modulation by Dijj?action

In thin-film waveguides, it is difficult to excite both the

TE and the TM modes efficiently at the same time for

polarization modulation. Therefore, Bragg diffraction or

mode conversion are used to achieved amplitude modula-

tion [24]–[26]. A Bragg-diffraction modulation has been

fabricated on the GaAs/n+GaAs waveguide as illustrated

in Fig. 8 [27]. In this modulator, some of the Schottky-

barrier grating fingers have low breakdown voltage because

of the random defects under a few electrodes. Hence

individual fingers were tested and only the “good”

Schottky-barier fingers were interconnected on top of the

Si02 insulating pad to give the modulation field. Approxi-

mately 1 percent of the amplitude modulation was obtained

when 60 V were applied.

It is well known that the behavior of such a modulator

can be analyzed by coupled-mode analysis [28], [29]. An

analysis performed for the Bragg modulator in GaAs

waveguides gives the following results r231

laser

\
Schotttzy

barrier t

w I

ohmic contact

Fig. 7. Illustration of an experiment on electrooptical
modulation (from [17] and [23]).

R= exp ( – al) cos [~–l cos $ C~~Vl]

exp ( – cd) sin [5r-1 cos rC~~Vl]

phnae

(lo)

where R is the amplitude of the incident TE~ mode;

IS is the amplitude of the diffracted TE~ mode; # is the

angle of diffraction between the incident direction and the

diffractured direction

when L is the periodicit y of the electrode pattern. From

(10), it is clear that 100-percent amplitude is obtained

when

v=
7P

= Vlcn).
2 Cos *cmml

(11)

Hence, we expect that V,00 will be larger than V= by the

factor of 7r/2 cos #. Note that optimization of both of the

phase modulation and Bragg’s diffraction modulation will

occur at the same waveguide thickness.

Amplitude modulation could also be obtained by mode

conversion when the grating grooves are perpendicular

to the direction of propagation of the TE~ mode [28]-[30].

The forward mode-conversion process is inefficient

because of the small overlap integral value [26]. The

backward mode-conversion process is difficult to achieve

experimentally because this process requires small L values.

When the L value is smaller than the epitaxial film thick-

ness d, the periodic pattern of An is also degraded. For

these two reasons, Bragg diffraction is more preferable
for electrooptical modulation.

C. Electrooptical Amplitude Modulation by Beam Steering

Cheo reported that if a guided wave is propagated along

the edge of a Schottky-barrier electrode (i.e., with part

of the beam under the electrode and part of the beam

outside of the electrode), then the phase shift caused by

the electrooptical effect on one-half of the beam will

interfere with the other half of the unperturbed beam so

that the direction of propagation of the total beam is

shifted [31]. Let the electrooptical phase shift for one-half

-- of the beam be A@ The shift in the angular direction of
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Fig. 8. Illustrations of electrooptica lmodulati on byBraggdiffraction.

the beam caused by A@ is

A+ = A~/kOW (12)

where W is the total width of the guided-wave beam,

10-3 rad of Afi was obtained experimentally with 1 =

0.5 cm, V = 50 V, W = 0.3 mm, and d = 20 ~m in

GaAs/n+GaAs waveguide. This amount of A+ yielded

12.8-percent amplitude modulation. In order to get a

A+ large enough to resolve the shifted beam from the

original beam, one needs

In other words, the condition for fully resolving the shifted

beam is equivalent to the condition for obtaining ~-phase

shift in phase modulation.

D. Figure of Merits and Comparison of Electrooptical

Modulation Processes

V. and VIOOare only one of the figures of merit that

can be used to measure the effectiveness of the modulation

process. From the driver’s point of view, the modulator is

nothing but a capacitor C in parallel with an internal

spread resistance Ri~t. It is well known that the second

figure of merit to be considered is the required modulation

power per unit bandwidth P/Af for achieving mphase

shift or 100-percent amplitude modulation [32]. For the

thin-film modulators discussed here [23]

“A’=5(AN$N7)
“[’/(*or )] (14,

E~(%)En*(z) dx

for phase modulation (in case of beam-steering modulation,

replace W/l by W/21), and for Bragg modulation

“w(%IE~*dx)l‘1’)
It is clear now that at frequencies below 1 GHz, when

RF power dissipation in the substrate is not an important

consideration, electrooptical modulation can be optimized

in epitaxial thin-film waveguides using the transverse

electrode configuration by a) finding the thickness d that

will maximize the C’~~; b) using a minimum W/l ratio

that is allowed by the diffraction-limited beam spread;

and c) choosing a waveguide structure that will have low

attenuation. Condition c) can be met by either the

GaAs/GaAsP or the GaAs/GaAIAs waveguide. GaAs/

n+GaAs waveguides are at a disadvantage because they

will have a high attenuation rate when d is less than

15 gm. To reduce the effect of absorption from the metallic

electrode, a buffer layer with refractive index lower than

the index of the film will be deposited or grown on top of

the guiding film [23]. To reduce RF power dissipation in

the waveguide structure, reverse-biased Schottky-barrier

electrode, or high-resi@ivit y film (p > 105 Qocm), or

reverse-biased p-n junction coincident with the wave-
guiding layer must be used to limit the current passing

through the modulator.

Fig. 9 shows the calculated curve of C~~ versus the

film thickness d in GaAs epitaxial waveguide for An =

0.11 and An = 0.05. These An’s can be obtained experi-

mentally fairly easily in GaAs/GaAsl. ~P~ and in GaAs/
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Gal. VAluAs waveguides with x~y = 0.28 and x = y=

0.14. The correspondent Ad and the fraction of the guided-

wave power in the diffracted beam obtained in the Bragg’s

diffraction for * z O are given as the vertical scale shown

on the right-hand side of the same’ figures. Here the scales

are nonlinear and are made to fit the functional relation-
ship expressed in (7) and (10). Note that when C~&’/r

is larger than 7r/2, the diffraction efficiency will again be

less than 100 percent. In Fig. 10 we have plotted the curves

of P/Af versus d for the same waveguides with An = 0.11.

Note that there is a minimum W/l ratio that can be

used, restricted by the minimum beam divergence from

a given aperture. It has been shown in the bulk modulator

that the minimum W/l ratio is [32]

w,

= (s2) ;

7.

where S is the safety factor. Applying that minimum ratio

to the guided-wave modulators we see that for S = 2

(W/1)~,~ = 4 X 10-’, forl=lcm

(W/z)~i. = 1.8 X 10-2, for 1 = .5 cm.

Thus the best calculated P/Af that one can get for guided

electrooptical modulation in GaAs/GaAsO.@O.~g or in

GaAs/Ga,.T,AIO.nAs waveguides is approximately 1.5

W/MHz with 1 = 5 cm and d z 5 pm.

Alternatively, parallel interdigital-electrode configura-

tion can be used [24], [25] to avoid the use of a low-

resistivit y substrate. Although no experimental data are

available for this configuration at the 10.6-pm wavelength,

one would expect that V. and VIOOwill be larger and that

the capacitance will be lower than the voltages and

capacitances for the transverse-electrode configuration.

II–VI semiconductors such as CdTe have a larger

electrooptical effect than GaAs. But no electrooptical

modulation has been reported today in those waveguides.
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As in the case of bulk modulators, amplitude modulation

is expected to be nonlinear due to the sinusoidal depen-

dence on the applied voltage [23], [32].

E. Electrooptical Modulation in Two-Dimensional

Waveguides

Electrooptical rnoddation in uniform thin-film wave is

inuch superior than in the case of bulk modulators [21],

[23], [31], [33], [34]. But it has low RF impedence and

still requires hundreds of watts of power to drive it. The

low impedence and the large P/Af value are caused pri-

marily by the large capacitance produced by the large

electrode areas across a film a few microns thick. The

capacitance could be reduced significantly if two-dimen-

sional waveguides (described in Section II-D) were used.

Fig. 11 demonstrates the calculated phase shifts and the

power per unit bandwidth obtainable in a two-dimensional
phase modulator [23]. It was shown analytically [23]

that amplitude modulation in a two-dimensional modulator

can also be obtained if a two-dimensional electrode pattern

is used to phase match the E9# mode to the EmQNmode

as shown in Fig, 12. In Fig. 11 Z is chosen to be 5 cm or

,,
less in view of the sample size that ca~ be obtained in

practice; W is cho~en to be .50 pm so that a reasonable

amount of the CO~-laser power can be transmitted.

F. Microwave Electrooptical Modulation

Ultimately, the bandwidth of any electrical lurnped-

element modulator described in Sections II-A–C will be

limited by the transit time that it will take the guided

wave to propagate across the entite length of the n~od-

ulator [32]. For 1 = 5 cmj the transit time will limit the

modulation bandwidth to less than 1 GHz. For modula-

tion frequencies above this limit, traveling-wave modula-

tors must be considered. In that case, matching of both

the phase and the group velocities of the optical and the

modulating waves must be obtained [26], [32].

At frequencies higher than the UHF–VHF range, RF

power dissipation in the low-resistivit y substrate layer

also becomes a problem. In order to achieve electrooptical

modulation at 10 GHz, Cheo and Golden at the United

Aircraft Research Laboratory have chosen to polish a

piece of 3-cm-long high-resistivit y GaAs down to 20 pm

thick (without any Iow-resistivity material surrounding
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it) as their waveguide [33]. This thin-film waveguide is

then placed inside a minigap microwave ridge waveguide:

The interaction between optjctil guided wave and the

synchronous traveling microwave produced a phase shift

in the guided-wave mode. Broad coupling of the microwave

into the thin film were obtained,

G. Modulation by Carrier Injection

Experimental observation of beam steering as well as

absorption of the guided wave in GaAs/ GaAIAs wave-
guides by carrier injection has been reported by McFee

et al. [13], [35]. In the ease of optical injection, a pulsed

UV NZ laser was used to irradiate a strip-shaped area

($% 5 X 0.1 mm) of GaAs waveguide surface with peak

density % 5 X 105 W/cm3 as shown in Fig. 13. It was

estimated that 5 X 1018 electrons per cubic centimeter

were injected about 1 pm deep at the surface of the GaAs

waveguide. From (1) and (4), it is clear that the injected

carrier ivould create an enormous absorption coefficient.

of 400 cm–l and a change of refractive index of 1,54.

Experimentally, they observed that the full power of an

NZ lasei is more than sufficient to completely attenuate

the guided wave. When pump power is reduced the

dominant effect is to deflect the guided wave in the plan

of the film. Deflections of order of 1°–20 have been

observed.

For electrical injection of carriers, a p-type GaAIAs

mesa is grown on the GaAs waveguiding layer. Substantial

amplitude modulation of the guided wave results when

a positive voltage pulse is applied, creating a current

density of approximately 100 A/cmZ. Long decay time

of the order of hundreds of nanoseconds were observed
when the carriers are injected electrically as compared to

tens of nanoseconds decay time in optical injection.

H. Modulation by Surjace Acoustic Waves

Suiface acoustic waves could also be used to provide

both periodic variations of An and surface corrugations

L36]-[38]. Although switching and modulation of an

optical guided wave by surface acoustic waves have been

quite successful in the visible-light wavelength [36]-[38],

the extension of this teehnique to the far infrared has not

been as successful. The primary difficulties are that the

efficiency bandwidth product of acoustooptical modulation
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is proportional inversely to the wavelength cubed. In view

of both the limited acoustic power available from the

transducers and the long transit time for the acoustic wave

to reach a steady state across the width of the laser beam,

acoustooptical modulation does not appear to be attractive

for 10.6-Km wavelength applications [39].

IV. PASSIVE WAVEGUIDE COMPONENTS

A, Input–Output CouplzhQ

Both the prism and the grating couplers have been

used successfully at 10.6-pm wavelength to coupld in and
out of thin-film waveguides [9”J, [1 13–[13 ]. However,

because of the high refractive index of ClaAs, excitation

efficiency is usually quite small (~10 percent) for forward

excitation from the air region using a shallow grating

coupler [11 ], [40]. Using the backward excitation, an

efficiency of 30 percent was achieved [33]. Ultimately, if

a deep grating or a substrate mode is used for backward

excitation, higher grating excitation efficiency may be

obtained [40], [41 ]. Coupling efficiency in the order of

30–50 percent should be able to be achieved routinely with

prisms w:thout any special effort. In order for prisms to

have a higher refractive index than the film, Ge is used.

Gratings can usually be etched either chemically or by

sputtering from masks produced by conventional photo-

lithography.

B. Mode Conversion ancl Directional Coupling

Beam splitting, directional coupling, and mode conver-

sion could also be achieved via perio&c An produced by

etching of the waveguide surface [14], [X], [29], [42].

In principle, by controlling the grating depth and the

interaction length, one should be able to obtain airy

amount of direction coupling or mode conversion, from

O to 100 percent. However, in practice, because there are

radiation losses created by etching and because there are

the nonuniformities in the film thickness and in the etched-

groove depth, it is difficult to predict the exact behavior of

the fabricated devices. A mode converter has been fab-

ricated by Sopori [42]. Here, an etched grating is used

to divert a desired amount of power from the incident

guided-wave mode to the scattered guided-wave mode.

Fig. 14 shows the calculated results of the ratio of the

power in the scattered beam to the power in the incident

beam as a function of the groove depth. The solid curve

represents the case where the inciderit beam is a TEO

mode; the dashed curve represents the case where the

incident beam is a TE1 mode. The experimental points
are marked by the vertical bars, where the height of the

bar represents the estimated error in the experirn~ntal

measurements. The discrepancy between experimental

data and theoretical calculation demonstrates the difficulty

in controlling all the necessary parameters in the fabrica-

tion of ‘such a device.
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V. WAVEGUIDE LASERS

The use of hollow dielectric waveguides both to guide

the laser radiation and to confine a gas discharge was

proposed by Marcatilli and Schrneltzer [43]. Subsequently,
CO, waveguide lasers were reported by various researchers

[1], [2], [44], [45]. Although the hollow-dielectric-tube

COZ waveguide laser is not in a thin-film configuration that

can be integrated easily with thin-film waveguide com-

ponents, its characteristics are superior to the conventional

COZ laser in certain aspects for low-power communication

applications. Here again we see that guided-wave tech-

nology is used to improve the performance of an individual

device.

Typically, laser oscillation was achieved in a capillary

tube with conventional external reflectors that match the

fundamental free-space Gaussian beam to the entrance of

the capillary tube. Both the flowing gas and the seaied-

tube design have been investigated. Typically, the tube is

filled with a mixture of C02, N2, and He gas. In such a

small-bore tube, favorable deexcitations by wall collisions

and reduction of gas temperature because of the improved

thermal conduction of the wall were obtained. COz-laser

operation can be obtained at gas pressures in excess of

300 torr, Consequently, increased gains, much broader

linewidth, and more power generated per unit volume were

observed. The latest published data indicate that power

per unit length of the tube of the order of a fraction of

a watt per centimeter and a tunable bandwidth on the

order of hundreds of megahertz can be obtained in these

lasers. Better performance at higher gas pressures is ex-

pected from researches currently being conducted at

Hughes, NASA, United Aircraft, and Lincoln Laboratories.
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CO.2 waveguide lasers offer attractive possibilities for

compact single-mode laser oscillators and high-gain laser

amplifiers. In addition, the large bandwidth obtained

through the high pressure will allow us to obtain much

higher intercavity modulation bandwidth [3]-[5] or

larger tuning range [1], [2].

VI. CONCLUSIONS

Guided-wave technology has been used successfully to
improve the performance of a number of individual com-

ponents, especially that of the modulators and the lasers.

Demonstration of integrated optical concepts such as two-

dimensional waveguides, mode conversion tia etched

grating, etc., can easily be performed at the long infrared

wavelength. However, optical communication sybsystems,

combining several guided-wave components together, have

not yet been developed. It is doubtful that guided-wave

technology at the 10.6-pm wavelength will be used fully

in the visible-light integrated-optics fashion unless an

effective fiber can be developed in the future.

The most significant advance to date is the initial

demonstration of efficient modulation that can be achieved

by the guided-wave tectilque. The actual modulators

that will be used in communication systems will be slightly

different to the ones reported in the literature. For exam-

ple, buffer film will be used on top of the GaAs film to

reduce the insertion loss caused by metallic absorption.

One may want to have less than 100-percent amplitude

or ~-phase modulation in order to reduce either the drive

power or the nonlinearit y of the modulated signal.
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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


