
problems presented by the standard interconnection strat
egy. In this way, the idea of Si-based integrated optics 
emerges as a natural part of the established Si microelec
tronics technology, rather than as a competing technolo
gy 

There remains a great deal of work to do to determine 
the feasibility of a Si optoelectronics technology, but the 
success of the present-day silicon microelectronics indus
try makes this a logical direction to pursue. 
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I ntegrated optics offers many of the advantages of both 
integrated electronic circuits and fiber optics along 
with providing geometries suitable for efficient electro-

optic and nonlinear optical interactions. The use of III-V 
compound semiconductor materials for fabricating inte
grated optical devices has particular promise because 
semiconductor lasers, detectors, and high speed electronic 
devices can be fabricated with the same materials, imply
ing that all of these devices could eventually be integrated 
onto a common substrate. Integration of such a wide vari
ety of optical and electronic devices onto a common sub
strate would provide many advantages in the areas of 
speed, reliability, cost, and stability. 

A variety of integrated optical experiments using III-V 
compound semiconductor materials involving demonstra
tions of different types of optical waveguides, high speed 
modulator and switching devices, multiplexing and de
multiplexing configurations, nonlinear optical effects, and 
the integration of such devices have been reported in the 
literature since about 1970. Details of the current status of 

this field will become available soon in the form of a con
ference1 (see page 32, this issue) and a journal special issue 
on integrated optics.2 

Most of the advances made over the years have been 
possible because of the continuously improving capability 
to form multiple successive layers of varying-composition, 
single-crystal III-V compound semiconductor alloys. The 
ability to vary composition in such alloys as Ga1 _ x A 1 x A s 
is generally more developed than other compound semi
conductor combinations and thus is often the material 
used for waveguide structures designed to operate at one 
of the three semiconductor laser wavelength regions, .82, 
1.3, and 1.5µm. Important exceptions occur for situations 
in which it is important to have the bandgap energy close 
to the photon energy, such as with photodetectors and 
multiple quantum well modulators. For devices such as 
these operating at the 1.3 or 1.5µm wavelengths, growth 
of other alloys such as InGaAsP on InP allow formation of 
integrated optical devices in a similar manner. At present, 
the two material growth techniques of metal-organic 
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chemical vapor deposition ( M O C V D ) and molecular 
beam epitaxy (MBE) are both used advantageously to 
form high quality crystalline layers of various compound 
semiconductor alloys. Both are currently being used to 
form integrated optical devices. 

Forming waveguide structures 
Many techniques have been demonstrated over the 

years to form waveguide structures. Planar waveguiding is 
generally accomplished by growing multiple layers charac
terized by a suitable refractive index profile. Channel 
waveguides are then formed by lithographically defining 
channel patterns and then performing material alteration 
to create a larger effective refractive index in the channel 
region compared to surrounding regions. Materials alter
ation can be accomplished by either removing material, 
such as by using reactive ion etching, or by changing the 
carrier concentration, such as by using ion implantation. 

An example of a channel waveguide structure formed 
with Ga1 _ x A 1 x A s on a GaAs substrate is shown in Fig. 4. 
The cross-hatched region indicates the waveguiding re

gion. The composition and thickness of the various layers 
are chosen such that only a single mode is allowed to 
propagate in the guiding layer and such that the lower 
cladding layer is sufficiently thick so as to prevent any sig
nificant coupling of light from the guiding layer into the 
substrate.3 For this structure, reactive ion etching is used 
to form a ridge in the upper cladding region. The presence 
of this ridge causes the effective refractive index under
neath the ridge to be higher than under regions where ma
terial has been removed. The difference in effective refrac
tive index, which determines how wide the ridge can be 
and still form a single mode waveguide, can be controlled 
by controlling the etching process to provide the desired 
ridge height. An important advantage of the structure 
shown in Fig. 4 is that the etched surfaces are located in 
the cladding layer, away from the guiding region, so that 
imperfections in these surfaces cause less scattering than 
when a ridge is in the guiding layer. 

Significant progress has been made during the last two 
years in forming structures similar to that shown in Fig. 4 
with waveguide propagation losses being reported in the 
0.2—1.0 dB/cm range.4 These low values of loss, compara
ble to what is achieved with L i N b O 3 , have resulted from 
progress made in both material growth and reactive ion 
etching capabilities. Values of loss in this range are allow
ing compound semiconductor integrated optical devices to 
become more competitive in a number of application ar
eas. 

Electro-optic modulation 
One such promising application area is high-speed elec

tro-optic modulation. Use of waveguide structures similar 
to that shown in Fig. 4 has resulted in large bandwidths, in 
one case greater than 20 G H z , at reasonably low volt
ages. 2 , 5 , 6 These integrated optical electro-optic modulators 
are characterized by performance levels comparable to 
L i N b O 3 optical waveguide modulators.6 Both lumped cir
cuit and traveling wave configurations have been reported 
with higher bandwidths resulting from traveling wave 
configurations. Traveling wave configurations are realized 
by using metal electrodes to form coplanar strip transmis
sion lines and are limited in bandwidth by the amount of 
mismatch between the velocities of the guided optical and 
electrical waves. This velocity mismatch is much lower for 
compound semiconductors than for L i N b O 3 . This advan
tage has helped to offset the advantage L i N b O 3 has in 
having a stronger electro-optic effect so that recent reports 
of traveling wave modulation using L iNbO 3 and GaA1As/ 
GaAs describe comparable levels of performance.5 , 7 

A competing modulator technology uses electroabsorp
tion that can take place in multiple quantum wells embed-

FlGURE 4. Channel waveguide configuration using multi
ple layers of compound semiconductor alloys such as 
Ga1 _ xA1xAs. The cross-hatched region indicates the re
gion in which most of the optical waveguide mode in
tensity is confined. 
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ded in an optical waveguide. The development of M B E 
and M O C V D materials growth technologies has made 
possible the growth of high quality thin layers on the order 
of 5 nm having interfaces that are abrupt and smooth on 
an atomic level. When such a layer is sandwiched between 
material having a larger bandgap, electrons and holes are 
confined in a potential well due to the bandgap disconti
nuity. The resulting quantum confinement in the direction 
normal to the interfaces leads to a number of interesting 
properties that have been used advantageously in semicon
ductor lasers, photodetectors, high speed electronic de
vices, and optical modulators. Electroabsorption optical 
modulators using the quantum-confined Stark effect have 
resulted in effective devices with performance comparable 
to lumped circuit electro-optic modulators. 6 - 8 Electroab
sorption is enhanced by about 50 times in quantum wells 
compared to the bulk semiconductor. 

Use of waveguide configurations allow longer interac
tion lengths, resulting in effective modulation at reason
able voltages. Insertion loss, including residual absorption, 
has been brought down to a reasonable level. More effi
cient design would seem to allow shorter and faster de
vices to be realized. Problems still exist regarding accom
panying phase modulation, sensitivity of the optimum 
wavelength of operation, and optoelectronic integration, 
but there continues to be considerable research activity in 
this area. 

High-speed optical switching 

High-speed optical switching can be performed using 
modulator structures. For this application, the multiple 
quantum well devices may be more desirable because of 
their potential for these devices to have much shorter 
lengths than electro-optic devices, implying that a higher 
device density could be achieved. Waveguiding effects in 
multiple quantum well structures also play a role in some 

of the all-optical two-dimensional switching arrays being 
developed for optical computing.9 

Compound semiconductor structures have also been 
used recently to integrate optical waveguides and photo-
detectors to perform demultiplexing. In one example, 
wavelength selectivity is achieved by using the quantum-
confined Stark effect in multiple quantum well photode
tectors. 1 0 More recently, grating-coupled InGaAsP/InP 
photodetectors were used to achieve wavelength selectiv
ity. 1 1 

Significant progress has been made in compound semi
conductor integrated optics, but the potential advantages 
of optoelectronic integration have not yet been realized. 
Some examples of limited optoelectronic integration have 
been reported and more in this regard is expected in the 
upcoming conference and special i ssue . 1 - 2 However, sig
nificant optoelectronic integration will require further de
velopment of material growth technology to allow local
ized growth and doping of crystalline layers on selected 
portions of a substrate. 

R E F E R E N C E S 

1. Topical Meeting on Integrated and Guided-Wave Optics ( IGWO 
'88), Optical Society of America, Santa Fe, N . M . , March 28-30 , 
1988. 

2. Cooperative Special Issue on Integrated Optics, IEEE/OSA Journal 
of Lightwave Technology and IEEE Journal of Quantum Electron
ics, to be published, Spring, 1988. 

3. W.C. Borland et al., IEEE J . Quant. Electron. QE-23, 1172 (1987). 
4. R.J. Deri et al., Appl . Phys. Lett. 51, 789 (1987), E. Kapon et al., 

Appl . Phys. Lett. 50, 1628 (1987), U. Koren et al. Appl . Phys. Lett. 
49, 1602 (1986), S.H. L in et al., Electron. Lett. 21, 592 (1985), and 
H . Inouie et al., J . Lightwave Tech. LT-3, 1270 (1985). 

5. S.Y. Wang et al., Appl . Phys. Lett. 51, 83 (1987). 
6. R.G. Walker, J . Lightwave Tech. LT-5, 1444 (1987). 
7. S.K. Korotky et al., Appl . Phys. Lett. 50, 1631 (1987). 
8. T .H . Wood et al., Electron. Lett. 21, 693 (1985). 
9. J.L. Jewell et al., Appl . Phys. Lett. 51, 94 (1987). 

10. A . Larsson et al., Appl . Phys. Lett. 49, 233 (1986). 
11. T.L. Koch et al., Appl . Phys. Lett. 51, 1060 (1987). 

Ti:LiNbO3 Integrated optics for 
high-speed fiber communication 
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N ame how you would like to alter the characteris
tics of an optical wave and chances are you can 
design a Ti :L iNbO 3 integrated optic device to do 

it. Furthermore, it has probably already been demonstrat
ed. This assertion dramatizes that the Ti :L iNbO 3 integrat
ed-optic technology is both versatile and mature. These 
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