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Abstract  Semiconductor waveguide optical switches and modulators are reviewed
from the view point of material and structure. As materig] for switches and
maodulators, effects of both variations of refractive index and absorption are consid-
ered. As for the stucture of switches and modulators, basic characteristics of
devices, including length, speed, and consumption power, are investigated, and
recent experimental performances are shown. For further improvernent of switches
and modulators, the importance of low-dimensional quantum-well structures and
straired quantumi-well structures are pointed out.

Introduction

A traditional telecommunication network consists of three main systems, such as
subscriber, transmission, and exchange systems. Optical communication systems
have brought considerable developments in the subscriber and the transmission
systerns. The primary requirement for the trunk transmission systems is to provide
high information capacity between central offices, which can be in congested
metropolitan areas, suburban locales, or between cities, along its routes. In Japan,
single-mode fiber capable of transmitting large capacity information with a long
wavelength carrier is effectively utilized in the F-400M system, which transmits
digitat signals with the bit-rate of 400 Mbit/s at 1.3 pm wavelength, and in the
F-1.6G system, which has four times the transmission capacity whﬂe maintaining
the same repeater spacing [1].

As known from the many applications, optical fiber transmission systems have
been introduced into telecommunication networks extensively and rapidly, and this
can directly be attributed to high performance and reliability of the systems, which
are supported by the progress of optoelectronics techanology. In the future, wide-
band and low-loss properties of single-mode optical fiber will permit broad-band
comsmunication services to be provided between widely spaced repeaters and also
allows users to set up a uniform integrated services digital network (ISDIN) capable
of handling all types of services, This demand for broad-band services in connec-
tion with numerous applications extends the ISDN architecture i{o broad-band
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66 K. Shimomura and 5. Arai

ISDN (B-ISDN) [2], various narrow-band and broad-band services currently avail-
able can be supplemented by a whole new range of broad-band services including
moving images and high-speed transmission of high-definition documents, ie
images and graphics, and of large volume of texts and data,

In this way, optical transmission and subscriber systems have made great
progress through the developiment of optical fibers with huge transmission band-
width, low-ncise and very fast detectors, and high-speed single wavelength lasers,
However, in exchange systéms, which are still composed of conventional electronic |
devices, optical switches for direct optical exchange systems are under devel.
opment. Future networks systems, which will be much higher-speed and higher-
capacity, very high speed direct optical-switching systems will play a very important
role, especially in the realization of broad-band ISDN. Hence, an optical-switching
device will be a key device for the construction of such high-speed optical-switching
systems and photonic-integrated circuits [31

In this article, we review the semiconductor optical switches and modulators
from the point of view of the devices for optical communication systems. We .
describe the needs of optical switches and modulators and then explain semicon-
ductor materials used in optical switches and modulators. Characteristics of optical
switches and modulators, ie., speed and consumption power, together with a
review on various types of switches and modulators are given. Finally, we discuss -
the future material aspects of semiconductor optical switches and modulators.
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Long-haul trunk transmission systems will need substantially increased transmis-
sion capacity in response to requirements of high-speed digital services. Much
effort has been expended to overcome the repeater spacing limit in developing a
practical large capacity system.

For systems operating at wavelengths where the fiber dispersion is nonzero,
frequency chirp of the light signal limits the maximum repeater spacing. This limit
comes from the dynamic spectral broadening of light sources and chromatic
dispersion of single-mode fiber [4]. Whenever an existing dynamic single-mode
laser diode (DSM-LD) {5] emits an optical pulse with large signal amplitude, the
temporal carrier density is simultancously varied; hence, wavelength chirping, ie.,
instantaneous wavelength variation of the single longitudinal mode, is caused. This
excess spectral broadening under high-speed direct modulation causes the com-
pression or expansion of transmitted pulses in dispersive fiber. In the near future,
high-speed (10 Gbit/s) and long-repeater spacing (=100 km) systems will
come into realization and a chirp-free modulation will become important in these
systems.
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On the other hand in exchange systems, they are still composed of conventional
electronic devices and cannot directly exchange optical signals. By considering the
progress of high-speed, high-capacity, and long-repeater spacing of transmission
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systers, the switching system at the interface between exchange and transmis-
sion systems will play a very important rele in the network.

Todav's networks are essentially voice based at somewhat less than 107bit /5
and provide data services in 1 k to 10 kbit/s effective bit rate range, primarily
via analog modems, thus representing only a two order of magnitude range of
information from sources and sinks. High-quality sound (sterec), as is found on
compact discs using a linear digital code, requires in excess of 10%bit /s, and
ancompressed television requires on the order of 10%bit/s (100 Mbit/s). New
proposais for high-definition television increase the uncompressed bandwidth by
another factor of approximately five to ten, and more 3D TV or high-volume video
teleconference system requires in excess of 107 bit/s (100 Gbit/s) bit rates. The
B-ISDN must effectively run over an application range from ielemetry to high-
definision TV as a minimum, representing perhaps six to eight orders of magnifude
range, depending on the degree of compression of video signal that is used
Therefore, to handle future information needs, the broadband networks require
the following characteristics for the switch:

(i) a dynamic range of signal bandwidth 10 kbit/s ~ > 100 Gbit/s
(it} a variety of different types of connections, that is, point-to-point, point-to-
multipoint, one-way, bidirectional.

These demands for the network enceurage the introduction of optical switches
in place of electronic switches. Electronic switching has limitations on both the
data rate and the switching reconfiguration rate achievable, and one of the major
costs of electronic switching as opposed to optical switching is that of electronic-
to-optical interfaces and of the demultiplexing from the high-speed fiber channels
to the lower speed that electronics can handle.

Optical-Switching System

Opticai-switching systems can be categorized from the switched parameter, namely,
space division, time division, and wavelength division switching systems.

In a space division switch, each line entering and exiting the switch represents
a single channel. Switching is accomplished by providing a spatial path, an internal
part of the switch that connects one input line to one (or more if multicast is
required) output line. This type of switching arrangement capitalizes on a principie
advantage of optical switches because the information rate that can pass through
the switch is much greater than that in electronic systems. In such space division
switching, synchronization of the high bit rate input and output channels is not
required provided that glitches during switching are acceptable. Therefore, this
switching system seems applicable to particularly trunk transmissions for facility,
protection, and route restoration, where very broadband signals can be anticipated
and where reconfiguration speed is not required to the rate comparable to the
transmission bit rate. Another potential application area is the switching of wide
band services in the loop or for local area networks. The limitation of space
division switching is that each information channel requires its own mput line 10
the switch; hence, it may be limited by the number of channels that can be
connected via the switching matrix.

The number of physical input and output lines to the switch can be reduced
by using time division and wavelength division switching systems. In a time division
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switching system, each physical line contains several time-multiplexed channels. A
particular channel is represented by its timeslot within the frame period. As a
result, the total number of input channels to the switch is increased by the number
of time-multiplexed channels per input line. This system offers system design
flexibility, including the possibility of adjustable bandwidth allocation in different
baseband channels and the possibility of simple hardware in which only a single
transmitter laser is required for all channels,

As compared with the time division switching system, the wavelength division
switching system has two advantages. One is bit rate independence of individual
wavelength channel. Then, various speed broadband signals can be exchanged
without difficulty. The other advantage is that there is no necessity for high-speed
operation in switching control circuits. Moreover, it has the potential capability for
extension to a wide area network in partnership with the wavelength division
multiplexed (WDM) transmission system. Therefore, this wide area network will be
able to provide optical bit rate independent connection between subscribers. Like
above-mentioned advantages, wavelength division switching systems are very at-
tractive because of their flexibility. However, to construct this switching system, a
high-selectivity tunable optical filter, a wide-range variable wavelength light source,
and a wavelength converter are required.

Hence, various types of switching devices are needed to realize these systems.
Above all, directive optical switches will be a key component in the optical-switching
systems, and we mainly review these switches,

Recenily, there has been increasing interest in optical information systems. In
these systems, optical bistable devices for optical memories or optical gates become
important components. For these devices, a self-electro-optic effect device (SEED)
[6] or vertical-to-surface transmission electrophotonic device (VSTEP) {7] were
investigated, but we do not discuss these devices in this paper.

Material for Semiconductor Optical Switches and Modulators

Until now, a aumber of optical-switching and modulating elements have been
developed in both lithium niobate (LiNbO,) [8-10] and HI-V compound semicon-
ductor crystals. With recent improvements in III-V epitaxial growth technologies,
such as organo-metalic vapor phase epitaxy (OMVPE) and molecular beam epitaxy
{MBE), the capability to grow high-purity semiconductor heterostructures with
nearly atomically smooth interfaces was demonstrated, and with this technology the
HI-V optical switches and modulators have been extensively studied. Moreover,
because {11-V materials offer the obvious advantage of monolithic integration of
active or passive photonic devices to form the foundation of photonic integrated
circuits (PIC’s), HI-V compounds materials may eventually replace lithium niobate.

One of the most important differences between dielectric and semiconductor
materials is the existence of the optical absorption in the semiconductor material.
In the optical switches and modulators using dielectric materials, the operational
principle is the change of the refractive index through the electro-optic effect. On
the other hand, in semiconductor material, both the absorption and the refractive
index change through various effects, and the guided light is controlled by the
change of absorption (Ar”) or refractive index (An’) of the material.

Because of this peculiar characteristic of semiconductor materials, operational
principles of semiconductor optical switches and modulators are categorized into
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wwo groups with respect to the origin of the operation. One is the change of the
imaginary part of complex refractive index (Ar"), which is the change of absorp-
tion or gain, and the other is the change of the real part of complex refractive
index (An'), which is the refractive index. The complex refractive index variations

is written as
AR = An' — jAR" &y

Absarption or Gain

Absorption or gain, which corresponds to the imaginary part of complex refractive
index (Anr”), is changed through the Franz-Keldysh effect in bulk siructures,
quantum—conﬁned Stark effect (QCSE) in quantum-well structures, carrier
bleaching, and stimulated emission. )

The electric-field dependence of optical absorption (electroabsorption) near
the optical band edge in semiconductors has been extensively studied. In bulk
semiconductors, the resultant shift and broadening of the band edge absorption,
commonly explained as photon-assisted tunneling of electrons from the valence to
the conduction band, is usually known as the Franz-Keldysh effect {11, 12},

In recent years, vast improvements have been made in the crystal growth
techniques to fabricate artificial semiconductor nanostructures. It is now possible
to make structures that show gquantum size effects and that consequently exhibit
novel physical properties not encountered in thicker materials. The most widely
fabricated and utilized of these nanostructures in optics are quantum-wells, Le.,
ultrathin alternating semiconductor layers of different composition.

The effect of electric-field on the optical properties of quantum-welis near the
band gap show qualitatively different behavior in contrast with conventional bulk
semiconductors.

As shown in Fig. 1, in the absence of electric field, wavefunctions of an
electron in the conduction band and a hole in the valence band are symmetric

E=0 E+0

Conduclion /\
Band o - i @
Ec‘ Ec| L‘/
E j\
/_\ E -t G
ES =] =
Valanca
Band

Figure 1. Wavefunctions in a quantum well without and with applied electric field.
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(fundamental levels) at the center of the well. On the other hand, by applying the
electric field perpendicular to the quantum-well layer, the square well potential
gets inclined, and the electron and hole are pulled to opposite sides of the well. At
the same time, the quantization level F\,, E,,,... in the conduction band decreases
relatively, and the quantization fevel E,,, E., ..., E;, B3, ... In the valence band
increases. Thus, with the increase of applied electric field, effective energy gap
E. — E,, decreases; and as a consequence of spatial separation of wavefunctions,
the coupling of electron and hole that satisfies the selection rule (An = ()
decreases. On the other hand, the originally forbidden quantum-well transition induce a ¢
{An # 0) will become an allowed transition. the fandarn

Except for the above interband optical transition, it is necessary to consider @ - injection. ]
the transition with respect to the Coulomb attraction on electron and hole pairs, " band empt
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momentius
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that is exciton. In quantum-wells with layer thickness of the order 10 nm, electric into the b
fields applied perpendicular to the layers result in large shifts in the optical | to lower ¢
absorption to lower photon energies, with the exciton resonances remain well | refractive
resolved even for shifts in exciton energy much larger than the zero ficld binding As exy
energy and fields > 50 times the classical ionization fields. different fi
These effects have been explained in terms of the Stark shift of a strongly | larger valu

confined hydrogenic system (QCSE) [13]. Electric fields perpendicular to the
quantum-well layers pull the electrons and holes toward opposite sides of the
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layers resuiting in an overall net reduction in energy of an electron—hole pair anda and a larg
corresponding Stark shift in the exciton absorption. The walls of the quantum-well measured.
impede the electron and hole from tunneling out of the well. When the well is refractive |
narrow (~ 10 am) compared to the three-dimensional exciton size, the electron- Deplet

linear elec
band-filling
when the |

hole interaction, although slightly weakened by the separation of electron and hole,
is still strong, and well-defined excitonic states can still exist. Thus, exciton
resonances can remain for much higher fields than would be possible in the absence ;
of this confinement, and large absorption shifts can be seen without excessive depletion 4
broadening. In the absence of this excitonic effect, electroabsorption in quantum- (2) an inct
well structures have been referred to as quantum-confined Franz-Keldysh effect carriers. |
{QCFK) i14], The m

Carrier bleaching [15-17] is caused by the band filling and screening of the same as c
electron-hole interaction. Band filling reduces the absorption by diminishing the quenching;
phase space available for exciton creation. Screening reduces the oscillator strength - by using, f
by weakening the coulomb attraction until electron and hole uitimately become - quantum-w
unbound. those state

Optical switches using laser diodes were obtained through gain change by edge move
stimulated emission. When the current is injected, the optical absorption is -  electrons. |
reduced and the optical signal exits the laser diode switch by the amplification, and | tors with o
the incident light is absorbed under no injection current. structure it
application
quantum w
absorption.

Refractive Index

Refractive index, which corresponds to the real part of complex refractive index .
(An'), is changed through clectro-optic effect, free carrier injection, quantum-
confined Stark effect (QCSE), carrier depletion, and quantum-well electron
transfer. :

By the free carrier injection, there are two effects that contribute to change
the refractive index: plasma effect and band-filling effect. The plasma effect is due
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to the free carrier absorption both in the conduction and valence bands. The
absorption of a photon by a free carrier in the band implies the transition to higher
energy states in the same band and requires some interaction to satisfy the
momentum conservation rule. The additional momentum can be provided by
{attice interaction via phonons or by scattering with ionized impurities. Because
transitions inside the same band usually involve small energy changes, free carrier
absorption has an important contribution to the overall absorption spectra for
jonger wavelengths below the bandgap energy; and this free carrier absorption will
induce a corresponding refractive index variation. The band-filling effect is due to
the fundamental absorption edge shift with the change of a Fermi level by carrier
ipjection. In an n-type material when the carriers are removed, the conduction
band empties its energy states with the consequent moving of the Fermi level down
inte the bandgap region. As a result, the fundamental absorption edge wiil shift
to lower energies, producing an increase of the absorption and corresponding
refractive mdex variation.

As explained previously, electroabsorption in quantum-well structure i3 much
different from the bulk structure. Hence, for the refractive index variation a much
larger value will be expected since both the refractive index and the absorption are
related together through Kramers-Kronig relation. This refractive index variation
in the quantum-well structure was theoretically predicted by Yamamoto et al. [18],
and a farge refractive index variation (i.e., more than 4%} was experimentally
measured by Nagai et al. {19]. Also exciton resonances play a significant role in the
refractive index variation of the quantum-well structures.

Depletion edge translation (carrier depletion} is the combined effects of the
linear electrooptic effect, the Franz-Keldysh effect, the plasma effect, and the
band-filling effect that produce a refractive index variation in the depletion region
when the device is reverse biased. Two major physical effects in the carrier
depletion are: (1) an increase in the electric field inside the depletion region and
(2) an increase in the depletion region width with the consequent removal of
carriers,

The main concept of the quantum-well electron transfer {20] is almost the
same as carrier bleaching, that is, electronic control of phase space absorption
quenching. The number of electrons in the quantum-well is electrically controlled
by using, for example, a quantum-well field effect transistor structure. When the
quantum-well is filled with the carriers, the optical absorption associated with
those states simply disappears from the spectrum. Conseguently, the absorption
edge moves to higher photon energy as the lower energy states are filled with
clectrons, These are particularly well suited for waveguides, where useful modula-
tors with only one quantum well were made. The quantum-well eleciron transfer
structure is designed with a quantum well and a resetvoir for charges. By the
application of voltage, the mobile charges will move back and forth between the
quantum well and the reservoir, resulting in the change in the refractive index and
absorption of the quantum-well.

@, Parameter

In a semiconductor optical switch and modulator, the guided light is controlled by
the change of absorption (An") or refractive index {An") of the material. However,
i semiconductor materials, refractive index variation is accompanied by variation
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of absorption, through the Kramers-Kronig relation, and additional problems
wiil occur. For instance, in electroabsorption modulator, the wavelength chirp.
ing will cccur by refractive index variation; and also in the intersectional wavegnide
type, total internal reflection will be destroyed by an increase of absorption.

Hence, the influence of this absorption change to the refractive index variation
or its opposite on the operational properties of optical switches and modulators
should be investigated. In this aspect an importans parameter a,
variation ratio [21} is characterized, which is defined by the ratio of real (An’) to
imaginary parts (An") of the complex refractive index variation due to the external
force (electric-field or injection current) in the same manner as linewidth enhance-
ment factor in semiconductor lasers [22] This is given by

An' dmn’ Ay,

% = N A 'Aa;m @

where n' is the refractive index of the material without external factor, A, is the
relative change of refractive index (=Anr'/n’), Ay, is the change of ab%orptmn
coefficient with external factor, and A is the wavelength of incident light.

Structure of Semiconductor Optical Switches and Modulators

Using the changes of absorption or refractive index as explained in the previous
sections, many types of optical switches and modulators have been demonstrated,
In this section, we explain the device structures and characteristics of semiconduc-
tor modulators and switches. First we show the required device length of four types
of switches and modulators, which is the most important structural parameter of
these devices. Then we explain general characteristics of switches and modulators,
such as operation speed and consumption power.

Characteristics of Semiconductor Optical Switches arnd Modulators

Device Length. In the optical switches and moduiators, the length of the electrode |

is the most important structural parameter for the performance and characteristics
of the device. Here we compare their electrode length in the ideal case, for the
electroabsorption type, Mach-Zehnder type, Directional Coupler type, and inter-
sectional waveguide type as listed in Table 1, in which E is the extinction ratio to
be obtained, X is the operational wavelength, neq i the equivalent refractive index
of the waveguide, Aa and A, are the variations of absorption and relative

refractive index (=An'/n'}, respectively, and w is the width of the waveguide. _

in the electroabsorption type device, the electrode length is determined by the
absorption change A« {em™') and extinction ratio = (dB). In the Mach-Zehnder
type device, it should be adjusted so as to satasfy the condition AB-/ = #. In the
Directional Coupler type, the device length is obtained by coupled-mode theory
under the condition of minimum coupling length; in the intersectional waveguide
type device, the electrode length is determined by the width of waveguide and
critical angle 8, of fotal internal reflection.

For applications of optical switches and modulators, response speed and
consumption power are the most important features similar to electronic devices.

named index-losg

In the folk
switches af

Speed. The
by the lifet
carrier den
switches ai
Keldysh eff
speed. Act
time for ch
the freque
which the
cut-off fre¢



ional probiems
velength chirp-
onal waveguide
sorption.

index variation
nd modulators
imed index-losg
if real (An") to
to the external
width enhance.

(2)

itor, A, is the
> of absorption
bight.

n the previous
demonstrated.
f semiconduc-
b of four types

parameter of
id modulators,

“the electrode
characteristics
I case, for the
pe, and inter-
wtion ratio to
:fractive index

and relative
1e waveguide.
mined by the
Aach-Zehnder
! = o In the
-mode theory
1al waveguide
aveguide and

i speed and
ronic devices,

Optical Switches and Modulators 73

Table 1
Electrode Length of Four Types of Optical Switch /Modulator

Type Electrode Length (I}

Electroabsorption Typs

Mach-Zehnder Type

In the following discussion, we show the speed and consumption power of optical
switches and modulators driven by electric field.

Speed. The speed of the switches and modulators by carrier injection is determined
by the lifetime of injected carriers. It is typically a few nanoseconds for the injected
carrier density of around 10® cm*. On the other hand, electric-field effect type
switches and modulators, which operate by using the electro-optic effect, Franz-
Keldysh effect, and quantum-confined Stark effect, are expected to operate at high
speed. Actually the speed of the electric-field effect type device is limited by the
time for charging the capacitor of the device through the resistor of the source. In
the frequency domain, the speed of the device is measured by the frequency at
which the modulated signal power drops to the half of its minimum Ge., 3 dB
cut-off frequency f; 45). By neglecting the capacitance and inductance of the chip
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mount, we obtain

Foap = 27R-Cy) ™! (3)

where R is the resistance of the source and C,,, is the capacitance of the device |
given by

Coor = £5/d (4)

where § is the area (=length X width) of applied electric field to the device and
d is the width of depletion layer, which is not the thickness of the waveguide,
Equation (3) shows that the simplest way to increase the speed of the device is to -
reduce the capacitance. '

The area of applied electric field can be reduced by shortening the length -
of device, which is decided by the electro-optic coefficient of the material. For f:
example, we show the relation between speed and material parameter of -
interferometer-type device. The length of efectrode, which is shown in Table 1,45 &
rewritten in terms of the Hnear electro-optic coefficient dn/dE and applied °
electric field F as ;
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Equation (7) reveals that f, ., is proportional to the material parame- &
ter dn/dE where the value of dn/dE is 7.7 X 107° em/V for LiNbO, [23], and
1.6 X 1077 em/V for the quantum-film structures 18], '

Figure 2 shows the relation between cut-off frequency f, 4 and electro-optic
coefficient dn/dE from Eq. (7) at an applied electric field £ = 1 x 10° V/cm.
Waveguide thickness and width are respectively d = 0.5 um, w = 2 wrn. As for the -
low-dimensional quantum-well structure, we discuss more detail in the last section. :
As can be seen, for a given waveguide structure, the speed of device consisting of
the quantum-well structure increases up to approximately twenty times that of the
diclectric material,

Consumption Power. When the optical switches or modulators operate at high
speed, they require large consumption power. Consumption power P, at a modula- -
tion frequency f is given by
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Figure 2. Relation between cut-off frequency f; 45 and electro-optic coefficient dn/dE
where QF is the guantum-film, QW is the quantum-wire, and QB is the guantum-box
structure,

where V' is the source voltage. P, can be expressed in terms of the applied voltage
Viev» which is necessary for switching or modulating as
2

Viey

R (9)

P = QufC,. ) RV? m( !

dev f
3dB

dev

where
V|

YV G

This equation indicates that the consumption power P, is determined by the
value of the applied voitage to the device, the source resistance, and the normal-
ized modulation frequency (.e., f/f, a5

Figure 3 shows the relation between P, and the normalized frequency f/f; 45
as a function of V¥, , where the source resistance is assumed to be R = 50 (1.
When the modulation frequency is equal to the cut-off frequency fy 45, the
consumption power P, is less than 500 mW for ¥, < 5 V. It is possible to abtain
P, < 100 mW under the condition of ¥, <2 V. In any case, to attain a low-
consumption power switch or modulator, it is important to reduce the voltage
applied to the device. For this purpose, it is necessary to increase the electro-optic
coefficient of the material. If we use Eq. (6) in case of an interferometer-type

device, the consumption power [Eq. (9)] becomes

Vae

am

TEA

B (1)
"(dn/dE) ¢n, |

Po=1f

Figure 4 shows the comparison of consumption power between the diclectric
material and the quantum-well structure, where dn /dE of these materials are the
same as those used in Fig. 3. As can be seen, the consumption power of the device
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using quantum-well structure can be reduced to about 1/400 times that of the
dielectric material-based device.

In the following section, we review the state of the art of various types of
semiconductor switches and modulators experimentally reported so far. Opera-
tional principle and device structure of these devices are summarized in Table 2,

Modulator

Intensity Modulator-—~Waveguide Type. An external modulation technique is attrac-
tive because the modulation function can be separated from the light generation
function, and this allows the reduction of wavelength chirping under a high-speed
modulation [24].

Among several types of semiconductor modulators, electroabsorption (EA)
modulator has been confirmed for high-speed and low-chirp characteristics, and it
seems to be the most suitable for an integrated structure because of its structural
simplicity.

1000
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bt
<

Consumption Power Pc{mW)
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q

Figure 4. Comparison of consumption power P, between dielectric material and quantum-
well structure.
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Table 2
Operational Principle and Structure of Semiconductor Optical
Switches and Modulators

Semiconductor Optical Switch and Meodulator

Modulator Switch
MW IMCT) _REF M7 S LD G5 DC X
Tann FK [37.49) (831
QUSE  [50-73]  [77-82] [R4-95) {1213
S8 [119,i1201 {1221 [139]
An' EO [97,98] {104,105 [123-129}
CI [130j [140-148]
QUSE {74,75} [99-101] {106-1:2] [131-138] [149-157]
D [1E3-18] [i53]
QET  [76) {102,103] 1154]
Principle Structure
an i Franz-Keldysh ¢ffect Modulator TM: Itensity Modulator
QCSE: Cuantwn-confined Stark effect W=Waveguids, T=Transverse
3E: Stimislated emission REF: Reflection
An' BO: Elecwo-opiic effect MZ:  Mach-Zehnder
Ch Free carrier injection B Phase Shifter
QCSE: Quantem-confined Stark offoet Switcl LD Laser diode switch
Cix Carrier depletion G5 Gate swiich
QET:  Quantwm-well electron transfer DC: Directiosal coupler
X Intersetionat wavepuide

Most of electroabsorption modulators consist of bulk material, which are
operated by Franz-Keldysh effect. An GalnAsP /InP buried-heterostructure opti-
cal intensity modulator made of Fe-doped semi-insulating InP buried layers
demonstrating a bandwidth of 11.2 GHz was realized at a wavelength of 1.53 pm
[40]. The device length of the modulator was 200 pm, and its extinction ratio at an
applied voltage of —8.5 YV was 20 dB.

Electroabsorption modulator consisting of a multiple guantum-well {(IMOW)
structure has capability of high-speed operation, large extinction ratio under
relatively low applied voltage, and small device length because of its large elec-
troabsorption coefficient through the guantum-confined Stark effect (QCSE). By
using this QUSE, high-speed modulation bandwidth exceeding 40 GHz has been
reported for InGaAs /InAlAs MOW intensity modulator operating at 1.55 pm with
an applied voltage of —~5 V and 10 dB extinction ratio [61].

As explained in the introduction, chirp-free rnodulation is very important for
the fong-haul high-bit-rate optical fiber transmission system. In these electroab-
sorption modulators, the linewidth enhancement factor @ has been reported to be
less than 1 for both bulk and MOW structures {41, 641

From the viewpoint of stable operation, monolithic integration of semicondug-
tor modulators with lasers has an advantage to reduce the coupling loss between a
laser and a modulator. Figure 5 shows the monolithic integrations of a DFB laser
with electroabsorption modulators using the Franz-Keldysh effect in bulk structure
[49]. These bulk moduiators have been under development for a long time, and in
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Figure 6. Schematic structure of MOW EA modulator integrated DFB laser using selective
area growth technique by MOCVD [73]

a transmission system, 10 Gbit/s modulation [45] and over 100 km transmission
(2.4 Gbit/s-135 km) [48] have been demonstrated. In a monolithic light source with
MOW structure for both electroabsorption modulator (InGaAs/InAlAs MOW)
and DFB laser (InGaAsP /InGaAs MQOW), a 3 dB bandwidth in excess of 16 GHz
at 4 V operation voltage for a 20 dB extinction ratio has been demonstrated.

In these devices, two-step epitaxial growth has been used for the monolithic
integration of a modulator and a laser. Recently, it was reported that selective area
growth using metal organic chemical vapor deposition offers a new degree of
freedom in designing the composition and growth thickness of HI-V bulk com-
pounds. The bandgap energy of the compound crystal depends on the pattern of
masks, on which epitaxial growth is prevented, and it can be controlled by vary-
ing the shape of mask pattern. Moreover, this idea indicates that it might be appli-
cable to optical-integrated devices consisting of different compositional layers. The
technique was applied to an EA modulator /DFB laser~integrated device as shown
in Fig. 6, which showed a 13 dB extinction ratio at an apphed voltage of =2V
operating at 1.55 um, and a 10 Gbit/s modulation was achieved with a low-drive
voltage of 1 V in the InGaAs/InGaAsP MOW system [70-731.

Transverse Type. Semiconductor optical modulators that operate on light normat to
the plane of the device, usually named a spatial light modulator (SLM) are of
considerable interest because of their potential applications in optical information
processing, optical computing, or optical interconnection.

A MOW structure has been shown to be useful for the element of a SLM
because of its large electroabsorption effect. An on/off ratio of 1.7:1 and an
impulse respomnse of 131 ps were reported in a single-device MGW modulator {78}
and as a two-dimensional array of SLM, 2 x 2 [80] or 3 X 3 [81] array of
individually contacted, electrically driven modulators, and 4 x 4 [82] array with
matrix address lines, which allow elements to be selected line by line, have also
been fabricated.
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Reflection Modulator. In transmission type intensity modulators fabricated on lossy handwidt]
substrates such as AlGaAs/GaAs device, it is necessary to remove the substrate, InGaAlA
but this process may be inconvenient and limit their applications. An alternative
approach is to incorporate an epitaxial multilayer dielectric mirror between the : ;
substrate and the QCSE device as shown in Fig. 7. The device operates in . Optical 5
reflection mode that results in an increase of the extinction ratio because the :
mcident light passes twice through the quantum-well region. Furthermore, it .
is possible to fabricate unique optical modulators by placing the active region
between Fabry-Perot cavities formed with epitaxially grown multilayer mirrors.
These Fabry-Perot devices can have much larger contrast ratio because of the
multipie reflections of the light through the material. Especially, an asymmetric
Fabry-Perot modulator based on AlGaAs/GaAs MQW has exhibited an extinction
ratio in excess of 20 dB [89] and operating voltage of less than 3 V [95].

Optical-S
applicabl
waveleng
applicabl
others ai
beyond {]

As fi

has two
two out
Mach-Zehnder Modulator. Mach-Zehnder modulator has a single-input and output - . conngete
waveguide and the two Y-branches as a 3 dB splitter and a combiner [25, 26]. When @ . The firs
the light from the two arms arrives at the second Y-branch in-phase condition, the physicall
intensity in the output waveguide becomes maximum. However, by introducing a the gate
7-phase shift between the fight in the two arms, the field distribution at the output of them
branch forms the second-order waveguide mode, which is not supported by the Qasswei;
single-mode output waveguide, then the light is lost by radiation resulting in the 1t may
off-state. : Howeve
The chirping characteristics of the Mach-Zehnder modulator can be controiled the outp
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m a device consisting of bulk InGaAsP/InP double heterostrocture, an
extinction ratio of 7 dB has been reported with a 4.5 V switching voltage at
155 wm wavelength where the voltage-length product for m phase shift is
y x L =225V mm {97]. On the other hand, in a device using InGaAsP/InP
MOW structure, it was significantly reduced to ¥, X L = 1.9 V-mm. There was
another report concerning an integration of compressively strained InGaAs QW
amplifier with the MQW Mach-Zehnder modulator to compensate propagation
and coupling losses in order to improve the net fiber-to-fiber gain [100}.

Phase Modulator. Optical phase modulators are required for use in phase-shift-
keying optical communications and coherent optical information processing.

For the depletion-edge-transiation effect in a reverse biased p'-p-i-n-n” or pn
junction double heterostructure, refractive index variation is enhanced by utilizing
hoth the electro-optic and the free-carrier effects. In these devices, very-high phase
shift efficiencies of 60-100°/V mm and 37.5°/V mm have bheen obtained at
operating wavelengths of 1.06-1.15 um [115] and 13 pm wavelength [118],
respectively.

A contribution by an excitonic effect to the refractive index An provides
advantages for MQW phase modulators over bulk material ones through enhanced
electro-optic effect and its quadratic dependence on the applied glectric field. In
AlGaAs/GaAs MQW phase modulator, phase shift efficiency as large as 520°/V
mm has been reported [108]. As for 1.55 pwm wavelength devices, a low voltage
(V=338 V), small intensity modulation depth below 1.5 dB, and modulation
pandwidth without any degradation up to 20 GHz have been reported in the
InGaAlAs /InAlAs MOW structure [1121

Optical Switches

Opiical-Switching Elements. There are, in general, three kinds of switching elements
applicable to optical exchange systems, namely, space-division, time-division, and
wavelength-division optical switches. In this section, only space-division switches
applicable to an optical matrix array exchange system are reviewed, because the
others are related to optical memory and wavelength conversion devices, which are
beyond the scope of this paper.

As for the optical-switching element consisting of 2 X 2 input/output ports, it
has two states: the so-called “bar state” in which the input ports are connected to
two output ports in parallel and “cross state” in which the input port is cross
connected. There are two types of switches to provide optically this beta function.
The first is the generic directive switch type in which light via some structure is
physically directed to one of two different outputs. Another alternative approach is
the gate switch in which the input signal is passively split into two parts, and each
of them enters a simple on/off modulator. The outputs from those gates are
passively combined to provide two possible outputs. Because of its simple function,
it may be easier to achieve beta function compared with a directive switch.
However, the gate switch has an inherent 3 dB split loss and 3 dB combining loss at
the outpat, which may be overcome by using optical amplifiers.

Because of the passive splitting and combining losses of gate type switches,
directive type switches have most frequently been used for switch arrays. Most
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common directive switch devices are: (a) directional coupler [27] or reversed Ap
directional coupler [28] and (b} intersectional switch [29-31].

Directional coupler. In this structure, a pair of phase-matched optical wave.
guides are arranged i parallel with a small separation so that the guided light
wave is periodically coupied back and forth between the guides in the direction of
light propagation due to evanescent coupling, The coupling strength depends
on the interwaveguide separation and the waveguide mode size, which, in turn,
depends on the wavelength, polarization, and the confinement factor of the
waveguids. By arranging electrodes at the waveguides, the refractive index can be
changed via an applied electric field. Hence, the original phase matching between
the waveguides gets destroyed and switching of Hight between the outputs can be
accomplished,

While a directional coupler provides better characteristics in the bar state
by electrical control, it is difficult for the cross state, since the coupling length
depends on strip waveguide width and the index difference of the waveguide, which
strongly depend on fabrication process. To achieve a perfect cross state, the
interaction length must be adjusted to the coupling length [ or odd integer multiple
of [, This limitation can be overcome in reversed AS type directional coupler
switch, in which equal magnitude but opposite polarity of A 8 can be obtained over
the twe half length sections or, in general, over N sections. 1t can be shown
that over a relatively large range of coupling values one can achieve better
characteristics in both the cross and bar states.

Intersectional switch. Operational principle of intersectional switch is based on
total internal reflection (TIR)} induced by a refractive index variation due to the
QCSE or other effects as explained in the previous section. Bar and cross states
are changed by electronically controlled reflectivity of the mirror arranged at
the center portion of intersecting waveguides. This phenomenon is insensitive to
polarization of incident light, and critical angie can be increased when the refrac-
tive index difference between two media is large. If we consider an optical switch
connected to single-mode optical fiber end, polarization-independent property
is very important since the polarization of the light transmitted through a typical
{iber randomly fluctuates. Merits of an intersectional opticai switch are: (i) wider
tolerance in the operation wavelength, and in the size fluctuation of the waveguide;
(ii} polarization insensitive; (iii) small and simple electrode structure; and (iv)
easy-to-fabricate matrix switch array. However, when an intersecting angle is small, -
the operation of the switch is considered as a mode interaction between the two
eigenmodes of the waveguide structure or simply zero gap directional coupler, and
these merits will vanish. Under a condition of mtersecting angle larger than 2° an
intersectional switch with all these merits can be regarded as the best type of
switching element for optical switch array.

In the following section, we show the reported semiconductor optical switch
element and optical switch array.
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Guate Switch. In the GaAs/AlGaAs MOQW system, a gate 2 X 2 matrix switch has
been fabricated [121]. This 2 X 2 optical gate matrix switch consisted of four
GaAs/AlGaAs MOW electroabsorption modulator, miniaturized optical splitters
and combiners having corner mirrors, and the switch size of 3 mm and 1.2 mm,
respectively. The crosstalk was 20 dB at 12 V, and the insertion loss was 24 dB,
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hich include a & dB propagation loss. The mirror, scattering, splitting Josses were,
respeciiveiy, 8, 4, and 3 dB.

One of the features of semiconductor materials is that they provide not only
the potential for electricaily controlled optical gain and gating functions but also
lgght-absorbing or light-amplifying detection. Thus, passive waveguide losses as weli
as power-splitting and -combining losses can be compensated for, making zero-ioss
switches feasible. Because of these merits, a 2 X 2 InGaAsP /InP laser amplifier

ate matrix switch operating at 1.55 pum was demonstrated (see Fig. 8) [122]
Switching characteristics was 4050 dB extinction ratio, net chip gain of 14 dB, and
a minimum fiber-to-fiber loss of 4 dB at 100 mA injection current.

As the current injection type switch, laser diode switches (LD switches)
have been demonstrated {119]. In this switch, gain and loss are controlled by the
injection current and the optical signal is directly switched. When the injection
current is applied, the optical signal passes through the active layer of the LD
switch is and ampiified. On the other hand, the incident light is absorbed under no
injection current conditions. By using this LD switch, optical matrix switch array
was demonsirated [120L

Directional Coupler. In the InGaAsP /In? double heterostructure, directional cou-
pler opetated by carrier injection have been demonstrated. Total length of the
switch is 2 mm. Switching is achieved at 4 mA, and crosstalk of more than 20 dB
and 1.3 dB insertion loss have been demonstrated.

in the GaAs/AlGaAs system, a lot of electro-optic directional coupler switches
with double-hetero structure have been demonstrated because of low-absorption
loss at long wavelength region. By using the MBE crystal growth and reactive ion
beam etching technique, the device length shorter than 1 mm (980 pm) has been
fabricated. Its switching voltage is 5 V, and extinction ratio for the cross state and
for the bar state is 17 dB and 14 dB, respectivety [124].

As an optical matrix switch arrays, both 4 X 4 and 8 X 8 electro-optic dirce-
tional couplers have been demonstrated. The 4 X 4 GaAs/AlGaAs optical matrix

T JinP FZZN Jpm GalnAsP

Figare 8. Schematic cross sections of passive and active parts of waveguide structure, and
Mask layout of 2 X 2 semiconductor laser amplifier gate switch arrays {1221,
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switch array, as shown in Fig. 9, was constructed from twelve electro-optic alter.
nating Af directional couplers with simplified tree architectures, a strictly non.
blocking architecture [1271 It has obtained uniform characteristics, such as small
switching voltage deviation of 9.6 & 0.5 V for cross state and 21.9 + 1.5 V for bay

state, and little path dependence in +0.5 dB propagation loss. The 8 X 8 GaAs/ p

AlGaAs optical matrix switch array was constructed from sixty-four electro-optic
alternating A 8 directional couplers with the same simplified tree architecture ag aeTn
used in 4 X 4 matrix switch array. The 8 » 8 matrix switch have a chip size of separd
26.5 X 3 mm? and a minimum total loss of 8.7 dB [128]. All of these matrix switch n-11
arrays were fabricated by MBE for crystal growth and RIBE for waveguide buf {
fabrication.
As mentioned in modulators, the excitonic electroabsorption is increased in
the quantum-well structure and device characteristics is improved in contrast to the - :
bulk structure. Hence electrorefraction, which is connected through the Kramers. ,
. . . . - Fige
Kronigh relation, is expected to be enhanced in the quantum-well structure, and -
the switching characteristics of switches whose operational principle are based on
this refraction wiil be improved. The use of the quantum-well structure provides One of ﬂ

the reduction of the length of the switch, increase of the switching speed, and the =2
reduction of the consumption power, And many electrorefractive switches have
been fabricated by using quantum-well structure. InGaAsP /InP MQW directional -
coupler switches with active lengths under 600 pm operating at 1.3 and 1.55 ym %
have been demonstrated [131, 132]. Devices were fabricated from p-i-n MOW
waveguide structure. :
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Figure 10. Schematic structure of vertical type directional coupler {136].

One of the important merits of semiconductor materials over dielectric materi-
als is the freedom of the waveguide geometry design for the vertical direction.
Especially in the MOW structure, the refractive index difference of the waveguide
to the cladding can be controlled by changing the thickness of quantum well and
barrier. The vertically arranged directional coupler, in which two wavegnides are
stacked on the substrate where two waveguides are separated by a separation layer
with an appropriate thickness, is the peculiar switch structure in the semiconductor
material. The operational principle is the same as that of conventional planar
directional coupler, but a vertical directional coupler has additional advantages, for
example, that the control of coupling length is easier because of the accurate
contrability of thickness and compositions of the waveguide by recent crystal
growth technique, such as organo metallic vapor phase epitaxy (OMVPE) or
molecular beam epitaxy (MBE).

The first demonstration of vertical directional coupler was performed in GaAs
system [129% and recently, with the development of crystal growth technique,
MOW vertical directional coupler was studied both theoretically and experimen-
tally. In the GaAs/GaAlAs MOQW system, coupling lengths and extinction param-
eters were reported. In the long wavelength region, switching operations of
GalnAs/ InP MOW high-mesa geometry vertical directional coupler, as shown in
Fig. 10, were demonstrated with a very short device length / = 170 pm [136]

However, for the practical use of vertical directional coupler as an optical
matrix switch array, it is necessary to separate the output lights from each
waveguide. In order to achieve this structure, more than two times epitaxial growth
is necessary; and as another approach needless of regrowth process, a vertical
directional coupler with a buiit-in TIR region was demonstrated [137].

Intersectional Switch. Many of the intersectional optical switches based on carrier
mjection were demonstrated because the refractive index variation induced by the
carrier injection is greater than that of the electro-optic effect in the bulk material.

As an element of optical matrix switch array, a single-mode single-slip struc-
ture (5%) optical switch made of two Y-branch TIR optical switches and an
X-crossing waveguide was proposed. As shown in Fig. 11, in this structure, the
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Single-maode
tibers

Ridge _ I»’
waveguide i
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A Y A
InGaAsP
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Figure 11, Schematic structure of single-slip structure (57) optical switch as a unit celf of a
nonblocking 4 X 4 optical switch array [143].

crossing angle of an X-crossing waveguide is twice as large as the Y-branching
angle. In the conventional X-waveguide optical switch, the width of the reflecting
mirror is limited by the width of the waveguide, but the Y-branching waveguide in
the 5° optical switch does not suffer this limit and minimizes the reduction of
crosstalk due to the evanescent field coupling through the width of the reflecting
mirror. By using this optical switch structure, a nonblocking 4 X 4 optical matrix
switch array was demonstrated [143]. The fabricated 4 X 4 optical matrix switch
array has an 8 mm length, the crosstalk reached —19.1 dB, and the minimum total
insertion loss is 20.4 dB including the fiber connection loss. Furthermore, t0
improve the insertion loss and crosstalk, the S optical switch integrated in the
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rraveling-wave amplifier in the slip waveguide of the §* switch was demonstrated

1461
{ However, the problem of the carrier injection type optical switch is that

the switching speed is limited by the lifetime of the injected carriers and is in the
order of several nanoseconds. In order to improve this switching speed, a bipolar
transistor optical switch was proposed and the switching speed is estimated to be
60 ps {148}

To prevent the limitation of the speed through the carrier injection, electro-
optic effect is expected to provide fast switching operation. But the electro-optic
coefficient in the bulk system is too small—there are a few intersectional optical
switches operated by total internal reflection, and the operation of almost all the
switches are similar to the zero gap directional coupler. On the other hand, with
the appearance of quantum-well material, intersectional optical switch was studied
extensively by using the large electrorefraction effect. Through the large electrore-
fraction in the quantum-well structure by QCSE, switching operation was achieved
in the GalnAsP/InP MQW structure operating at 1.3 um for the first time {1401,
The intersecting angle was 4° and the polarization-dependent properties were
observed. In the GalnAs/InP MQW system, intersectional optical switch with
an intersecting angle of 6°, switching voltage of 8 V operating at 1.6 um was
demonstrated {150].

In order to fabricate the intersectional optical switch, a reflecting mirror is
necessary for the operation of this switch, and this requires the regrowth process.
Recently, an intersectional optical switch without regrowth process was proposed
[151]. As shown in Fig. 12, this optical switch of the rib waveguides was fabricated
by only one pattern-etching process, and this process is suitable for fabricating a
large-sized matrix switch array, In the GalnAs/InP MQW optical switch operating
at 1.55 pm, less than 2 V switching voltage was observed {152},

Straight Port Reflection Port
P2 P3
) L7

Applied Field
Region &

Era y 001)
n-inP

i-GalnAs/InP
Maw

(4oporiods)

Input Port

Figure 12, Schematic structure of MQW intersectional waveguide optical switch [151].
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By using the depletion edge translation effect, AlGaAs/GaAs double het.
erostructure intersectional optical switch was demonstrated [153]. The intersecting :
angle was 6.8° and operating wavelength was 1.1 pm; and by using the electrop
transfer effect in the quantum-well structure, InGaAs/InAlAs MOW intersec.
tional optical switch was demonstrated [154]. The reflecting mirror was fabri.
cated by the ion implantation, and the intersecting angle was 4° and operating.
wavelength was 1.55 um.

T

T T

Future Aspect

T

Index-Loss Variation Ratio | apl

In the last section, we discuss the further improvement of the characteristics of the-
semiconductor optical switches and modulators from the peint of view of material,

As a materia] of semiconductor, quantum-well structures have large electroab-
sorption or electrorefraction effect over bulk material through the QCSE. This
effect will be enhanced by introducing the low-dimensional quantum-well struc-
ture, that is, quantum-box or quantum-wire structure [156-159% At first, we show
the theoretical calculation of electro-optic effect in the low-dimensional quantum-
well structure. Figure 13 shows the theoretically obtained field-induced refrac-
tive index variation spectrum and its wavelength window of Gag 4 Ing s As/InP
quantum-box, -wire, and -film structures where the index-loss variation ratio iafpi is
larger than 10 [21]. In this calculation, the size of the quantum well is 10 nm
of film, and those of wire and box are 10 nm X 10 nm and 10 nm X 10 nm x
10 nm, respectively. The applied electric field is 1 x 10° V /cm. The wavelength of
absorption edge for the transition between the first electron state and the first
heavy-hole state is represented by A, and A, = 1.407 pwm in the quantum-box, &
Ajywy = 1.506 pm in the quantum-wire, and Ay = 1.584 pm in the quantum-
film, respectively. For the swiich or modulator, the operational wavelength should -2
be longer than A, to make the device immune from the fundamental absorption
loss. Figure 14 shows the relation between the absolute value of refractive index .o
vartation and ¢, obtained from the Fig. 13 where the solid line indicates the
negative refractive index variation and the dashed line the positive one. The
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Figure 13, Refractive index variation spectrum of low-dimensional quantum-well structures.
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0.1 1 10 20 Figure 14. Relation between refractive index
Refractive Index Variation An/n (%)  variation and index loss variation ratio a,.

absolute value of the negative refractive index variation is almost twice as large as
that of the positive one irrespective of the quantum-well structure. In the wave-
length range for negative refractive index variation, there is no wavelength window
in the quantum-film structure for the condition of | apt = 10, but the wavelength
window satisfying this condition appears in the quantum-wire and quantum-box
structures, and this wavelength window is wider in the guantum-box. This fact
reflects the density of states of the quantum-well structures from staircase (film) to
sawtooth (wire) and delta function (box). On the other hand in the wavelength
range where the positive refractive index variation takes place, the index—loss
variation rate |a,| becomes larger than 10 at the wavelength of 5 ~ 10 nm longer
than the peak wavelength of positive refractive index variation. For practical
use, the operational wavelength region is limited by the minimum refractive index
variation required for the switch or modulator. As can be seen from these figures,
the electro-optic effect will be enhanced in the low-dimensional quantum-well
structure; and one more merit of low-dimensional quantum-well structure is that
the absolute value of index—loss variation ratio will be increased, and we can
construct the optical switch operating by “pure” refractive index variation.

On the other hand, as the experimental results of the low-dimensional
quantum-well structure, ficld-induced refractive index variation was observed in
GalnAs(P}/ InP quantum-wire and guantum-box structures. The refractive index
variation was reported to be 4% in the gquantum-wire [160] and 7% in the
quantum-box structure {161], even though the equivalent refractive index varia-
tion was only 0.017% (quantum-wire) and 0.0046% (quantum-box) by taking into
account the optical confinement factor ¢ of the waveguide, ie., 0.43% (quantum-
wire) and 0.065% (quantum-box). These quantum-wire and quantum-box structures
were fabricated by etching a basic multilayered quantum-film wafer with a wire
pattern or a mesh pattern, where the number of layers was only three (quantum-
wire) or five (quantum-box), and pitch of the quantum-wire or quantum-box
was 210 nm because holographic lithography patterning was employed. Actually a
three-layered GalnAs/InP quantum-wire laser was fabricated by the similar pro-
cess with the period of 70 nm using an electron-beam lithography, and it operated
at room temperature [162]. The optical confinement factor £ of this quantum-wire
laser is approximately 1.2%. Another approach to increase the optical confinement
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factor of the quantum-wire or the quantum-box structure is under development by
a selective growth on the side wall of a stacked multiple thin film structure [163]
Since technical difficulties can be overcome in the future and the realistic values of
the optical confinement factor of low-dimensional guantum-well structures wiil b _
increased year by year, we cannot tell the realistic value at the moment. For " Ravikumar
instance, the optical confinement factor of the quantum-wire structure can be  Associate E
increased significantly if the fabrication process becomes successful, for example, for fmitfui-?"
by a combination of electron-beam lithography and dry-etching, or the fractiona] g
layer epitaxy (FLE) on tilted substrate [164—166], or epitaxy on V-grooved substrate
[167]. .

One more important characteristic of the optical modulators and switches is~ 277 1. T. Xim
the polarization contrel. The ordinary quantum-film or quanfum-wire structure s Select. ;
depends on the polarization, and electroabsorption or electrorefraction. coefficient . 2.B.Sch
of TE mode is Jarger than that of TM mode. On the other hand, the quantum-box ' iAg:::'
structure is independent of polarization. Hence quantum-box structure is the most " [asers.
attractive material for the optical modulators and switches also in the point of view . Ko;
of polarization control.

" Reference

Single-

Another approach to contro} the polarization is to use the strained guantum- Fjbirs;
well structures {168]. The electroabsorption or electrorefraction in the strained s . Y. Sue
guantum-well structures can reduce the polarization dependence because of 2 with a~
their unique polarization properties of the interband transition dipole moments . .D.AT
1169]. In the strained MQW electroabsorption modulator, the polarization depend- and W

ence was largely reduced, and modulation efficiency was improved by using _ tflonic
strained quantum-weli structure [170]. Also in the Mach-Zehnder modulator, Eb; eg’;
a strained quantum-well structure was introduced to eliminate the polarization R

: . truci
dependence [171]. At present, the strained quantum-welf structures play an impor- ;;pl. P

tant role for the realization of polarization-independent optical switches and CR.C.A
modulators. Electron
. R.C. A

Tech. N

Conclusion : ? Coy
O

As can be seen from the above performances of semiconductor optical switches - K. Thar

136, 22

and modulators, semiconductor materials have superior characteristics over dielec- - 1 Calla

tric materials. Among many characteristics of semiconductor material, the impor-

tant merits of semiconductor optical switches and modulators are: () compact size, i gia?i%
(i) high speed, and (iii) monolithically integrable. All of them are key points for | Wood, :
stable systems. '. Gap of

In the transmission systems, the source of semiconductor optical modulators .DAH

integrated with single-mode laser will replace the directly modulated semicon- | tion in’
ductor laser. On the other hand, in the exchange systems, semiconductor optical Keldyst
switches as an element of matrix optical switch array have shown superior features, . - D.8.C
such as high-speed operation and iow power consumption. Furthermore, the OP“C?
optical switch array integrated with semiconductor optical amplifiers will be able to : i/{ilrréﬁk
attain the zero-loss matrix switch array. A Kast

In the near future, with the progress of the fabrication process of fine Well D
structures, semiconductor optical switches and modulators will approach the ideal 50, 708
structure by using the low-dimensional quantum wel} as an ultimate semiconductor - CH. Sak
material. Absorpy
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