
Future prospects of the 
semiconductor laser 

By Izuo Hayashi 

The semiconductor is a magic crystal 
and can do many things that are 
impossible with other materials. 

A quarter of a century has passed since the first dem
onstration of a semiconductor laser1 and almost 
20 years since the first continuous wave (cw) oper

ation.2 Extensive progress has been made in the interven
ing years and today these lasers are used as light sources in 
optical communication lines all over the world. Recently, 
they have become the key components in compact discs, 
revolutional optical memory devices, and are used even in 
homes. 

Looking back on the early stage of semiconductor laser 
development this progress is rather surprising. 1 , 2 Howev
er, development over the next quarter of a century prom
ises to be even more spectacular, since the potential capa
bility of the semiconductor laser has not yet been fully 
realized. 

The semiconductor laser is largely different from gas or 
solid-state lasers in its very small size and high efficiency. 
The mechanism controlling every function of its opera
tion, electrical as well as optical, is contained within a 
small piece of semiconductor. It has a p-n junction, a 
unique gadget for direct electric to light conversion, and 
also has an optical cavity resonator (Fig. 1). The outstand
ing features of the semiconductor laser—its small size, rug-

gedness, and long life—are characteristics attributed to 
semiconductors. 

The semiconductor is a magic crystal and can do many 
things that are impossible with other materials. Transistors 
and integrated circuits are also made of semiconductors. 
Part of the magic is the capability of high density integra
tion, which is fully demonstrated by the large scale silicon 
integrated circuit, the LSI. The entire mystery of modern 
electronics is based on the high productivity of highly inte
grated LSIs, which have sophisticated built-in functions. 

The semiconductor laser is a young member of the fam
ily of semiconductor devices and is expected to have all the 
potential of other members. With part of that potential 
already demonstrated as described, other possible aspects 
of integration and associated developments for ultrafine 
structures remain to be explored. 

Compared with its sister silicon devices, the semicon
ductor laser is still large in size, high in dissipation power, 
and high in price, primarily because the fabrication tech
nology is still at an early stage of development. However, 
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FIGURE 1. a) Structure of a semiconductor laser: a dou
ble hetero (DH) structure with a p-n junction and an op
tical cavity resonator (width W, length L). b) Top view 
comparison of today's laser (above) and a future micro-
laser (below). 
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the possibility of breakthroughs in technologies aiming at 
integration—actually optoelectronic integration—may 
change the whole image of this device in the future. 

Optoelectronic integration will have an impact on all 
fields of optoelectronics as well as electronics, and new 
applications for semiconductor lasers will be found in 
many technological fields in the next century. This article 
explains why integration is important and how it can be 
achieved. 

Past and state-of-the-art of semiconductor lasers 

Before discussing further development, let us look brief
ly at state-of-the-art semiconductor lasers to glean direc
tion for the future. 

Table 1 summarizes the progress since the first cw oper
ation.2 Remarkable progress in reliability, characteristic 
control, and productivity have been achieved, so that to
day the semiconductor laser is a member of the laser com
munity. Single spatial mode as well as spectral mode have 
been established, using both an optical waveguide struc
ture and a double heterostructure, which is the base for 
the cw operation. In addition to the first heterostructure 
material pair, GaAs and AlGaAs, a variety of new pairs 
such as InGaAsP and InP have been developed.3 So far as 
the rule of "lattice matching" is followed, it is now known 
to be possible to make high quality heterostructures using 
almost any combination of compound semiconductors. 
This has allowed production of lasers with many different 
wavelengths.3 

Remarkable is the almost exclusive use of the same ba

sic techniques of liquid phase epitaxy (LPE) for crystal 
growth and crystal cleavage to produce laser cavity mir
rors. Both techniques are so dependable that almost all 
semiconductor laser devices on the market are still being 
produced by these methods. Of course, great effort has 
gone into the engineering sophistication of these technolo
gies. 

Two directions of semiconductor laser development can 
be seen. One is represented by those for optical communi
cations, long distance in particular. Highest performance 
in wavelength stability, response frequency, and reliability 
has been required for a relatively small number of semi
conductor lasers, as exemplified by the distributed feed
back laser.4 A combination of fine techniques is used to 
fabricate this type of highly sophisticated device, which is 
truly a work of art among semiconductors. Because of the 
few such devices needed, one in several tens of kilometers 
in a communication line, the high price is acceptable, thus 
justifying the artistic handicraft. 

Another direction of semiconductor laser development 
is for their use in compact disc players. A simple one step 
epitaxial growth is used to make the double heterostruc
ture; again the same technique for crystal growth, LPE, 
and cleavage is used. To make possible the production of a 
million per month, which is orders of magnitude higher 
than numbers required of these lasers for optical commu
nication though still relatively low compared with other 
semiconductor devices, overall efforts have been directed 
to automated production. As a result, the price for such a 
CD laser is now only a few dollars, two orders of magni
tude lower than that of the distributed feedback laser, 

Table 1. Progress of the semiconductor laser since the first cw operation 

(1970) (1988) 

No. of lasers produced/year ~101 ~107 

Operation life-time (hour) ~ 1 0 - 1 >105 

Mode, Spectrum Multi Single 

Price (dollars) (∞) ~10 3 (Comm.) 
~10 (CD) 

Wavelength (microns) 0.8 (GaAs/AlGaAs) 0.7~0.8 
(GaAs/AlGaAs) 

1.3~1.5 
(InGaAsP/InP) 

0.6 
(InGaP/AlInGaP) 
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though still expensive among semiconductor products. 
Further increase of productivity and decrease in price can 
be achieved only by integration, as was done with the sili
con device started 20 years ago (Fig. 2). 

Some of the recent developments associated with molec
ular beam epitaxy (MBE) and other new technologies will 
be noted later in this paper. 

Optoelectronic integrated circuit (OEIC) 
As in the case of silicon devices, integration will mean a 

revolution in semiconductor lasers. But there are differ
ences both in the meaning of integration and in the charac
teristics of the technologies used to achieve it. 

Because a semiconductor laser is an electricity to light 
conversion device, it must be integrated with an electronic 
device connected. Such integration will thus result in an 
optoelectronic integrated circuit (OEIC). The OEIC will 
also include a light to electricity conversion device—a pho
todetector. 

One example of OEIC application is in an optical com
munication system, which has a short distance but a rather 
complex local area network. Chips of OEICs are quite ap
propriate at nodal points of such a network. Any input 
signal of a nodal point can be switched to any output line 
of the OEIC, by easy utilization of its electronic switching 
circuit. The optical to (or from) electrical conversion is 
done by semiconductor lasers and photodetectors inte
grated on the chip. 

Actually this idea was the first OEIC application devel
oped during discussions between industry people and Jun
ichi Shimada, who was in charge of planning the large-
scale project "Optical measurement and control system" 
of the Ministry of Trade and Industry of Japan started in 
1979. Accordingly, the Optoelectronic Joint Research 
Laboratory (OJL) in Tokyo was created as the center of 
new technology for OEIC during 1981-1986. 5 

Yariv was the first who actually tried integration of a 
laser with the driving electronics in 1978. He had recog
nized earlier the importance of optoelectronic integra
tion. 6 Another kind of need, "optical interconnection," 
was proposed by Goodman to solve the speed bottleneck 
in computers.7 With the increasing speed of electronic de
vices, total system speed is expected to be limited by the 
wiring between the devices. Theoretically, optical inter
connection is one way to solve this problem 7, and it is 
evident that OEICs will be required to fill this role (Fig. 3). 

However, OEICs for computer interconnects will be a 
more difficult one to make than those for optical commu
nication, because a greater number of optical and elec
tronic devices will be necessary on a single chip, yet lower 
cost will be required (Fig. 3). 

FIGURE 2. For semiconductor lasers, integration (OEIC) 
started in the 1980s; for silicon transistors it started in 
the 1960s. 

FIGURE 3. Optical interconnection in a computer: a) be
tween units, b) between boads, c) between chips, ("Opti
cal Printed Boad"), and d) OEIC for optical interconnec
tion. 

OEIC will also be important in optical systems. In an 
image processing system or in an optical computer, an 
OEIC with two-dimensional laser array will be required 
for an image display. But as will be discussed below, this 
will be an exceedingly difficult OEIC to fabricate. 
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The most important area of 
development thus has become the 
fabrication technology of OEICs. 

Another kind of OEIC, which is complementary with 
the display, is a two dimensional detector array with asso
ciated electronic circuits. Such an OEIC has already been 
made by silicon and called a charge coupled device (CCD). 
The difference between this and the laser array OEIC rep
resents the technical levels of their development of silicon 
and compound semiconductor devices. 

The third kind of OEIC, which will be needed in many 
optical systems, is an electronic space light modulator. 
This will be made of an array of electrodes driven by elec
tronic circuits with elements of electro-optical materials 
on the electrodes. Liquid crystal displays developed recent
ly indicate a possible structure of such a space light modu
lator. 

Advantages found in two new systems described—an 
electronic system with optical interconnection and an opti
cal system with electronic intercoupling—originate from 
"electron photon collaboration" within one system.8 Elec
trons and photons have different and complementary 
characteristics. Maximum performance will be obtained, 
therefore, by optimizing the combination of electrons and 
photons in a system. Optical communications and optical 
memories are the first of such new systems, which use a 
small number of semiconductor lasers and photodetectors. 
With the development of OEICs, realization of a wide va
riety of electron photon collaborating systems will become 
possible.8 

Fabrication technology needed 
Al l considerations of future systems are now focused on 

OEICs, for it is clear that various systems could be devel
oped if these ICs were available. However, how to make 
such useful OEICs is unknown today. The most important 
area of development thus has become the fabrication tech
nology of OEICs. 

Given these considerations, semiconductor lasers in the 
future will play a role in OEICs, which are key to ad
vances in electronics as well as optics. Entirely new fabri
cation technology is needed, in view of the difficulties in 
fabricating ultra-high grade lasers in OEICs. Most of the 
past technology used for discrete lasers will not be applica
ble. 

OEICs must accommodate optical devices and electron
ic devices simultaneously on the same chip. These two 
kinds of devices have different structures and are even 
made of different materials. Their coexistence without in
terference will demand a new method of fabrication such 
as non-lattice matched epitaxy, like GaAs on Si or low 
temperature and local area processes. 

Process technologies for OEICs 
In OJL and in other laboratories, new technologies in 

that direction are being developed. For integration, fabri
cation of the laser cavity mirror must be done without 
cleavage. Highly precise dry etching has been developed 
by Asakawa and others in OJL, and use of chlorine from 
cyclotron resonance plasma has proven appropriate for la
ser mirror fabrication.5 

Figure 4 shows a new fine process using a focused ion 
beam (FIB) technique. A n FIB ion inplanter with 100 KeV 
acceleration and O.1 µm diameter beam was constructed 
by Hashimoto and others in OJL. Either n (Si) or p (Be) 
ions can be implanted in any location on a wafer at the 
desired dose and energy.5 Under computer control, ions 
are implanted directly into a bare surface of a wafer with
out any masking, so that when this machine is combined 
with an M B E (Fig. 4) a three dimensional structure of sub-
micron dimensions can be constructed by uninterrupted 
in-situ combination of epitaxy and doping all through in a 
vacuum. 5 Experiment confirmed that under high vacuum 
of 1 0 - 9 Torr, a clean oxidation free surface is preserved 
between two processes, thus making the interface between 

FIGURE 4. Ultra high vacuum (UHV) uninterrupted 
successive processing; a focussed ion beam (FIB) implan
tor is combined with a molecular beam epitaxy (MBE). 
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the layers defect free.5 This experiment demonstrated that 
defect troubles associated with a series of interrupted and 
air exposed processes in semiconductor laser fabrication, 
such as buried stripe (etching and epitaxy) and mirror fac
et (cleave and passivation), can be eliminated. In com
pound semiconductors, an air free environment is more 
important than a dust-free environment in a clean room. 
The dry etching technique described can also be made 
compatible with such a process. 

Epitaxy on lattice mismatched substrate, typically GaAs 
on Si, recently has become a hot subject of research. Dras
tic decrease of dislocation density has been achieved by 
Akiyama and others using two step epitaxy and confining 
the major part of the misfit dislocations to the growth in
terface.5 Dislocation density (10 6/cm 2) is still not low 
enough for semiconductor laser operation, but is sufficient 
for field effect transistors. High quality epitaxy between 
lattice mismatched materials is extremely important in 
OEIC fabrication because of the many combinations of 
optical and electronic devices with different materials re
quired—for example, GaAs lasers with silicon transistors. 

Compound semiconductors such as GaAs or InP are 
necessary as light emitting devices, and for this the great 
almighty silicon cannot be used. Unfortunately, the com
pound semiconductor is a much more delicate and fragile 
material than silicon. Most of the process technologies re
quired for OEIC must therefore be new and not those used 
for silicon. In general, integration technology is much 
higher grade than that for discrete devices. Therefore, once 
developed, such OEIC technologies will greatly upgrade 
laser performance in the future. 

Future prospects and applications 
Imagine a future semiconductor laser for a two-dimen

sional display. This laser must have an extremely low 
threshold (microamperes) and will be mounted on a sili
con substrate together with driving silicon transistors. A 
million such lasers of small size (micrometers) will consti
tute one image display. Several high level process tech
niques will be needed for its construction. 

First, such a process will use a high quality mirror etch
ing with highly reflective coating; second, high quality epi
taxy of GaAs on silicon; third, a quantum confined struc
ture(Q-wire or Q-Box) is necessary in the active region to 
assure proper dissipation of microwatt.9 Finally, the most 
difficult of all, a million such lasers must be fabricated 
with acceptable yield. That means yield for an individual 
laser must be on the order of six nine (99.9999%)! This is 
the actual level of a silicon device today. 

For this type of quantum confined structure, a three-
dimensional process with an atomic scale is necessary. Re

cent development of atomic layer epitaxial growth, using 
MBEs or O M V P E s , is only useful for one-dimensional 
quantum structures—the so-called quantum well. Two- or 
three-dimensional quantum structure fabrication will re
quire a great deal of research effort. 

Every item of these requirements described is far from 
the present level of technology. However, there is no rea
son why this cannot be achieved. It is difficult to predict 
how long integration efforts will take to reach the goal; 
reasonably, perhaps no sooner than 10 years but no later 
than 20. This large scale OEIC in future development cor
responds to the silicon VLSI of today, and a 20-year differ
ence in time scale is considered appropriate (Fig. 2). 

Some expected future lasers are listed in Table 2—mi
cro-lasers, high power lasers, and visible to infrared lasers. 
Others will be less difficult than this micro-laser, since the 
smallest is surely the most difficult. Such small lasers can 
produce a relatively high output power of one milliwatt. 
Frequency response will also be very fast picoseconds and 
single frequency will be preserved because of the short 
cavity. Such a micro-laser will have many useful applica
tions: optical interconnections, optical computing, and 
others. 

High power lasers can be produced using the high level 
technology for OEICs. Output powers claimed in the table 
are somewhat arbitrary, because the total power will be 
increased by increasing numbers of lasers in the array 
structure. It was recently demonstrated that an array of 
lasers can produce about 40 watt in cw. 1 0 One megawatt 
of pulse power will be obtained with a surface emitting 
laser of one square centimeter. Certain array structures are 

Table 2. Future semiconductor lasers 

1) Micro-lasers* 

Size: ≤(1 x 10) micrometers 
Threshold: ~microampers 
(Quantum Confined Active Region) 

2) High Power Lasers 

cw ≥103 watt 
pulse ≥10 6 watt 

3) Visible to Infrared Lasers 

Room temperature operation 
Tunable 

Narrow spectrum 

* Fig. 1 b) 
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The semiconductor laser door to 
progress is open and tremendous 

improvements are anticipated in such 
aspects as characteristics, productivity, 

power, and spectrum control. 

necessary for these high power lasers and coherent emis
sion may be obtained with an external feedback. 

Applications for high power semiconductor lasers for 
YAG laser pumping resulted in much higher efficiency 
than lamp pumping. 1 1 Short wavelength harmonics gener
ation either directly or through Y A G laser will also be use
ful. Medium power lasers with tens to hundreds of milli
watts in cw will easily be prepared and numerous new 
applications will be found. 

Optical detection of gases is known to be an accurate 
and sensitive technique, and semiconductor lasers of lon
ger wavelength—5-10 µm—have proven useful for this. 1 2 

However, today these lasers require coolings (100 K). If 
infrared OEIC lasers operating at room temperature be
come available, a small inexpensive sensing machine can 
be made, which would be very useful in homes and fields. 
A detector and all electronics necessary for information 
processing will be integrated on the same chip. Wave
length scanning can be done easily with a short non-reso
nant cavity by an external feedback. 

Identification of materials by spectroscopic informa
tion, rather than by the human eye, will provide eyes for 
robots using lasers of different wavelength ranges. A vari
ety of other laser structures will be realized using the high 
level process technologies developed for OEICs. 

Following the silicon path 
Semiconductor laser progress in the past has been limit

ed by fabrication technology. Recently begun research on 
technology aiming at optoelectronic integration opens 
new possibilities. The situation is similar to that of silicon 
technology 20 years ago. The semiconductor laser door to 
progress is open and tremendous improvements are antici
pated in such aspects as characteristics, productivity, pow
er and spectrum control. 

High precision techniques will make possible the fabri
cation of fine structures even on an atomic scale, thus 
making laser operation based on new physical principles 
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such as zero dimensional quantum confinement possible.9 

Suppression of spontaneous emission will become possible 
with a new microstructure, making a further decrease of 
power loss feasible.1 3 

After another quarter of a century of steady growth of 
semiconductor lasers, this new member of the semicon
ductor device family will have grown into a strong partner 
of silicon and other compound semiconductor devices. 
Semiconductor lasers combined with electronic devices on 
OEICs will provide bases for future electronic and optical 
systems that wil l utilize collaboration of electrons and 
photons for maximum performance. Progress of material 
technology is the key to this development. It is always pos
sible, of course, that some unforeseen new "baby" might 
appear in the semiconductor device family during the 
course of research, and this could conceivably further alter 
the future scope of electronics and optoelectronics. 
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